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Abstract

Pulsatile flow is a fundamental mode of fluid transport in biological and environmental

systems. This unsteady flow regime is exemplified in cardiovascular circulation, in the

locomotion of cephalopods and jellyfish, in the roots of certain plants and many other

natural phenomena. The temporal and spatial variations inherent in pulsatile flow

not only regulates mass transport but can also support efficient energy usage, un-

derscoring its importance in physiological functions. In the field of mechatronics, the

capability to produce highly unsteady flow regimes constitutes a critical asset for the

actuation of pressure-driven soft robotic systems, the regulation of fluidic circuitry, and

the propulsion of autonomous aquatic platforms. Notably, in biomedical engineering,

the generation of controlled pulsatile flow patterns is of particular significance for the

development of cardiac assist devices that more faithfully emulate the physiological

dynamics of the native heart. By enabling flow characteristics more closely aligned

with natural cardiovascular function, this technological approach offers a promising

pathway for improving therapeutic outcomes and addressing the increasing preval-

ence of cardiovascular diseases in an aging global population.

Despite its significance, generating controlled and efficient pulsatile flow across a

broad range of frequencies remains a challenge that current pumping technologies

fail to meet. This thesis addresses this gap by investigating the physics underpinning

optimal pulsatile pumping and by developing a novel pumping system capable of

optimal operation over a wide frequency bandwidth.

Inspiration is drawn from biological shape-changing mechanisms such as the

beating heart or the mantle-driven propulsion of cephalopods as they present four

highly sought-after features: pulsatility, compactness, efficiency and preservation

of fluid integrity. Specifically, pulsatile self-propelling systems have been shown to

successfully exploit resonance to enhance propulsive efficiency, similarly to what

certain sea-dwelling organisms do, hinting at the opportunity to exploit the same

benefit in pumping systems. Although resonance has been widely exploited in mech-

anical systems, its potential in fluid pumping mechanisms, and particularly in pulsatile

flows, has never been systematically investigated. This work introduces, for the

first time, a resonance-based approach to pulsatile fluid pumping, demonstrating its

efficacy in improving flow performance and system efficiency. In order to leverage

resonance across a broad range of pulsation frequencies, this work introduces vari-

able stiffness as a means to actively tune the system’s natural frequency. Although
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stiffness modulation has been implemented in other engineering systems, its use for

controlling transition to resonance is sparse and almost unheard of in the context of

fluid displacement technology making this approach the first of its kind.

This thesis presents the design, development, and experimental validation of a

variable-stiffness, heart-inspired, pulsatile pump.

We begin by designing a custom variable stiffness mechanism, specifically de-

veloped for seamless implementation within robotic artefacts that require adaptable

mechanical properties. Building upon this, we engineer a pulsatile pump inspired

by the heart’s dynamic pumping strategy, integrating the variable stiffness mechan-

ism to actively modulate system compliance. The resulting device is experimentally

tested, revealing how its flow patterns evolve as the pump approaches resonance.

Characteristic features emerge in the pressure–flow rate relationship, including amp-

litude magnification and phase shifts, which collectively identify regions of maximum

operational efficiency. Crucially, we demonstrate that the introduction of variable

stiffness can enable the pump to transition smoothly across a range of pulsation

frequencies while persistently maintaining peak performance. To our knowledge,

this represents the first demonstration of a heart-inspired pumping system with the

potential to sustain optimal efficiency across variable operating conditions through

active stiffness modulation.

In summary, this thesis proposes and validates a novel approach to harnessing

mechanical resonance in pulsatile pumping through stiffness modulation. This new

technology lays the groundwork for advanced soft robotics actuation systems and,

crucially, for the development of next-generation cardiac implants. By enabling a

mode of operation more closely aligned with the physiological dynamics of the human

heart, while offering enhanced performance and persistent autonomy, this approach

addresses some of the most critical challenges in the treatment of cardiac diseases.

Moreover, by combining higher operational efficiency with a nature-inspired pulsatile

pumping strategy, it promises to enhance biocompatibility and extend device longevity,

overcoming longstanding limitations of both commercial and state-of-the-art cardiac

assist systems and advancing the design of durable, adaptive, and physiologically

harmonious cardiovascular therapies.
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Lay Summary

Heart failure is one of the world’s leading causes of death and disability. Many patients

rely on mechanical pumps to help circulate blood, but most of these devices provide a

continuous flow, unlike the natural pulsing of the human heart. This lack of pulsation

can cause long-term complications and limits how well these devices integrate with

the body.

