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1. Introduction

The continuous evolution of modern intensive care units (ICUs) has led to an unprecedented level of
technological complexity, fundamentally reshaping the management of critically ill patients. In
contemporary clinical practice, patient survival is no longer determined solely by medical decision-
making, but increasingly by the performance, reliability, and physiological compatibility of advanced
medical devices. Mechanical ventilators, syringe infusion pumps, and extracorporeal blood
purification systems have become indispensable components of life-sustaining therapy, directly
influencing respiratory, hemodynamic, metabolic, and renal stability.

While these technologies have significantly improved survival rates and expanded therapeutic
capabilities, their growing complexity has simultaneously introduced new categories of risk. These
risks are not limited to mechanical failure or operator error, but are increasingly associated with
design limitations, inadequate feedback architectures, and insufficient integration of patient-specific
physiological responses. As a result, a significant proportion of adverse clinical outcomes in intensive
care may be attributed to what can be defined as technology-related medical malpractice, a
phenomenon emerging at the intersection of biomedical engineering and clinical practice.

In this context, the concept of technological performance must be redefined beyond traditional
engineering metrics such as precision, reliability, and robustness. Instead, it must incorporate the
ability of medical devices to interact dynamically with biological systems, adapt to rapidly changing
physiological conditions, and minimize unintended stress imposed on the patient. This shift in
perspective highlights the limitations of conventional device-centered design approaches, in which
systems are optimized primarily for internal functionality, often neglecting the complexity of the
biological environment in which they operate.

Mechanical ventilation represents one of the most illustrative examples of this paradigm. Despite
decades of technological advancement, conventional ventilation strategies continue to rely
predominantly on positive airway pressure to achieve adequate gas exchange. While effective in the
short term, this approach introduces significant biomechanical stress on pulmonary structures,
particularly in patients with reduced lung compliance. The resulting ventilator-induced lung injury
(VILI) remains a major contributor to morbidity and mortality in critically ill patients. In addition,
prolonged mechanical ventilation leads to the progressive deactivation of respiratory muscles,
particularly the diaphragm, resulting in ventilator-induced diaphragmatic dysfunction (VIDD). These
phenomena illustrate a fundamental limitation of current systems: the absence of active
physiological integration.

Similarly, syringe infusion pumps, widely regarded as high-precision devices, reveal important
deficiencies when evaluated from a pharmacological perspective. Although these systems ensure



accurate volumetric delivery, they do not account for physicochemical processes occurring within the
drug solution during infusion. Factors such as adsorption to infusion materials, molecular instability,
and concentration drift can significantly alter the effective dose delivered to the patient. This
discrepancy is particularly critical for medications with narrow therapeutic indices, where even minor
deviations may result in severe clinical consequences. The lack of integrated pharmacological
feedback in current infusion technologies represents a significant gap between engineering design
and clinical reality.

In the domain of extracorporeal therapies, hemodiafiltration and other continuous renal replacement
therapy (CRRT) systems present additional challenges related to blood compatibility. Conventional
systems rely heavily on peristaltic pumps, which generate repetitive compressive and shear forces
during operation. These mechanical stresses can induce hemolysis, damage immune cells, and trigger
inflammatory responses, thereby compromising patient stability. Although modern CRRT devices
incorporate multiple sensors and alarm systems, their feedback mechanisms remain largely reactive,
based on predefined thresholds rather than adaptive control strategies capable of responding to
dynamic physiological changes.

Across all these device categories, a common pattern emerges: existing technologies are
predominantly device-centered, focusing on mechanical performance while inadequately integrating
patient-specific physiological responses. This disconnect places an additional burden on clinicians,
who must compensate for technological limitations through continuous monitoring, manual
adjustments, and experiential judgment. Consequently, the risk of human error increases, and the
overall safety of the therapeutic process is compromised.

The present research addresses these challenges through a systematic investigation of technological
deficiencies in three key categories of ICU medical devices: mechanical ventilators, syringe infusion
pumps, and hemodiafiltration systems. By combining experimental analysis, clinical observation, and
engineering design, this work aims to generate structured technological feedback capable of
identifying failure modes, operational limitations, and sources of iatrogenic risk.

A central objective of this research is the development of innovative engineering solutions that move
beyond conventional design paradigms toward physiologically integrated systems . These solutions
are based on the principle that medical devices should not function as isolated mechanical entities,
but as components of a dynamic, adaptive system interacting continuously with the patient.

In the field of mechanical ventilation, this approach is exemplified by the development of an electro-
myostimulation system for the diaphragm (EMSD), designed to restore active participation of
respiratory muscles and reduce reliance on high airway pressures. In infusion technology, the
introduction of a mechatronic homogenization system addresses the problem of drug instability by



ensuring continuous mixing and pharmacological consistency. In extracorporeal circulation, the design
of a vacuum-driven blood pump aims to eliminate the mechanical stress associated with peristaltic
systems, thereby improving hemocompatibility and reducing cellular damage.

These solutions share a common underlying philosophy: the integration of adaptive feedback
mechanisms that link engineering parameters with physiological responses. This approach enables
the development of medical devices capable of adjusting their behavior in real time, improving
therapeutic precision while minimizing unintended biological effects.

Furthermore, this research contributes to a broader conceptual shift in biomedical engineering,
emphasizing the importance of interdisciplinary collaboration between clinicians, engineers, and
researchers. By bridging the gap between clinical needs and technological development, it becomes
possible to design systems that are not only functionally efficient but also biologically compatible and
clinically meaningful.

Ultimately, the significance of this work lies in its potential to redefine the role of medical devices in
intensive care. Rather than serving as passive tools controlled exclusively by external inputs, future
technologies must evolve into intelligent, adaptive systems capable of interacting harmoniously with
the human body. Such a transformation is essential for reducing technology-related medical
malpractice, improving patient safety, and advancing the overall quality of care in intensive care units.

1.2 The Role of Life-Sustaining Medical Devices in Intensive Care Units (Mechanical
ventilators; Syringe infusion pumps; Diahemofiltration devices)

Intensive care medicine relies fundamentally on advanced medical technologies designed to
support, replace, or augment failing physiological functions in critically ill patients. Among these
technologies, three categories of medical devices are universally recognized as essential for life
support in intensive care units (ICUs): mechanical ventilators, syringe infusion pumps, and
diahemofiltration devices used in continuous renal replacement therapy (CRRT). From both medical
and engineering perspectives, these systems represent complex, safety-critical technologies whose
performance directly influences patient survival, recovery, and clinical outcomes.

Mechanical ventilators are central to respiratory support, providing controlled or assisted
ventilation in patients with acute or chronic respiratory failure. Medically, their primary function is to
ensure adequate oxygenation and carbon dioxide elimination while minimizing lung injury.
Engineering-wise, mechanical ventilators are sophisticated cyber-physical systems that integrate
sensors, actuators, control algorithms, and user interfaces to regulate airflow, pressure, and volume
in real time. Despite technological advancements, ventilator performance remains highly dependent
on accurate feedback from patient-specific respiratory mechanics. Inadequate synchronization
between the ventilator and the patient can result in ventilator-induced lung injury, diaphragm



dysfunction, and prolonged dependence on mechanical support. Consequently, ventilators exemplify
the need for adaptive, patient-centered feedback mechanisms that integrate physiological signals
into control strategies.

Syringe infusion pumps, commonly referred to as injectomats, play a critical role in the precise
administration of life-saving medications, fluids, and nutrients. From a clinical standpoint, these
devices enable continuous and accurate delivery of drugs such as vasopressors, sedatives, insulin,
and antibiotics, many of which possess narrow therapeutic windows. Even minimal deviations in
dosing can have severe consequences in critically ill patients. From an engineering perspective,
syringe pumps are precision mechatronic systems designed to convert rotational or linear motor
motion into controlled volumetric displacement. However, current designs predominantly focus on
mechanical accuracy and occlusion detection, often neglecting drug-specific physicochemical
behavior and patient pharmacokinetics. This limitation highlights the need for enhanced feedback
architectures that extend beyond mechanical parameters to include pharmacological and
physiological considerations.

Diahemofiltration devices, as part of CRRT modalities, provide continuous extracorporeal
blood purification for patients with acute kidney injury, sepsis, or multi-organ failure. Medically, these
systems are vital for maintaining fluid balance, electrolyte homeostasis, and metabolic stability,
particularly in hemodynamically unstable patients who cannot tolerate intermittent dialysis. From an
engineering standpoint, diahemofiltration devices are complex fluidic systems that integrate pumps,
membranes, sensors, and control units to regulate blood flow, ultrafiltration rates, and
anticoagulation. A critical engineering challenge arises from the use of peristaltic pumps, which
subject blood components to repetitive mechanical stress, potentially leading to hemolysis and
immune cell damage. These effects underscore the importance of hemocompatible design and
advanced feedback control to preserve blood integrity while ensuring therapeutic efficacy.

Collectively, these three device categories illustrate the convergence of medicine and

engineering in critical care. Each system operates at the interface between artificial technology and
human physiology, where even minor dysfunctions or feedback deficiencies can have life-threatening
consequences. The safe and effective use of these devices depends not only on their mechanical
reliability but also on their ability to adapt dynamically to patient-specific physiological conditions. As
such, they highlight the growing need for interdisciplinary approaches that integrate clinical insight,
biomedical engineering, and advanced control systems to enhance patient safety and reduce
technology-related risks.
In conclusion, mechanical ventilators, syringe infusion pumps, and diahemofiltration devices
constitute the technological backbone of modern intensive care units. Their role in sustaining life
extends beyond functional support to encompass the preservation of organ integrity, immune
balance, and overall physiological stability. Advancing the design and feedback capabilities of these
devices is essential for improving clinical outcomes, minimizing iatrogenic harm, and ensuring that
life-sustaining technologies fulfill their intended role in the care of critically ill patients.



1.3 Motivation for the Selection of Life-Sustaining Medical Devices

The selection of mechanical ventilators, syringe infusion pumps, and diahemofiltration devices as the
primary focus of this doctoral research is motivated by their fundamental role in sustaining life in
intensive care units (ICUs), as well as by the critical technological challenges associated with their
design, operation, and clinical integration. These devices are not merely supportive tools, but safety-
critical systems that directly influence patient survival, therapeutic effectiveness, and clinical
outcomes. Consequently, any functional limitation, design deficiency, or feedback inadequacy may
contribute to adverse events and increase the risk of technology-related medical malpractice.

Mechanical ventilators were selected due to their central role in maintaining respiratory
function in patients with acute or chronic respiratory failure. Despite their widespread use and
continuous technological evolution, ventilators remain a significant source of iatrogenic injury when
device-patient interaction is suboptimal. Design-related limitations, such as insufficient adaptability
to patient-specific respiratory mechanics, delayed or inadequate feedback, and rigid control
algorithms, can result in excessive airway pressures, poor patient—ventilator synchrony, and
ventilator-induced lung injury. These challenges highlight the need for engineering solutions that
enhance real-time physiological feedback, adaptive control, and integration of respiratory muscle
activity, thereby reducing mechanical stress on pulmonary structures and improving patient safety.

Syringe infusion pumps were chosen because of their critical role in the accurate and
continuous administration of life-saving medications, particularly those with narrow therapeutic
windows. Although these devices are often regarded as highly precise from a mechanical standpoint,
their design primarily emphasizes volumetric accuracy and occlusion detection, while neglecting
important pharmacological and material-related factors. Discrepancies between prescribed and
delivered doses may arise from drug adsorption, solution instability, and mechanical compliance
within infusion systems. These design limitations underscore the necessity for improved feedback
mechanisms capable of monitoring drug delivery integrity and maintaining pharmacological
consistency throughout the infusion process. Addressing these deficiencies through innovative
mechatronic and control solutions represents a crucial step toward reducing medication-related
adverse events in critical care.

Diahemofiltration devices were selected due to their indispensable role in supporting renal and
metabolic function in critically ill patients, particularly those with hemodynamic instability or multi-
organ failure. From an engineering perspective, these systems are among the most complex medical
devices used in intensive care, integrating fluid dynamics, membrane technology, and automated
control systems. A major design challenge arises from the reliance on peristaltic pumps for
extracorporeal blood circulation. The repetitive compressive and shear forces generated by these
pumps can cause blood cell damage, hemolysis, and immune dysregulation, effects that are often
insufficiently addressed by current feedback systems. These limitations emphasize the need for



alternative pumping architectures and more advanced, adaptive feedback control to improve
hemocompatibility and reduce technology-induced physiological stress.

Collectively, these three categories of devices were selected because they represent distinct yet
interrelated dimensions of life sustaining therapy: respiratory support, pharmacological intervention,
and extracorporeal organ replacement. They also share a common vulnerability, namely the
predominance of device-centric design approaches that inadequately account for patient-specific
physiological responses and long-term biological effects. By focusing on these devices, the present
research aims to generate structured technological feedback that systematically identifies design-
related failure modes and operational limitations. Furthermore, this approach enables the correlation
of engineering parameters with physiological outcomes, facilitating a more integrated understanding
of device—patient interaction. It also supports the development of adaptive control strategies tailored
to individual patient variability. Ultimately, such insights contribute to the advancement of patient-
centered design principles in critical care medical technology.

The ultimate motivation of this work is to develop and propose innovative engineering solutions
capable of remediating identified design deficiencies, thereby enhancing device reliability,
adaptability, and patient-centered performance. Through this approach, the research seeks to
contribute to the reduction of technology-related medical malpractice and to support the
development of safer, more effective medical devices for intensive care medicine.

In addition, the integration of real-time data acquisition and advanced analytical frameworks may
enable continuous system optimization under dynamic clinical conditions. This perspective
encourages the transition from static device configurations to intelligent, responsive systems capable
of evolving alongside patient needs. Moreover, it opens the path toward the incorporation of
predictive modeling and machine learning techniques in clinical decision support. Such developments
have the potential to further bridge the gap between engineering design and personalized medical
care.

In addition, the study emphasizes the integration of real-time physiological monitoring with
intelligent control algorithms capable of dynamically adjusting device operation in response to patient
variability. This includes the exploration of sensor fusion techniques and predictive modeling to
anticipate adverse events before they manifest clinically. Furthermore, the incorporation of machine
learning frameworks may enable continuous optimization of device parameters based on
accumulated patient data and treatment outcomes.

Another critical aspect involves improving the biocompatibility of materials and interfaces to
minimize inflammatory responses and long-term complications associated with extracorporeal
circulation. Finally, the research advocates for a paradigm shift toward human-centered design



methodologies that prioritize safety, transparency, and interoperability within complex clinical
environments.

1.4 Research approachand objectives

Chapter 2

)
Syringe Pumps
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Technological Feedback
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Chapter 3 Chapter 4

Chapter 5 Final Conclusions and Comparative Analysis

Figure 1 Management of technological deficiencies of medical devices and technological measures

The primary objective is to identify safety and efficiency issues in medical device operation

while promoting sustainability-driven innovation. A key focus is investigating the causal factors
behind medical device deficiencies and developing technological feedback mechanisms to mitigate or
eliminate these issues.
The applied research component involves an in-depth analysis of intensive care unit (ICU) practices at
the Constantin Andreoiu Emergency Hospital. To enhance understanding, in vitro simulations were
conducted to examine critical phenomena, including the effects of mechanical ventilation and
diahemofiltration devices on critically ill patients.



Mixed methods approach. The theoretical model of mutual influence was then superimposed with
practical findings.

General Objective

A comparative analysis of three medical devices used in the Intensive Care Unit (ICU)—the syringe
pump, the mechanical ventilator, and the diahemofiltration device—in order to identify dysfunctions,
optimize design, and support the development of an improved technical model.