This thesis explores how principles found in nature—particularly those governing

the rhythmic, efficient movements of the heart and other living organisms—can be

used to design better artificial pumps. The research focuses on the concept of

resonance, a physical phenomenon that allows systems to move more efficiently

when they vibrate at their natural frequency. By designing a pump that operates in

resonance, energy use can be reduced while maintaining strong, rhythmic flow.

To make the system adaptable, the pump includes a variable stiffness mechan-

ism—a way to change how flexible or rigid parts of the pump are in real time. This

allows the pump to adjust its natural frequency automatically, much like the human

heart changes its rhythm and force under different conditions such as rest or exercise.

The result is a heart-inspired pulsatile pump that can sustain efficient, rhythmic

flow across a range of speeds. Experiments confirmed that adjusting stiffness en-

ables the pump to stay at peak efficiency even as conditions change. This marks

the first demonstration of resonance tuning through stiffness control in a heart-scale

pumping system.

In the future, this technology could improve artificial hearts and cardiac assist

devices, making them more energy-efficient, adaptable, and physiologically natural.

Beyond medicine, the findings may also benefit soft robotics and other engineering

fields that require efficient, rhythmic motion.
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Chapter 1

Introduction

This chapter provides an initial introduction to the motivation behind the work, dis-

cussing the relevance and importance of the topic before detailing a set of specific

research objectives. Next, the specific contributions are listed, before finally giving an

overview of the thesis structure and chapter organisation.

1.1 Motivation

In many modern engineering applications, the ability to generate and control unsteady

or oscillatory flows holds immense promise for improving performance and energy

efficiency. In industrial systems such as fluid transport, mixing and heat-exchanger

networks, imposing temporal variations in flow can reduce losses, suppress instabilit-

ies or enhance transfer rates compared to steady operation (21). In robotics and soft

actuators, fluidic systems increasingly rely on compliant components and dynamic

motion. Yet, many still default to quasi-steady pumping, which fails to exploit their

inherent elastic and inertial characteristics (22). By operating these systems in an os-

cillatory regime, they can harness natural system dynamics to improve performances

(23).

This need for non-continuous efficient flow generation is critical in biomedical

engineering given the widespread occurrence in the human body of organs which

operate under unsteady flow conditions, such as the oesophagus (24), the intestine

(25), the pulmonary system (26) or the ureter (27). It is especially acute in the design

of cardiac assist devices. Indeed, in the world, sixty million people suffer from heart

failure and during the last 30 years both heart failure prevalence and years lost due

to disability have increased respectively by 3.9 % and 4.5 % (28). In 2020, for the

six millions Americans suffering from heart failure, the total expenditure on heart 2

failure is estimated at 43.6 $ billion. This amount is expected to keep growing as

scientists predict a 24 % increase in the number of Americans suffering from this

medical condition in 2030 (29). In Europe, in 2020, more than 15 million people lived

2
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with heart failure (30) and hospital admissions for this condition have been projec-

ted to rise by 50% between 2010 and 2035 (31). While the native heart produces

rhythmic pressure–flow pulses, most mechanical circulatory support systems today

employ continuous-flow pumps (32) (33) for reasons of simplicity, size and durability.

However, the absence of physiological pulsatility has been linked to adverse vascular

remodeling, impaired end-organ perfusion and increased complications (34), (35),

(36), (37), (38). Currently, in the two years following the implantation, around 80 % of

patients develop a severe complication requiring rehospitalization which sometimes

prove fatal. Reintroducing pulsatile flow into implantable devices therefore remains a

major research challenge: achieving true pulsatility in a compact, low-power system

adapted for long-term implantation. To date, few solutions have successfully balanced

physiological flow dynamics, device miniaturisation and energy efficiency. Addition-

ally, current solutions require patients to carry large battery packs in backpacks to

power the device, highlighting the need of optimal efficiency for reduced footprint.

Nature provides compelling examples of how oscillatory or pulsatile flows can

be generated and exploited efficiently via elastic and resonant mechanisms. In the

cardiovascular system, the heart contracts rhythmically and interacts with compliant

blood vessels, forming a coupled elastic–inertial system that stores and releases

energy cyclically—a form of resonant behaviour enabling efficient circulation (39). In

soft-bodied aquatic animals, like certain jellyfish or squid, locomotion arises from har-

nessing body elastic recoil and fluidic added mass to achieve propulsion with minimal

muscular effort (40). These organisms illustrate how a finely tuned balance between

elasticity, inertia, and active muscular contraction can provide a level of adaptability

and performance that artificial systems have yet to replicate. Particularly, they show

how resonance, the matching of excitation to a system’s natural frequency, yields

improved energetic return (41). By adopting these principles in engineering design,

pulsatile pumps might similarly exploit system compliance and inertial interactions to

achieve higher outputs for the same or lower input energy.