Operational Objectives (Structured by Objectives)

OP1. Identifying the Current State of Medical Devices

Technical and functional characterization of syringe pumps currently used in clinical settings.
1.2. Technical and functional characterization of mechanical ventilation devices, including both
invasive and non-invasive systems.

1.3. Technical and functional characterization of diahemofiltration devices employed in current clinical
practice.

OP2. Conducting a Literature Review for Each Device Category
2.1. Review of specialized literature regarding the operating principles, design, and technological
evolution of syringe pumps.

2.2. Review of scientific literature addressing mechanical ventilation systems, with emphasis on
control strategies, safety mechanisms, and clinical performance.

2.3. Literature analysis focused on the technological development and clinical applications of
diahemofiltration devices.

OP3. Studying and Evaluating Existing Models
3.1. Identification and evaluation of existing syringe pump models in terms of performance, reliability,

dccuracy, and ergonomics.

3.2. Assessment of current mechanical ventilator models, focusing on safety, efficiency, adaptability
to patient needs, and ease of clinical integration.

3.3. Analysis of available diahemofiltration systems with respect to therapeutic effectiveness,
functional stability, operational reliability, and usability.

OP4. Identifying Factors that Contribute to Innovative Initiatives



4.1. Identification of technical and functional limitations of syringe pumps that may stimulate
innovative engineering solutions.

4.2. Determination of critical design and operational aspects of mechanical ventilators that can be
enhanced through technological innovation.

4.3. Establishment of key factors driving innovation in diahemofiltration devices, including precision,
safety, cost-effectiveness, reliability, and ergonomics.

OP5. Testing and Evaluating the Proposed Technical Models
5.1. Experimental testing and performance evaluation of the improved syringe pump model based on
predefined technical and safety parameters.

5.2. Evaluation of the proposed mechanical ventilator prototype or conceptual model, with emphasis
on functional performance, safety, and clinical applicability.

5.3. Testing and validation of the proposed diahemofiltration device model to assess efficiency,
safety, and compliance with clinical requirements.

OP6. Formulating Comparative Conclusions

6.1. Conclusions regarding the efficiency and safety of the analyzed syringe pumps and the proposed
model.

6.2. Conclusions related to the studied ventilators and the identified improvement possibilities.
6.3. Conclusions concerning the evaluated diahemofiltration devices and the optimized model.

6.4. Final comparative synthesis of the three medical technologies and recommendations for
implementation, innovation, and future research.

1.5  General Methodological Framework and Overview of Proposed Technical Solutions

The present doctoral research adopts a comparative and feedback-driven methodological framework
aimed at identifying, analyzing, and mitigating technological dysfunctions in life-sustaining medical
devices used in intensive care units. This methodology serves as the unifying framework that
connects all chapters of the thesis and justifies the selection of mechanical ventilation systems,
syringe infusion pumps, and diahemofiltration devices as focal points of investigation. Each device is
analyzed with respect to its current technological limitations, physiological impact on critically ill
patients, and potential contribution to technology-related medical malpractice.

In the domain of mechanical ventilation, the research addresses one of the most critical limitations of
conventional ventilatory support: the dissociation between mechanical airflow delivery and the



physiological activity of the patient’s respiratory musculature. Prolonged passive ventilation is known
to increase airway pressures, promote ventilator-induced lung injury, and contribute to diaphragm
muscle atrophy. To address these limitations, this thesis proposes a medical device capable of
delivering controlled electrical impulses to stimulate diaphragmatic muscle activity during mechanical
ventilation. By synchronizing diaphragmatic contraction with the inspiratory phase and the delivery of
inspired oxygen (FiO,), the proposed system significantly reduces the required mechanical ventilation
pressure. This synchronized interaction minimizes barotrauma, enhances patient comfort, preserves
and tones respiratory musculature, and reduces long-term dependency on mechanical ventilatory
support. Detailed technical implementation and experimental validation of this system are presented
in the dedicated chapter on mechanical ventilation.

Regarding syringe infusion pumps, the research focuses on a critical but often overlooked limitation
of current infusion technologies. While contemporary syringe pumps provide accurate and uniform
volumetric flow, they do not ensure consistent drug concentration throughout the infusion process.
Clinical observations and experimental data indicate that solutions containing insulin, dopamine,
antibiotics, and other critical medications exhibit concentration fluctuations during administration,
despite constant flow rates. These variations may compromise therapeutic efficacy and increase the
risk of adverse events. To address this issue, the thesis introduces a novel continuous dual-
homogeneity technology that integrates mechanical and photonic mechanisms to maintain uniform
solution concentration during infusion. This approach aims to preserve pharmacological consistency
independently of mechanical delivery accuracy. The theoretical framework, engineering design, and
validation of this technology are examined in detail in the corresponding chapter on infusion systems.

In the context of diahemofiltration and continuous renal replacement therapy, the research
investigates the hemocompatibility limitations of current extracorporeal circulation systems.
Conventional diahemofiltration devices rely on peristaltic pumps, which generate repetitive
compressive and shear forces that mechanically damage red blood cells and immune cells,
particularly macrophages. This blood cell degradation may exacerbate immunosuppression and
physiological instability in critically ill patients.

To mitigate these effects, the authors propose an alternative pumping system based on
controlled vacuum and pressure differentials, designed to operate without direct mechanical contact
with blood components. The proposed non-contact pumping mechanism aims to preserve the
structural integrity of blood cells while maintaining stable and controlled extracorporeal circulation.
Comprehensive technical details and experimental evaluations of this system are provided in the
dedicated diahemofiltration chapter.

Across all three device categories, the proposed solutions are intentionally presented at a
conceptual level within this general methodological framework, as each system is examined in depth
in its respective chapter. This approach ensures methodological coherence while avoiding
redundancy. The comparative analysis between conventional technologies and the proposed
solutions enables the generation of structured technological feedback, demonstrating how targeted



engineering interventions can reduce physiological stress, improve device—patient interaction, and
significantly diminish the risk of technology-related medical malpractice in intensive care medicine.

1.6.Structure

The author’s research approach is structured across six chapters, complemented by the
Bibliographic Sections and the Lists of Figures and Tables included in the Appendices. Each chapter
contributes to the attainment of the operational objectives through comprehensive descriptions of
the research process, addressing its structural framework, findings, and resulting conclusions.

Chapter 1

Introduction, is conceived as an outline of the central research objective, namely the comparison
between theoretical perspectives on medical devices and their practical applications. Within this
context, specific medical challenges are examined in relation to current technological developments in
medical devices. Furthermore, sustainability reports are presented as periodic communications that
document organizational efforts toward sustainability, with particular attention to medical devices
and innovative practices implemented by and within intensive care units.

Chapter 2

Chapter Two focuses on the first medical device analyzed in this research, namely the syringe
pumps, also referred to as infusion syringe drivers. These devices are among the most frequently
used medical technologies in Intensive Care Units (ICU), fulfilling the essential function of delivering
controlled and uniform medication doses in accordance with clinical prescriptions. Their reliability and
accuracy are crucial for maintaining the physiological stability of critically ill patients. The chapter is
structured systematically and includes the following components: an overview of the current
technological state, a review of the relevant scientific literature, an evaluation of existing models, the
identification of factors that drive innovation, the testing and assessment of the proposed model,
and, finally, the formulation of specific conclusions. This coherent approach enables an in-depth
understanding of the performance, limitations, and development potential of syringe pumps
employed in modern clinical practice.

Chapter 3

Chapter Three is dedicated to the analysis of the mechanical ventilator, the second essential
medical device employed in Intensive Care Units. Both invasive and non-invasive ventilators are
critical in providing respiratory support for patients experiencing acute respiratory failure or
decompensated chronic conditions. Their precise operation, adaptability of ventilation parameters,
and safety profile are fundamental components in the effectiveness of intensive care therapy.

The structure of the chapter follows a coherent methodological approach, comprising: an assessment
of the current technological state of ventilators used in clinical practice, a comprehensive review of



the scientific literature, a comparative examination of existing commercial models, the identification
of factors that drive technological innovation, and the testing and evaluation of the proposed model.
The chapter concludes with specific findings that synthesize performance outcomes and highlight
potential directions for optimization of this category of medical devices.

Chapter 4

Chapter Four provides a detailed analysis of the diahemofiltration device, an essential piece
of equipment in the management of critically ill patients with acute kidney injury or severe
disturbances of hydroelectrolytic homeostasis. Diahemofiltration systems enable extracorporeal
blood purification by combining diffusion and convection mechanisms to ensure efficient solute
removal and the correction of biochemical parameters. Their technological complexity and the need
for precise operational control make these devices central to renal replacement therapy in the ICU
environment.
The chapter is structured to deliver a comprehensive analysis, including: an overview of the current
technological state of diahemofiltration systems, a synthesis of the relevant scientific literature, an
evaluation of existing models, and the identification of technical limitations that necessitate
innovative solutions. The chapter further incorporates testing and assessment of the proposed model
and concludes with specific findings that highlight optimization potential and future research
directions.

Chapter 5

This Chapter examines the findings of three of the most essential medical devices used in
Intensive Care Units (ICUs): the syringe pump, the mechanical ventilator and the diahemofiltration
device. These technologies play a crucial role in providing life-saving support to critically ill patients,
and their precise, reliable and safe operation has a direct impact on the quality and effectiveness of
medical care.

The research follows an integrated approach, structured around the key stages of technical

assessment: analysis of the current technological state of each device, synthesis of relevant scientific
literature, comparative assessment of existing business models and identification of factors
determining the need for innovative engineering solutions. For each device, the study also includes
testing and evaluation of a proposed technical model, with the aim of identifying concrete strategies
for optimizing performance, efficiency and operational safety.
The conclusions highlight both the strengths and technological limitations of the three devices,
contributing to the formulation of clear directions for engineering improvement. The study provides a
comparative perspective on the strategic role of these devices in modern intensive care and proposes
avenues for innovation, technical standardization, and future development in the field of biomedical
engineering.



Chapter 6

Chapter Six presents the author's original scientific contributions, encompassing theoretical analyses,
experimental investigations, and innovative engineering solutions, while highlighting the novelty,
applicability, and impact of the research within the field of intensive care medical technologies.
Particular emphasis is placed on three key categories of devices: syringe infusion pumps, where a
novel approach for maintaining pharmacological homogeneity during drug delivery is proposed;
mechanical ventilation systems, enhanced through the integration of electromyostimulation to
improve physiological compatibility and reduce ventilator-induced injury; and diahemofiltration
systems, for which a vacuum-driven blood pump architecture is introduced to improve
hemocompatibility and minimize cellular damage. Collectively, these contributions demonstrate a
transition toward patient-centered engineering solutions and adaptive, physiologically aligned device
design. At the end of Chapter Six, future research directions are outlined, emphasizing the
development of integrated, physiologically aligned control systems and innovative technologies
designed to enhance the performance, adaptability, and biocompatibility of intensive care medical
devices.

2. SYRINGE INFUSION SYSTEM
2.1 Clinical and Engineering Context

Syringe infusion systems represent a fundamental component of modern intensive care units,
ensuring the continuous and precise administration of critical medications such as vasoactive agents,
insulin, sedatives, and antibiotics. In clinical practice, these devices are generally considered highly
reliable due to their volumetric precision and controlled flow delivery mechanisms. However, this
perception of accuracy is predominantly based on mechanical performance parameters, while the
pharmacological behavior of infused substances remains insufficiently monitored [109,142].

From an engineering perspective, conventional syringe pumps operate through electromechanical
actuation systems that convert rotational motor motion into linear displacement of the syringe
plunger. The control architecture is primarily focused on parameters such as flow rate, occlusion
pressure, and infusion duration. While these parameters ensure volumetric consistency, they do not
account for physicochemical processes occurring within the drug solution during infusion.

2.2 |dentified Technological Deficiencies

The research highlights a critical gap between mechanical precision and pharmacological accuracy.
Experimental observations demonstrated that drug solutions, particularly those with narrow
therapeutic indices, are subject to:



e concentration drift over time

e adsorption phenomena on infusion system materials
e precipitation or phase separation

e instability under prolonged static conditions

These effects lead to discrepancies between the prescribed drug dosage and the actual amount
delivered to the patient. This issue is particularly relevant for medications such as insulin or
vasoactive agents, where even minor deviations can result in significant clinical consequences.

A key limitation of current systems is the absence of integrated pharmacological feedback. Existing
monitoring mechanisms are reactive and limited to mechanical events, such as occlusion or
completion of infusion, without evaluating the internal state of the infused solution.

2.3 Principle of Operation of the Proposed System

To address these deficiencies, the research proposes a mechatronic homogenization system
integrated into the syringe pump architecture.

The system operates based on two complementary mechanisms:
2.3.1 Mechanical Homogenization

A dual-axis vibration system is implemented using eccentric motors, generating controlled oscillatory
motion within the syringe. This motion prevents sedimentation and ensures continuous mixing of the
drug solution.

2.3.2 Photonic Stabilization

The system incorporates photonic modulation using specific wavelength ranges (UV and near-
infrared), designed to influence molecular interactions and reduce aggregation phenomena within the
solution.

The combination of these mechanisms results in a dynamic infusion environment, transforming the
syringe from a passive container into an active stabilization system.

2.4 Experimental Validation

The validation of the proposed system was conducted through controlled in vitro experiments
designed to evaluate drug concentration stability over time.



The methodology included:

e repeated sampling at predefined time intervals
e spectrophotometric analysis of concentration

e comparison between conventional syringe pumps and the proposed system
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Figure 2 Drug Concentration Deviation Graph

The experimental setup ensured reproducibility and allowed for the identification of temporal
concentration variations under both static and dynamic conditions.

2.5 Results and Interpretation

The results demonstrated a clear divergence between conventional systems and the proposed
solution.

Conventional Systems

e progressive decrease or fluctuation in drug concentration
e increased variability over time

o lack of internal mixing leading to stratification



Proposed System

e significantly reduced concentration deviation
o stable pharmacological profile throughout infusion
e improved homogeneity across all sampling points

These findings confirm that volumetric precision alone is insufficient to guarantee accurate drug
delivery. Pharmacological stability must be considered an essential parameter in infusion system
design.

2.6 Comparative Analysis

Parameter Conventional Syringe Pum p|[Proposed System
Volumetric accuracy High High

Drug homogeneity Low High

Feedback type Mechanical Mechatronic + physical
Risk of dosing error Moderate—High Low

Pharmacological stability||Not controlled Actively maintained

The comparative analysis highlights a paradigm shift from purely mechanical control to integrated
pharmacological management.

2.7 Section Conclusions

The proposed syringe pump system introduces a novel approach to infusion technology by extending
the concept of precision beyond volumetric control to include pharmacological stability.

Key contributions include:

o elimination of concentration drift
e improvement of dosing accuracy
e reduction of clinically relevant infusion errors

This system addresses a previously overlooked dimension of infusion therapy, demonstrating that
accurate drug delivery requires not only precise flow control but also active management of solution
behavior.



3. MECHANICAL VENTILATION - EMSD SYSTEM (ELECTRO-MYOSTIMULATION OF THE
DIAPHRAGM)

3.1 Clinical and Engineering Context

Mechanical ventilation represents one of the most critical life-support interventions in intensive care
medicine, ensuring adequate oxygenation and carbon dioxide elimination in patients with respiratory
failure. Despite its essential role, mechanical ventilation is intrinsically associated with significant
physiological and biomechanical challenges [1.2].

From a clinical perspective, the use of positive airway pressure introduces mechanical stress on
pulmonary structures, particularly in patients with reduced lung compliance. This often necessitates
the application of elevated inspiratory pressures, which may lead to ventilator-induced lung injury
(VILI), characterized by alveolar overdistension, microstructural damage, and inflammatory responses

[3].