In summary, the generation of unsteady flows is a critical and timely challenge

across both engineering and biomedical domains. The biomedical imperative to

reintroduce physiologically relevant pulsatility in cardiac assist devices aligns with the

broader engineering goal of efficient fluidic actuation in robotics and industry. By

drawing inspiration from nature’s elastic and resonant systems, there lies a prom-

ising pathway: leveraging resonance and adjustable stiffness mechanisms to amplify

output and enhance efficiency in pulsatile pump design.

This thesis focuses on bridging the gap between physical understanding and
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engineering implementation. Rather than optimizing a single technological aspect

such as actuation or biocompatibility in isolation, it aims to identify and validate the

fundamental physical mechanisms that underlie efficient pulsatile flow. By demon-

strating the feasibility of resonance-based pumping and active stiffness modulation

within a heart-scale prototype, this work contributes both to the understanding of

energy transfer in oscillatory fluid systems and to the development of next-generation

implantable cardiac assist devices.

1.2 Research objectives

The primary objective of this research is to investigate the potential of mechanical

resonance as a means to enhance the efficiency of pulsatile pumping systems. Spe-

cifically, the thesis seeks to:

1. Demonstrate the feasibility of operating a compact pump at or near its resonant

frequency to amplify output flow and pressure while minimizing energy input.

2. Develop and integrate a variable stiffness mechanism that enables active tuning

of the system’s natural frequency, allowing resonance to be maintained under

changing operating conditions.

3. Establish an analytical framework linking actuation force, displacement, and

power transfer in resonant systems, and use it to predict and interpret experi-

mental results.

4. Experimentally characterize the resonant response of the developed pump and

quantify the effects of damping, stiffness, and hydrostatic loading on energy

efficiency.

5. Evaluate the scalability and adaptability of the resonance-based approach for

biomedical applications, particularly in cardiac assist systems where compact-

ness, controllability, and energy efficiency are critical.

Together, these objectives aim to translate a physical principle - resonance - into

a practical design strategy for efficient, adaptable, and physiologically compatible

pumping technologies.
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1.3 Thesis Contribution

This thesis provides both theoretical and experimental contributions to the field of

resonant pumping and variable-stiffness actuation. The main achievements can be

summarized as follows:

1. Conceptual contribution: A comprehensive analysis of resonance as a design

paradigm for pulsatile pumps, establishing the conditions under which energy

transfer is maximized and losses minimized.

2. Analytical contribution: The development of a simplified rigorous mathematical

framework describing the coupled electromechanical–hydraulic dynamics of a

resonant pump, including harmonic power transfer and efficiency scaling laws.

3. Technological contribution: The design and realization of a novel Compact Mod-

ifier of Active Coils (C-MAC) mechanism, capable of continuously tuning stiff-

ness through electromagnetic coupling while remaining compact, low-power,

and easily manufacturable.

4. Experimental contribution: The construction and validation of a heart-scale pro-

totype incorporating variable stiffness, enabling the first experimental demon-

stration of resonance-induced performance enhancement in a pulsatile pump.

5. Practical impact: The establishment of experimentally validated design guidelines

that can inform the development of future cardiac assist devices and adaptive

fluidic systems relying on similar resonant dynamics.

Collectively, these contributions demonstrate that resonance and stiffness mod-

ulation can be exploited as fundamental principles for improving the efficiency and

adaptability of pulsatile flow systems.

1.4 Structure Outline

The thesis is organized as follows:

• Chapter 2 surveys the state of the art in industrial and biomedical pumping

technologies, the role of pulsatility in cardiovascular function, and the potential

of resonance and adaptive stiffness in energy-efficient systems.
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• Chapter 3 defines the functional and design criteria for a resonance-driven

pump and introduces the conceptual architecture, including the variable stiff-

ness mechanism.

• Chapter 4 details the mechanical realization of the prototype, its integration with

sensing and control systems, and the experimental setup used for characteriz-

ation.

• Chapter 5 develops the mathematical framework for predicting the system’s

response under harmonic excitation and for identifying key parameters in res-

onance exploitation.

• Chapter 6 presents the experimental validation of resonance effects, analysing

the relationships between frequency, amplitude, and efficiency and validating

the mathematical predictions.

• Chapter 7 explores how changes in stiffness shift the resonance frequency and

affect dynamic performance, establishing scaling laws for tunable resonance.

• Chapter 8 synthesizes the results, outlines the limitations of the current study,

and provides recommendations for future work, including applications to cardiac

assist devices and adaptive robotic systems.



Chapter 2

Literature review

2.1 Introduction

The purpose of this chapter is to situate the present work within the broader scientific

and technological context of pumping systems, pulsatile flow generation, and adapt-

ive actuation. While pumps are among the most mature and widely used energy-

conversion technologies in engineering, their design principles remain largely groun-

ded in steady-flow operation. In contrast, most biological systems—particularly the

cardiovascular system—rely on inherently unsteady or pulsatile flows to achieve ef-

ficient, adaptable, and physiologically compatible transport. Understanding this con-

trast between engineered and biological paradigms is essential to motivate the devel-

opment of resonance-based and stiffness-modulated pumping strategies explored in

this thesis.

The chapter begins by reviewing industrial pumping paradigms, distinguishing

between rotodynamic and positive-displacement designs and analysing their char-

acteristic pressure–flow behaviour, control strategies, and limitations when applied

to unsteady operation. This establishes a baseline for understanding the physical

and energetic constraints that conventional pumps face when attempting to generate

pulsatility.

The discussion then transitions to bioinspired pumping mechanisms, focusing on

how nature exploits unsteady flows to optimise energy efficiency, mixing, and adapt-

ability. Examples are drawn from biological systems ranging from peristaltic transport

in soft-bodied organisms to the human cardiovascular system, where pulsatility and

compliance are fundamental to sustaining efficient flow and regulating shear stresses.

Particular attention is given to the heart, which operates as a positive-displacement

pump whose coupled interaction with the vascular network results in resonant-like

energy exchange between elastic and inertial components.

Building on this physiological foundation, the review examines the evolution of car-

7
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diac assist devices, tracing the shift from early pulsatile designs to modern continuous-

flow systems and discussing the consequences of this transition for patient outcomes,

vascular health, and device efficiency. The analysis highlights the ongoing chal-

lenge of achieving physiological pulsatility within the severe constraints of implantable

devices—where compactness, controllability, and energy autonomy are paramount.

The final sections of the chapter focus on resonance and adaptive stiffness as

emerging design principles for efficient actuation. Resonant operation allows mech-

anical and fluidic components to exchange energy cyclically with minimal losses,

while tunable stiffness offers a means to adapt the natural frequency of the system to

changing operating conditions. Together, these mechanisms offer a promising route

toward compact, energy-efficient, and adaptive pumps capable of reproducing the

dynamic behaviour of the heart.

Overall, this literature review provides the conceptual and theoretical groundwork

for the experimental and analytical investigations that follow. It identifies the limitations

of current industrial and biomedical approaches and establishes the scientific motiv-

ation for exploring resonance and stiffness modulation as complementary strategies

for the next generation of pulsatile pumping technologies.

2.2 Industrial Pumping Paradigms

Pumps are among the most widespread energy-conversion devices in engineering,

serving to transfer mechanical energy from a driver—typically an electric motor—into

the hydraulic energy of a working fluid. Their operation can be broadly divided into

two physical principles: rotodynamic pumping, based on the continuous exchange of

momentum between a rotating impeller and the fluid (42), and positive displacement

(PD) pumping, based on the periodic confinement and expulsion of a finite fluid

volume (43). Although both classes accomplish the same overall task, their internal

mechanisms, flow–pressure characteristics, and control strategies differ fundament-

ally. Understanding these differences is essential before exploring how biological

systems diverge from these industrial paradigms.
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2.2.1 Working Principles and Types of Pumps

In rotodynamic pumps, energy is imparted dynamically through angular-momentum

transfer. As the impeller rotates, it accelerates the fluid, increasing its kinetic energy;

this velocity is subsequently converted into pressure energy in a diffuser or volute

casing. Depending on impeller geometry and specific speed, rotodynamic pumps are

further categorized as centrifugal, mixed-flow, or axial-flow types (44). Centrifugal

pumps dominate industrial applications: fluid enters axially and exits radially, making

them effective at producing moderate heads with steady flow. Axial-flow pumps, by

contrast, use impeller blades acting as hydrofoils to impart energy primarily along the

pump axis, producing very high flow rates but low heads. Mixed-flow pumps occupy

an intermediate regime and are employed when both head and flow requirements are

moderate (42) (45).