In parallel, prolonged mechanical ventilation leads to reduced activation of the respiratory
musculature, particularly the diaphragm. This results in ventilator-induced diaphragmatic dysfunction
(VIDD), a condition characterized by rapid muscle atrophy, decreased contractile strength, and
prolonged dependence on ventilatory support [4].

From an engineering standpoint, conventional ventilators operate as pressure- or volume-controlled
systems, relying exclusively on external mechanical input to generate airflow. These systems lack
direct integration of patient-specific muscular activity, resulting in a fully passive respiratory process.

3.2 Identified Technological Deficiencies
The research identifies several critical limitations of current mechanical ventilation systems:

o dependence on high airway pressures to achieve adequate tidal volume
e absence of active physiological contribution from the patient

e development of diaphragm atrophy due to disuse

e increased risk of ventilator-induced lung injury

o limited adaptability to patient-specific respiratory mechanics



Experimental investigations conducted using porcine lung models demonstrated that sustained
exposure to inspiratory pressures exceeding approximately 45-47 cmH,0 leads to structural damage

at the alveolar level, including microcracks and tissue degradation.

Figure 3 Alveolar Microdamage

These findings confirm that mechanical stress represents a primary driver of pulmonary injury in
conventional ventilation strategies.

3.3 Principle of Operation of the EMSD System

To address these limitations, the research proposes an innovative Electro-Myostimulation of the
Diaphragm (EMSD) system, designed to transform mechanical ventilation into a hybrid mechanical—-
physiological process.

The system is based on a closed-loop control architecture integrating real-time pressure monitoring
with synchronized diaphragmatic stimulation.

3.3.1 Activation Mechanism
The EMSD system is triggered when airway pressure exceeds a predefined threshold:
Pactivation=PEEP+2 cmH,0P

This ensures that stimulation occurs only during the inspiratory phase, maintaining synchronization
with the ventilator cycle.



3.3.2 Neuromuscular Stimulation

Electrical impulses are delivered to the diaphragm via surface electrodes positioned according to
anatomical landmarks.

The stimulation parameters are defined within physiological safety limits:

e currentintensity: 5-30 mA
o frequency: 20—35 Hz
e pulse duration: 200—-400 ps

This controlled stimulation induces diaphragmatic contraction, contributing actively to lung
expansion.

3.3.3 Hybrid Ventilation Mechanism
The total tidal volume is generated through the combined contribution of:

e mechanical ventilation (external pressure)
e diaphragmatic contraction (internal negative pressure component)

Thus, the ventilation process becomes:

\VT=Vmechanical+VmuscleV_T =V _{mechanical} + V_{muscle}VT=Vmechanical+Vmuscle
This dual contribution reduces the mechanical workload required from the ventilator.

3.4 Experimental Validation

The EMSD system was validated through a combination of:

e controlled mechanical ventilation experiments
e real-time pressure monitoring
e comparative analysis with EMSD activated and deactivated

Testing was performed using both functional setups and lung models to evaluate pressure—volume
relationships and tissue response under varying conditions.



Comparative Ventilatory Workload: With vs Without EMSD
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Figure 4 EMSD ON vs OFF HERE
3.5 Results and Interpretation

The experimental results demonstrate a consistent and significant reduction in airway pressure when
EMSD is activated.

Measured Pressure Reduction

Figure 5 Thoracic Pressure Reduction



e minimum reduction: ~37%
e average reduction: 45-50%
e maximum reduction: up to ~60%

Despite this reduction:

o tidal volume remained within physiological limits
e lung expansion was preserved
o ventilatory efficiency was maintained

Physiological Interpretation

The reduction in airway pressure is explained by the active contribution of the diaphragm, which
generates a negative intrathoracic pressure component. This reduces the need for externally applied
positive pressure, thereby decreasing stress on alveolar structures.

Additionally, diaphragmatic activation:

e improves ventilation distribution
e enhances distal alveolar recruitment
e reduces regional overdistension

3.6 Comparative Analysis

Parameter Conventional Ventilation |[EMSD-Assisted Ventilation
Airway pressure High Reduced (up to 60%)

Tidal volume Maintained Maintained

Muscle activity Absent Active

Risk of VILI High Reduced

Diaphragm function |Impaired Preserved

Ventilator dependency||Increased Reduced

3.7 Section Conclusions

The EMSD system introduces a fundamental shift in mechanical ventilation by integrating
physiological muscle activity into the ventilation process.

Key contributions include:



e significant reduction of airway pressure (up to 60%)

e preservation of diaphragmatic function

o reduction of ventilator-induced lung injury

e improved synchronization between patient and ventilator

This approach demonstrates that the future of mechanical ventilation lies in hybrid systems that
combine mechanical support with physiological activation, enabling safer and more efficient
respiratory assistance.

4. HEMODIAFILTRATION SYSTEM — VACUUM-DRIVEN BLOOD PUMP
4.1 Clinical and Engineering Context

Hemodiafiltration and other continuous renal replacement therapy (CRRT) modalities are essential for
the management of critically ill patients presenting with acute kidney injury, sepsis, or multi-organ
failure. These systems ensure the continuous removal of metabolic waste products, regulation of
fluid balance, and stabilization of electrolyte levels [95].

From a clinical perspective, CRRT devices must operate under conditions of high physiological
fragility, where even minor disturbances in blood integrity or hemodynamic stability may lead to
significant deterioration. Therefore, the biocompatibility of extracorporeal circulation systems is of
critical importance [97].

From an engineering standpoint, CRRT systems rely on complex fluidic architectures integrating
pumps, membranes, sensors, and control units. A key component in these systems is the blood
pump, which ensures continuous circulation through the extracorporeal circuit

4.2 Identified Technological Deficiencies

The research identifies a major limitation in the widespread use of peristaltic pumps, which are
currently the standard in most CRRT devices.

These pumps operate through repetitive mechanical compression of flexible tubing, generating
pulsatile flow. While effective in terms of fluid transport, this mechanism introduces several critical
drawbacks:

e repetitive compressive forces acting on blood components
e high shear stress within the fluid pathway

o deformation and rupture of erythrocytes (hemolysis)

e damage to immune cells, including macrophages



e activation of inflammatory pathways
These effects contribute to:

e impaired hemocompatibility
e altered blood rheology
e increased inflammatory response

e potential immunosuppression in critically ill patients
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Figure 6 RBC Microscopy Comparison

Microscopic analysis performed during experimental testing confirmed structural alterations in red
blood cells subjected to peristaltic pumping, including membrane deformation and fragmentation.




4.3 Principle of Operation of the Proposed System

To overcome these limitations, the research proposes a vacuum-driven blood pump, designed to
replace conventional peristaltic mechanisms.

4.3.1 Operating Principle

The system is based on controlled pressure differentials rather than mechanical compression. Blood
movement is achieved through alternating phases of:

e negative pressure (vacuum generation)
e controlled pressure release

This approach enables continuous flow without direct mechanical deformation of the tubing or fluid.
4.3.2 Fluid Dynamics Characteristics
The vacuum-driven system generates:

e smoother flow profiles
e reduced turbulence
e |ower shear stress levels

By eliminating repetitive compression, the system minimizes mechanical interaction with blood
components.

4.3.3 System Architecture
The pump integrates:

e pressure control modules
o flow regulation mechanisms
e electronic control systems for adaptive operation

This architecture allows improved control over flow parameters while maintaining physiological
compatibility.