Positive-displacement (PD) pumps operate by mechanically displacing a confined

volume of fluid into the discharge line. During each cycle, valves or clearances

control suction and delivery, so that a specific volume Vd is transferred per stroke

or revolution. The theoretical flow rate is therefore:

Q =VdN, (2.1)

where N is the rotational or reciprocating speed (46). The PD family includes

reciprocating pumps, such as piston, plunger, and diaphragm designs, and rotary

pumps, including gear, screw, vane, and progressing-cavity configurations. Reciproc-

ating pumps deliver very high pressures and precise volumes with pulsatile flow, while

rotary designs generate smoother output and are particularly effective for viscous or

shear-sensitive fluids (43). In both cases, the pump’s role is to deliver a defined

volumetric displacement, while the pressure it develops depends on the resistance of

the connected system (46).

This approach ensures predictable performance and is well suited to industrial

environments demanding steady, controllable output.
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2.2.2 Flow–Pressure Characteristics and Control Strategies

The differing energy-transfer mechanisms of rotodynamic and PD pumps give rise

to distinct flow–pressure relationships. A rotodynamic pump behaves as a pressure

source. For a given rotational speed, it produces a characteristic head–flow curve

where the head decreases as flow increases (47). The operating point of the system

is found at the intersection of this curve with the system’s resistance curve, which

depends on pipeline friction and static head. Adjusting speed shifts the pump curve

and thereby regulates the flow rate.

A positive-displacement pump, on the other hand, behaves as a flow source. The

flow rate is nearly independent of system resistance, and the discharge pressure

simply rises to whatever level is needed to deliver the displaced volume (48). In

practice, small leakage paths cause a modest pressure-dependent reduction in flow

known as “slip,” but this effect is minor compared with the steep flow–pressure coup-

ling of rotodynamic pumps (49).

From a control perspective, industrial pumps are typically operated in one of two

modes: (i) speed control, in which the motor speed is adjusted to meet target flow

or head conditions (common for rotodynamic pumps) (50) (51) (52); and (ii) displace-

ment control, in which the stroke or speed of a PD pump is prescribed to achieve

a precise volumetric delivery. In both modes, the objective is to impose predictable,

steady behaviour. Dynamic interactions between pump inertia, fluid compressibility, or

structural elasticity are regarded as disturbances to be minimised (53). Any oscillatory

effects such as pulsation in PD pumps or surge in rotodynamic pumps are mitigated

using dampeners, accumulators, or feedback loops.

2.2.3 Limitations of conventional control

Although displacement and speed-based control strategies ensure stability and reliab-

ility, they inherently suppress the dynamic adaptability of the pump–fluid system (54).

By prescribing motion or speed, the system’s degrees of freedom are constrained:

potential interactions between inertia, elasticity, and damping are effectively frozen

out. As a result, conventional pumps operate efficiently only in steady regimes and

cannot take advantage of resonant amplification or elastic energy storage that might

reduce energetic cost in oscillatory operation.

In industrial design, such dynamic effects are typically seen as undesirable be-

cause they introduce noise, vibration, and wear (55). However, this suppression of

natural dynamics also prevents energy recovery or self-tuning behaviour and high-
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lights a fundamental drawback of conventional control strategies. As a result, these

strategies often impose continuous energy input to compensate for disturbances,

damping, and load variations, leading to reduced overall efficiency.

In contrast, the approach proposed in this thesis seeks to leverage the natural dy-

namics of the system through force-driven actuation and resonance (further detailed

in Section 2.5.1). By allowing the motion to emerge from the interaction between ac-

tuation, compliance, and fluid loading, the need for strict trajectory control is reduced.

This enables more efficient energy transfer, as the system can exploit cyclic energy

exchange between inertial and elastic components rather than opposing it through

active control.

This approach is found in biological systems, where compliant elements and force-

based actuation enable adaptive, pulsatile, and often resonant operation. In biolo-

gical systems, force generation and structural compliance produce inherently pulsatile

flows that adapt to changing loads—a paradigm that offers valuable inspiration for

more efficient and adaptive artificial pumps (56).

2.3 Bioinspiration and Physiological Flow

The limitations of conventional industrial pumps, which rely on speed or displacement

control and are often optimized for continuous flow generation motivate the search

for more adaptive and efficient pumping strategies. Nature offers a rich source of

inspiration in this regard. Across biological systems, fluid transport is rarely steady: it

is typically pulsatile, compliant, and dynamically coupled to the surrounding structure.

This section explores how biological systems achieve efficient and adaptive pumping

through force generation, elasticity, and self-regulation, with particular attention to the

cardiovascular system.

2.3.1 Unsteady and Pulsatile Flow in Nature

In contrast to the steady output sought in engineered pumps, most biological fluid-

transport systems exhibit intrinsically unsteady behaviour. Fluid ejection mechanisms

are found in countless animals spanning various taxa, timescales, and physical scales

(57).

In the human body, different processes are used for non-continuous flow gener-

ation. Peristaltic pumping is observed in tubular organs. Rhythmic, wave-like con-

tractions of smooth muscle in the gastrointestinal tract (25) and ureter (27) propel
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contents in pulses rather than steady flow. Ciliary fluid transport is also observed

in the human body. It harnesses the coordinated beating of motile cilia (small hair-

like protuberances) to generate directional, time-periodic fluid currents. To carry the

mucus away from the respiratory tract, cilia beat in an organized manner displacing

the mucus along a wave called the metachronal wave beating at around 15Hz (58).

Cilia are also found in the brain to circulate cerebrospinal fluid which acts as a shock

absorber providing protection to the brain inside the skull (59)(60). Finally, pulsatile

waves induced by cilia are also present in the fallopian tubes where cilia propel the

ovulated egg from the ovary towards the uterus and distribute tubal fluid throughout

the tubes (61). Finally, the heart is certainly the most evident example of a source of

unsteady flow, specifically pulsatile flow.

In a similar manner, some sea-dwelling animals use pulsed-jet propulsion to swim

(62). Similarly to the heart, these natural pumps rely on periodic cycles of com-

pression and relaxation that alternately accelerate and decelerate the working fluid,

leading to time-varying flow and pressure patterns. The geometry of these biological

pulsatile thrusters can lead to various performances. Whether optimized for efficiency,

such as with the Aurelia Aurita (40) (63) (64), or for fast power generation in squids

for instance(65) (66), the extend of the capacities provided by pulsatile swimming

is outstanding. Even some insects such as the dragonfly larvae exploits pulsatile

propulsion (67).

The prevalence of non-continuous or intermittent locomotion in nature is appears

to be mostly justified by energy gains. In fish and birds, intermittent motion often

reduces energetic cost by alternating active thrust phases with passive coasting,

thereby minimizing drag (68) (69). Hydrodynamic models show that this strategy

can outperform continuous propulsion when duty cycle and body stiffness are op-

timized (69). However, its efficiency advantage depends on drag ratios and kin-

ematic parameters, and may not always surpass continuous swimming (70). From

a broader evolutionary perspective, rhythmic patterns of rapid propulsion followed by

drift—seen in frogs, jellyfish, and fliers—reflect a universal design tendency toward

energy-efficient movement (71). Overall, the prevalence of intermittent motion sug-

gests it is an evolved, adaptive strategy to balance power generation and energy

conservation across taxa (72).

In regards to the human vascular system, pulsatility serves several physiological

advantages. It enhances mixing and mass transport, prevents stagnation, and allows

momentary pressure peaks that facilitate perfusion in distributed networks such as

capillaries (73)(74). In addition, pulsatile flow helps the cells lining the blood vessels
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sense and respond to mechanical forces. These oscillations in shear stress are

important because they regulate how the vessels contract and relax and control the

production of nitric oxide, a key signaling molecule that keeps blood vessels healthy

and flexible (75) (76). From an energetic standpoint, periodic motion allows biological

systems to store and release energy elastically, improving efficiency through tempor-

ary energy recycling rather than continuous work input.

The prevalence of pulsatility in nature arises not from deliberate flow modulation

but from the way biological actuators generate motion, through active force production

rather than prescribed displacement.

2.3.2 Force Control in Biological Pumps

Muscular systems in living organisms function as force generators. At the cellular

level, contractile units (sarcomeres) develop active tension by actin–myosin cross-

bridge cycling, and the resulting shortening depends on the external load (77)(78).

This principle is described by the classical Hill muscle model, where the shortening

velocity decreases as load increases, reaching zero under isometric conditions (79)

(80). Hence, muscles do not impose a fixed displacement; they generate force, and

the movement that follows is the outcome of the interaction between muscle force,

tissue elasticity, and fluid pressure.

This force-controlled nature of biological pumps has profound implications. It al-

lows natural systems to self-regulate and adapt instantaneously to changing mechan-

ical conditions. If external resistance increases, muscles generate the same contract-

ile force but shorten less, maintaining functional equilibrium without explicit feedback

control. Conversely, under reduced load, the same contractile activation results in

greater displacement and higher flow. Such self-adjustment is exemplified by the

Frank–Starling mechanism of the heart, where ventricular filling (preload) stretches

myocardial fibers, enhancing force generation and stroke volume (81) (2).

In addition to active contraction, biological pumps include compliant compon-

ents—elastic tissues, membranes, and vessels—that store and release energy through-

out the pumping cycle (82). This coupling between active force generation and pass-

ive compliance produces complex dynamic behaviours. While industrial designs often

suppress such dynamics, nature exploits them to achieve efficiency, resilience, and

adaptability.