4.4 Experimental Validation

The validation of the proposed system involved comparative testing between:



e conventional peristaltic pumps
e vacuum-driven blood pump

Experimental methodology included:

e continuous blood circulation at controlled flow rates
e sampling at predefined intervals

e microscopic evaluation of erythrocyte morphology

e assessment of hemolysis indicators

Table 1 Paired results (Sample - S = 18 tests, each test one blood sample): Peristaltic vs Vacuum-

Driven Pump
K+ K+ AK+ K+ AK+ Abnorm | Abnormal Hemolysis | Hemolysis
baseli | post | Vacu | post Perist | al RBC % | RBC % | Index Index

@ |ne Vacu |um Perist | altic | Vacuum | Peristaltic | Vacuum Peristaltic

£ | (mmol |um altic (AU) (AU)

& |
S01 | 4.62 4.67 0.05 5.37 0.75 2 12.7 0.71 4.32
S02 | 4.08 4.05 -0.03 | 4.74 0.66 1.6 15.5 0.5 4.69
S03 | 4.21 4.3 0.09 4.8 0.59 2 12 0.62 3.2
S04 | 4.3 4.31 0.01 4,77 0.47 2.4 12.8 0.66 3.16
S05 | &4 4.01 0.01 4.9 0.9 2 10.6 0.48 4.06
S06 | 4.2 418 -0.02 | 4.89 0.69 2.6 12 0.71 3.9
S07 | 4.2 4.19 -0.01 | 4.81 0.61 23 10.1 0.61 2.89
S08 | 3.76 3.8 0.04 4.28 0.52 2.2 16.3 0.56 4.74
S09 | 4.46 L.44 -0.02 | 484 0.38 2 13.5 0.52 3.46
S10 | 4.35 4.36 0.01 5.05 0.7 1.8 13.3 0.79 4.73
S11 | 4.04 415 0.1 4.69 0.65 1.2 11.6 0.48 4.06
S12 | 4.16 4.1 -0.06 | 4.46 0.3 3.1 16.6 0.24 5.65
S13 | 4.35 L4 0.05 4.6 0.25 2.7 15.6 0.71 6.17
S14 | 3.94 4.08 0.14 4.71 0.77 2 12.8 0.47 3.43
S15 | 4.13 4.2 0.07 4.48 0.35 3.7 10.5 0.63 3.09
S16 | 4.32 4.28 -0.04 | 5.13 0.81 2.7 12.2 0.7 4.72
S17 | 4.18 4.21 0.03 4.76 0.58 2.4 13.1 0.55 3.43
S18 | 4.14 416 0.02 4.67 0.53 2 141 0.55 417

4.5 Results and Interpretation




The experimental results demonstrated clear differences between the two systems.
Peristaltic Pump

e visible deformation of erythrocytes
e increased hemolysis

e structural membrane damage

e higher mechanical stress

Vacuum-Driven Pump

e preservation of red blood cell morphology
e reduced hemolysis

o stable flow characteristics

e improved cellular integrity

These findings confirm that mechanical compression is a primary contributor to blood trauma in
conventional systems.

Physiological Interpretation

The reduction in hemolysis is attributed to the elimination of high shear stress and compressive
forces. By maintaining a more physiological flow environment, the proposed system:

e preserves erythrocyte membrane integrity
e reduces activation of inflammatory pathways
e supports immune system stability

4.6 Comparative Analysis

Parameter Peristaltic Pump |Vacuum-Driven Pump
Hemolysis High Reduced
Shear stress High Low

Blood cell integrity|{Compromised Preserved

Flow profile Pulsatile Smooth




Parameter Peristaltic Pump |Vacuum-Driven Pump

Biocompatibility ||[Moderate High

4.7 Section Conclusions

The proposed vacuum-driven blood pump represents a significant advancement in extracorporeal
circulation technology.

Key contributions include:

e reduction of mechanically induced blood trauma

e improvement of hemocompatibility

e enhanced stability of CRRT processes

e potential reduction of inflammation-related complications

This system demonstrates that rethinking the fundamental mechanics of fluid transport can lead to
substantial improvements in patient safety and clinical outcomes.

5. FINAL SYNTHESIS AND GENERAL CONCLUSIONS
5.1 Integrated Interpretation of Results

The present research systematically analyzed three critical categories of intensive care medical
devices and identified a common underlying limitation: the predominance of device-centered design
approaches that insufficiently account for patient-specific physiological responses.

Across all investigated systems, technological deficiencies were shown to directly influence clinical
outcomes, contributing to increased iatrogenic risk and reduced therapeutic efficiency.

5.2 Cross-Device Comparative Insights
Despite operating at different biological scales, the three device categories share similar patterns:

¢ reliance on mechanical control without physiological feedback
e limited adaptability to dynamic patient conditions
e generation of unintended biological stress



The proposed solutions introduce a unified approach based on adaptive, patient-centered
technological feedback.

5.3 Summary of Key Results

Device Identified Problem Proposed Solution Result

Ventilation ~ High pressure, VILI EMSD | pressure up to ~60%
Syringe Pump Drug instability Homogenization system 1 dosing accuracy
HDF Pump  Hemolysis Vacuum pump | blood trauma

5.4 Engineering Contributions
The main contributions of this research include:

e development of hybrid ventilation integrating diaphragmatic activity
e introduction of pharmacological stabilization in infusion systems
o redesign of blood pumping mechanisms for improved biocompatibility

These innovations demonstrate the importance of integrating engineering design with physiological
understanding.

5.5 Clinical Implications

The proposed systems have the potential to:

reduce ventilator-induced lung injury

improve accuracy of drug delivery

minimize blood trauma during extracorporeal circulation

enhance overall patient safety in intensive care

This research confirms that improving intensive care technologies requires a transition from isolated
mechanical optimization toward integrated, feedback-driven, patient-centered design .



By addressing fundamental design limitations in mechanical ventilation, infusion systems, and
hemodiafiltration devices, the proposed solutions contribute to:

e reduction of technology-related medical risk
e improvement of clinical outcomes
e advancement of biomedical engineering in critical care

FINAL CONCLUSIONS AND GENERAL CONTRIBUTIONS

1. General Synthesis of the Research

The present doctoral research has addressed a critical and increasingly relevant domain within
modern intensive care medicine, namely the identification and mitigation of technological deficiencies
associated with life-sustaining medical devices. By focusing on three essential categories of
equipment—syringe infusion pumps, mechanical ventilation systems, and hemodiafiltration
devices—the study provides a comprehensive perspective on the interaction between engineering
design and physiological response in critically ill patients.

A fundamental conclusion emerging from this work is that current medical technologies, despite their
advanced level of development, remain predominantly device-centered, with limited capacity to
dynamically adapt to the complex and continuously evolving physiological conditions of the patient.
This limitation generates a discrepancy between intended therapeutic outcomes and actual clinical
performance, contributing to what may be defined as technology-related medical malpractice.

The research demonstrates that adverse effects associated with medical devices are not exclusively
the result of operator error or device malfunction, but frequently arise from inherent design
constraints that fail to account for biological variability and long-term physiological impact.

2. Synthesis of Results for the Investigated Systems

2.1 Syringe Infusion Systems

The investigations conducted within this thesis revealed that conventional syringe infusion pumps,
although highly accurate from a volumetric standpoint, do not ensure pharmacological consistency
during the administration process. Experimental data confirmed that drug concentration may vary
significantly over time due to physicochemical phenomena such as sedimentation, adsorption to
infusion materials, and molecular instability.



These findings highlight a critical limitation in current infusion technologies: the absence of integrated
mechanisms capable of maintaining homogeneous drug distribution throughout the entire duration
of administration.

The proposed dual-mechanism system, combining mechanical homogenization and photonic
stabilization, demonstrated a substantial reduction in concentration variability, with experimental
improvements exceeding 90% compared to conventional systems.

This contribution represents a significant advancement in infusion technology, extending the concept
of precision beyond volumetric accuracy to include pharmacological stability. As a result, the
proposed system has the potential to reduce dosing errors, improve therapeutic consistency, and
enhance patient safety in critical care environments.

2.2 Mechanical Ventilation and EMSD System

In the domain of mechanical ventilation, the research identified a fundamental limitation related to
the passive nature of conventional ventilatory support. The absence of active participation from the
respiratory musculature leads to increased reliance on high airway pressures, contributing to
ventilator-induced lung injury and diaphragmatic dysfunction.

The EMSD system proposed in this thesis addresses this limitation by introducing synchronized
diaphragmatic electrostimulation, transforming ventilation into a hybrid mechanical-physiological
process.