Among all biological pumps, the human heart represents one of the most soph-

isticated example of force-driven positive-displacement pumping and thus provides a
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Figure 2.1: Simplified representation of the human heart (1). The heart has two
pumps, one on the left side and one on the right side. The right pump sends blood
the lungs in order to be oxygenated. The left pump distributes the oxygenated blood
to the body.

valuable model for understanding the principles of bioinspired pumping.

2.3.3 The Human Heart as a Positive-Displacement Pump

The human heart functions effectively as a positive-displacement pump, rhythmically

ejecting blood into the arterial system through a well-coordinated sequence of cham-

ber contraction, valve opening/closing and vascular interaction. It is made of two

individual pumps that are responsible for pumping deoxygenated blood to the lung

and oxygenated blood to the body as presented in Fig. 2.1. Figure 2.2 presents a cut-

view of the heart where each pump, made of an atrium and a ventricle and separated

by one-way valves is shown. Anatomically, the left ventricle contracts against the

aortic valve, generating systolic pressures on the order of about 120 mmHg and

relaxing to diastolic pressures near 15 mmHg in healthy adults (83)(84). This cyclic

pressure waveform, as seen in Fig. 2.3, underpins the corresponding volumetric flow

rate through the left ventricular outflow tract and systemic arteries. On average, the

flow rate generated oscillates between 0 to 10 liters per minute with peaks up to 20

liters per minute during exercise (83)(84). The human heart is approximately the size

of a fist, around 8 cm in width and 12 cm in length (85).

During each cardiac cycle, the flow rate exhibits a characteristic pattern: rapid

up-stroke of flow upon aortic valve opening (early ejection), a decelerating phase of



2.3. Bioinspiration and Physiological Flow 15

Figure 2.2: Cut-view of the human heart (2). The heart is made of four chambers,
one atrium and one ventricle on both sides. Blood is drawn from the atria into the
ventricles which propel it in the vascular system. Atria and ventricles are separated
by one way valves.
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ejection as ventricular volume reduces, followed by flow reversal or cessation when

the valve closes and the ventricle enters diastole. For example, detailed studies of left

ventricular and arterial waveforms show the complex coupling between pressure and

flow-velocity profiles, including forward and reflected waves in the vascular system

(86)(87). In these waveforms, peak instantaneous flow often occurs early in systole,

followed by slower decline, and the interaction between pressure wave propagation,

arterial compliance and flow inertia shapes both the amplitude and timing of the

circulation. Importantly, the pressure and flow waveforms in the heart are not purely

steady or sinusoidal but are inherently pulsatile, with steep rises and sharp peaks. In

signal-processing terms, such waveforms contain multiple frequency components: in

addition to the fundamental cardiac frequency, higher-order harmonics with different

amplitudes and phases contribute to the overall waveform shape. This rich harmonic

composition—referred to here as complex harmonic content—arises from valve ac-

tion, ventricular and arterial compliance, and wave reflections within the vascular

system. This behaviour underpins the physiological efficiency of the cardiovascular

pump and suggests why engineered systems aiming to mimic the heart’s output must

confront the dynamic complexities of pulsatile pressure and flow generation, rather

than assuming quasi-steady behaviour.

Unlike mechanical pumps operated under displacement control, the heart’s mo-

tion is not prescribed but arises from force balance. The myocardial fibers generate

tension, while blood pressure and tissue elasticity determine the extent of chamber

deformation (88)(89)(90). This interplay is captured by the pressure–volume P–V

loop, which characterises the mechanical work performed by the ventricle during

each cycle (91). For a given contractile state, the heart automatically adjusts its stroke

volume in response to changes in preload and afterload (the Frank-Starling and Anrep

effects) thereby maintaining equilibrium without external regulation (92)(93).

The cardiovascular system further illustrates how compliance contributes to effi-

ciency. This efficiency arises from the Windkessel effect, by which arterial compliance

stores part of the energy generated during systole and releases it in diastole, reducing

the mechanical load on the heart (94) (95) (39). This compliant energy exchange

resembles the use of elastic elements in engineered resonant systems, hinting at the

possibility of leveraging similar mechanisms in artificial pumps.

The heart’s success as a self-regulating, force-driven pump has inspired dec-

ades of research in mechanical circulatory support. However, existing cardiac assist

devices often revert to the displacement- or speed-controlled paradigms typical of

industrial pumps. The following section examines this technological gap and the
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Figure 2.3: Typical pressure waveforms measured in the left ventricle and atrium
as well as the aorta. The left ventricular volume is also plotted with the systole and
diastole phase respectively corresponding to the compression and expansion of the
ventricle (3).