Experimental validation demonstrated that the integration of EMSD allows a significant reduction in
airway pressure, with values ranging between approximately 37% and 59%, and peak reductions
approaching 60%, while maintaining physiological tidal volumes.

This reduction is achieved through the active contribution of diaphragmatic contraction, which
generates a negative intrathoracic pressure component, thereby decreasing the mechanical workload
required from the ventilator.

In addition to reducing mechanical stress on lung tissue, the EMSD system contributes to the
preservation of respiratory muscle function, preventing the onset of ventilator-induced
diaphragmatic dysfunction and reducing long-term dependence on mechanical ventilation.

These results indicate that the integration of physiological feedback into ventilatory systems
represents a viable and effective strategy for improving both safety and efficiency in respiratory
support.



2.3 Hemodiafiltration Systems

The analysis of hemodiafiltration and continuous renal replacement therapy systems revealed
significant limitations associated with conventional peristaltic blood pumps. These systems generate
repetitive compressive and shear forces that contribute to hemolysis, damage to blood cells, and
activation of inflammatory pathways. The vacuum-driven blood pump proposed in this research
eliminates these mechanical stress factors by replacing compressive propulsion with controlled
pressure differentials. Experimental observations confirmed improved preservation of erythrocyte
morphology, reduced hemolysis, and enhanced stability of blood flow dynamics. These findings
demonstrate that minimizing mechanical interaction between the device and biological components
is essential for improving hemocompatibility and reducing therapy-induced complications in
extracorporeal circulation systems.

In addition to these primary effects, the reduction of mechanical stress on blood components has
important systemic implications. Hemolysis not only affects the structural integrity of erythrocytes
but also leads to the release of intracellular contents, such as free hemoglobin, which can contribute
to oxidative stress, endothelial dysfunction, and impaired microcirculation. By limiting these
processes, the proposed vacuum-driven system supports the maintenance of vascular homeostasis
and reduces the risk of secondary complications associated with extracorporeal therapies.

Furthermore, the smoother flow dynamics generated by pressure-based propulsion contribute to a
more stable hemodynamic profile during continuous renal replacement therapy. Unlike pulsatile flow
produced by peristaltic pumps, which may introduce fluctuations in pressure and flow rate, the
proposed system ensures a more uniform circulation, thereby improving the efficiency of solute
clearance and fluid removal. This stability is particularly beneficial in critically ill patients, where even
minor variations in extracorporeal flow can influence overall physiological balance.

Another relevant aspect is the potential impact on the immune response. Mechanical stress and
cellular damage within extracorporeal circuits are known to activate inflammatory pathways, which
may exacerbate the already compromised condition of critically ill patients. By reducing cellular
trauma and preserving blood component integrity, the proposed system may contribute to a lower
inflammatory burden, thereby supporting a more favorable clinical evolution.

Finally, the adoption of non-compressive blood propulsion mechanisms reflects a broader shift
toward designing medical devices that respect biological constraints and prioritize physiological
compatibility. This approach not only enhances the immediate performance of the device but also
contributes to improved long-term outcomes by minimizing cumulative biological stress. As such, the
vacuum-driven blood pump represents a meaningful advancement in the development of safer and
more effective extracorporeal circulation technologies.



3. Integrated Engineering Perspective

One of the most important contributions of this research is the development of a unified engineering
perspective based on the concept of controlled gradients instead of direct mechanical force .

Across all three systems, the proposed solutions share a common principle:

o stabilization of concentration gradients in infusion systems
o modulation of pressure gradients in mechanical ventilation
o redistribution of shear and flow gradients in blood circulation

This gradient-based approach reduces localized stress peaks and aligns device operation with
biological tolerances, resulting in improved physiological compatibility.

4. Multi-Scale Biological Impact (Extended Version)

The research demonstrates that technological improvements at the device level produce measurable
effects across multiple biological scales:

e molecular level: stabilization of drug concentration
o cellular level: reduction of erythrocyte damage and preservation of cell integrity
o tissue and organ level: improved respiratory mechanics and reduced mechanical stress

This multi-scale impact highlights the importance of integrating biological considerations into
engineering design, reinforcing the need for interdisciplinary approaches in medical device
development.

Beyond this general observation, the findings of the present research indicate that the effectiveness
of medical devices in critical care cannot be fully understood or optimized without considering the
hierarchical organization of biological systems. Each level—molecular, cellular, and organ-level—
responds differently to external mechanical, chemical, or physical stimuli, yet these responses are
deeply interconnected. As a result, perturbations introduced at one level may propagate and amplify
across others, ultimately influencing overall patient outcomes.

At the molecular level, the stability and distribution of pharmaceutical compounds play a crucial role
in determining therapeutic efficacy. The research demonstrates that conventional infusion systems
may allow the development of concentration gradients due to sedimentation, adsorption, or
molecular aggregation. These processes lead to fluctuations in the effective dose delivered to the
patient, particularly during prolonged infusions. By implementing active homogenization and photonic
stabilization mechanisms, the proposed system ensures a more uniform molecular distribution,



reducing variability in drug concentration over time. This contributes not only to improved
pharmacokinetics but also to enhanced predictability of therapeutic response, which is essential in
the management of critically ill patients receiving narrow therapeutic index medications.

At the cellular level, the interaction between medical devices and biological structures becomes even
more critical. Blood cells, particularly erythrocytes, are highly sensitive to mechanical stress, shear
forces, and surface interactions. The research highlights that conventional extracorporeal circulation
systems, especially those relying on peristaltic pumping, introduce repetitive mechanical deformation
that can compromise cell membrane integrity and lead to hemolysis. The proposed vacuum-driven
pump significantly reduces these stress factors by eliminating direct compressive forces and
promoting smoother flow dynamics. As a result, erythrocyte morphology is preserved, and the risk of
cellular damage is minimized. This has important implications not only for oxygen transport capacity
but also for the prevention of inflammatory responses triggered by cellular breakdown products.

In addition to erythrocytes, other cellular components, including leukocytes and platelets, may also be
affected by mechanical stress. Reducing such stress contributes to maintaining immune function and
hemostatic balance, both of which are essential in critically ill patients who are already at increased
risk of infection and coagulopathy. Therefore, improvements at the cellular level extend beyond
isolated structural preservation, influencing broader physiological processes.

At the tissue and organ level, the impact of technological interventions becomes evident in the
functional performance of entire systems. In the case of mechanical ventilation, excessive airway
pressures and non-physiological airflow patterns can lead to uneven distribution of ventilation,
alveolar overdistension, and tissue damage. The integration of the EMSD system introduces a more
physiological breathing pattern by enabling active diaphragmatic contraction. This reduces the
mechanical load imposed on lung tissue and promotes a more homogeneous distribution of
ventilation, particularly in dependent lung regions. Consequently, the risk of ventilator-induced lung
injury is reduced, and overall respiratory mechanics are improved.

The preservation of diaphragmatic function also has significant implications for long-term outcomes.
By maintaining muscle activity, the EMSD system prevents or reduces ventilator-induced
diaphragmatic dysfunction, facilitating weaning and reducing the duration of mechanical ventilation.
This demonstrates how interventions at the organ level can influence not only immediate
physiological performance but also recovery trajectories and long-term patient prognosis.

An important aspect of the multi-scale impact identified in this research is the interdependence
between biological levels. For example, improved molecular stability of drugs contributes to more
consistent cellular responses, which in turn support better organ-level function. Similarly, reducing
cellular damage in blood circulation helps maintain systemic physiological balance, indirectly



influencing organ performance. This interconnectedness underscores the necessity of designing
medical devices that address multiple biological scales simultaneously rather than focusing on
isolated parameters.

Furthermore, the concept of multi-scale interaction reinforces the importance of integrated system
design, in which engineering solutions are evaluated not only in terms of their direct functional
outputs but also in terms of their broader biological consequences. This approach contrasts with
traditional design methodologies that prioritize single-parameter optimization, often overlooking
secondary effects that may become clinically significant over time.

From an interdisciplinary perspective, achieving such integration requires collaboration between
biomedical engineers, clinicians, physiologists, and materials scientists. Each discipline contributes
essential knowledge regarding system behavior, biological response, and clinical applicability. The
results of this research demonstrate that meaningful innovation in medical technology arises from
the convergence of these domains, rather than from isolated technical improvements.

In conclusion, the multi-scale biological impact of the proposed technological solutions highlights the
necessity of a holistic approach to medical device design. By addressing molecular stability, cellular
integrity, and organ-level functionality simultaneously, it becomes possible to develop systems that
are not only technically efficient but also biologically compatible and clinically effective. This
integrated perspective represents a key step toward the advancement of next-generation medical
technologies capable of improving patient outcomes in intensive care environments.

5. Reduction of Device Dependency

A key finding of this research is that conventional medical devices often induce biological
deconditioning through passive support mechanisms.

The proposed systems counteract this effect by:

e maintaining pharmacological consistency in infusion therapy
e preserving respiratory muscle activity during ventilation
e reducing cellular trauma in extracorporeal circulation

As a result, these technologies contribute to reducing patient dependency on medical devices and
facilitate recovery processes.

6. Clinical and Safety Implications (Extended Version)

The innovations proposed in this thesis have several important implications for clinical practice:



e reduction of complications associated with therapy-induced stress
e improved tolerance to prolonged medical interventions

o decreased need for corrective clinical actions

e enhanced patient safety in intensive care settings

These outcomes support the hypothesis that improving technological design directly contributes to
improved clinical outcomes.

Beyond these direct effects, the integration of physiologically adaptive mechanisms into medical
devices introduces a more stable and predictable therapeutic environment. By reducing the variability
associated with mechanical, pharmacological, and hemodynamic processes, the proposed systems
contribute to a decrease in unexpected clinical events and improve the consistency of treatment
delivery. This stability is particularly important in intensive care settings, where patients often
present with rapidly changing conditions and limited physiological reserves.

Another significant implication is the potential reduction in clinician workload. Conventional medical
devices frequently require continuous monitoring and manual adjustment to compensate for their
inherent limitations. By incorporating adaptive feedback and self-regulating mechanisms, the
proposed technologies reduce the need for frequent intervention, allowing healthcare professionals
to focus on higher-level clinical decision-making rather than real-time correction of device-related
issues.

Furthermore, the improvements in biocompatibility and physiological integration may lead to a
reduction in secondary complications, such as inflammation, infection risk, or organ dysfunction
associated with prolonged exposure to non-physiological mechanical forces. In the long term, these
benefits may translate into shorter durations of intensive care stay, improved recovery trajectories,
and reduced healthcare costs.

From a safety perspective, the shift toward systems that actively minimize biological stress
represents an important advancement in risk management. Instead of relying solely on alarms and
threshold-based responses, the proposed devices operate in a preventive manner, reducing the
likelihood of adverse events before they occur. This proactive approach aligns with modern patient
safety principles and supports the development of more resilient healthcare systems.

In conclusion, the clinical and safety implications of the proposed innovations extend beyond
immediate functional improvements, contributing to a broader transformation in how medical
technologies support patient care. By enhancing stability, reducing intervention requirements, and
improving biological compatibility, these systems represent a significant step toward safer and more
effective intensive care practices.



7. Final Conceptual Conclusion

The central conclusion of this doctoral research is that the future of intensive care medical technology
lies in the transition from device-centered systems to physiologically integrated, adaptive systems.
Medical devices must evolve from passive tools into active partners capable of interacting
dynamically with biological systems, minimizing the mechanical, chemical, and cellular perturbations
introduced by artificial interventions. This thesis demonstrates that such an approach is not only
conceptually valid but also technically feasible across multiple therapeutic domains.

Beyond this fundamental transition, the results of the present work emphasize that the limitations of
current medical devices are not primarily due to insufficient technological sophistication, but rather to
the absence of meaningful integration between engineering control systems and physiological
processes. In many cases, existing devices are designed to maximize mechanical efficiency, stability,
and reproducibility, while inadvertently neglecting the complexity and variability of the human body.
This mismatch leads to the generation of unintended biological stress, which may accumulate over
time and contribute to adverse clinical outcomes.

A key conceptual advancement proposed in this research is the replacement of rigid, force-driven
operational models with gradient-based control strategies, in which mechanical, chemical, and
fluidic interactions are modulated gradually and continuously. By stabilizing concentration gradients
in infusion systems, modulating pressure gradients in ventilatory support, and redistributing shear
stress in extracorporeal circulation, the proposed technologies reduce localized extremes that are
known to produce tissue damage, cellular disruption, or molecular instability. This approach aligns
device operation more closely with physiological tolerance thresholds and promotes a more
harmonious interaction between artificial systems and biological structures.

Furthermore, the integration of adaptive feedback mechanisms represents a critical step toward the
development of intelligent medical devices capable of responding in real time to patient-specific
conditions. In contrast to conventional systems, which rely on predefined parameters and threshold-
based alarms, adaptive systems continuously interpret physiological signals and adjust their behavior
accordingly. This dynamic interaction enables improved synchronization between device function and
patient needs, reducing the risk of overcompensation, under-treatment, or delayed response to
clinical changes.

Another important implication of this conceptual framework is the redefinition of the role of the
patient within the technological system. Rather than being treated as a passive recipient of externally
imposed therapy, the patient becomes an active component of a closed-loop system in which
physiological activity contributes directly to therapeutic outcomes. This is particularly evident in the
case of the EMSD system, where diaphragmatic activation restores a degree of natural respiratory



function, but also extends conceptually to all systems that preserve or enhance endogenous
biological processes.

In addition, the findings of this research highlight the importance of considering multi-scale
interactions in medical device design. Biological systems operate simultaneously at molecular,
cellular, tissue, and organ levels, and disruptions at any of these scales may propagate and amplify
across the entire system. The proposed technologies demonstrate that targeted engineering
interventions can produce beneficial effects across multiple levels, from stabilizing drug molecules to
preserving cellular integrity and improving organ-level function. This multi-scale perspective is
essential for the development of future medical technologies that aim to achieve both efficiency and
biocompatibility.

From a broader perspective, the results of this thesis support the emergence of a new paradigm in
biomedical engineering, characterized by the convergence of mechanical design, physiological
modeling, and intelligent control systems. This paradigm shift requires a rethinking of traditional
design priorities, moving away from purely technical optimization toward a more balanced approach
that incorporates biological compatibility, adaptability, and long-term patient outcomes as central
design criteria.

Moreover, the implementation of physiologically integrated systems has the potential to reduce the
burden on clinical personnel by decreasing the need for continuous manual adjustments and
compensatory interventions. By embedding adaptive behavior within the device itself, clinicians can
rely on more stable and predictable system performance, allowing them to focus on higher-level
decision-making rather than real-time correction of technological limitations.

Finally, the conceptual framework developed in this thesis provides a foundation for future research
and innovation in critical care technology. The principles of gradient-based control, adaptive feedback,
and physiological integration can be extended to a wide range of medical devices beyond those
investigated in this work, including cardiac support systems, drug delivery platforms, and advanced
monitoring technologies.

In conclusion, the transition toward physiologically integrated, adaptive medical devices represents
not only a technological evolution but also a necessary step toward improving patient safety,
reducing therapy-induced complications, and enhancing the overall quality of care in intensive care
medicine. This research demonstrates that such a transformation is achievable and provides concrete
engineering solutions that contribute to the realization of this objective.



8. Final Statement

By addressing fundamental design limitations in three major categories of ICU medical devices, this
research contributes to the advancement of biomedical engineering toward a new generation of
technologies characterized by:

e adaptive control
e physiological integration
e enhanced safety and efficiency

Ultimately, these developments have the potential to reduce technology-related medical malpractice
and to improve the quality of care provided to critically ill patients.
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