2.3. Bioinspiration and Physiological Flow 18

efforts to reproduce physiological pulsatility in artificial systems.

2.4 Cardiac Assist Devices and the Challenge of Bio-

mimicry

Implantable cardiac assist devices (CADs) are mechanical circulatory support sys-

tems designed to aid or replace a failing heart in patients suffering from advanced

heart failure. They have saved thousands of lives by restoring adequate cardiac

output when pharmacological or surgical interventions are no longer sufficient. Des-

pite decades of development, reproducing the full physiological and adaptive function

of the native heart remains an unsolved challenge. Modern devices have achieved

remarkable durability and miniaturisation, yet they still struggle to replicate the heart’s

pulsatile dynamics and its ability to self-regulate in response to changing physiological

demands in a compact and efficient format.

2.4.1 From Pulsatile to Continuous-Flow Devices

Two main categories of implantable assist devices exist: ventricular assist devices

(VADs) and total artificial hearts (TAHs) (96). VADs are typically implanted in parallel

with the native heart to support one or both ventricles, most commonly assisting

the left ventricle (LVADs). They draw blood from the ventricle and pump it into the

systemic circulation, thereby reducing cardiac workload and maintaining perfusion.

TAHs, by contrast, replace both ventricles entirely and assume the full pumping func-

tion of the heart (97).

Early generations of VADs were conceived as miniature versions of the natural

heart. They used pneumatic or hydraulic actuation to drive flexible diaphragms or

bladders, producing fully pulsatile flow. These systems—such as the original Jarvik-7

(98) and early Berlin Heart EXCOR devices—closely mimicked the human heart-

beat and achieved physiologically realistic pressure and flow profiles. However, their

complexity, large size, and mechanical wear limited long-term reliability and patient

mobility (98). The drive toward miniaturisation and full implantation motivated the de-

velopment of rotary blood pumps, which use impellers to generate nearly continuous

flow. This shift marked the transition from pulsatile positive-displacement pumping to

rotodynamic, continuous-flow technology.

Modern continuous-flow (CF) devices such as the HeartMate 3 (Abbott), shown

in Fig. 2.4a, and the now-discontinued HeartWare HVAD (Medtronic) represent the
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current clinical standard (99). The HeartMate 3 employs a magnetically levitated

(maglev) impeller that eliminates mechanical contact within the blood path, drastic-

ally reducing shear stress, friction losses, and component wear (100) as shown in

Fig. 2.4b. This innovation enables long-term durability and compact form factors

that allow full implantation within the chest cavity. Although primarily continuous, the

HeartMate 3 introduced an artificial pulse feature that momentarily varies impeller

speed to create small pressure oscillations intended to reduce thrombosis and en-

dothelial dysfunction. Despite this improvement, the flow waveform remains far from

physiological.

Continuous operation, combined with the absence of natural pulsatile pressure,

has been linked to vascular stiffening, loss of baroreceptor sensitivity, gastrointestinal

bleeding, and aortic valve fusion (34), (35), (36), (37), (38). Moreover, CF-VADs

still depend on a percutaneous driveline to supply power from external batteries and

controllers, introducing a persistent risk of infection and limiting patient autonomy, as

shown in Fig. 2.4c. Each battery typically lasts only a few hours, requiring regular

recharging or replacement.

Figure 2.4: a. HeartMate 3 pump. b. HeartMate 3 magnetic levitation technology
to limit blood damage. c. The HeartMate 3 and the batteries located outside the
patient’s body are connected though a driveline going through the patient’s abdomen.
Images from (4).

Following the recall of the HVAD in 2021 due to safety concerns, Abbott’s Heart-

Mate 3 became the dominant LVAD worldwide. Meanwhile, new competitors have
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emerged, such as CH Biomedical’s CH-VAD (China) (101), which features fully mag-

netically levitated centrifugal impellers similar in concept to the HeartMate 3 (102).

Other companies are exploring novel architectures: for instance, CorWave (France)

is developing a biomimetic LVAD (Fig. 2.5a) using an undulating polymer membrane

(Fig. 2.5b) inspired by aquatic locomotion (103) (104). Instead of spinning blades, the

membrane oscillates in a traveling wave to propel blood forward, producing naturally

pulsatile flow at lower shear stress. Early prototypes have demonstrated promising

hemocompatibility and pulsatility but remain in preclinical testing (105).

Figure 2.5: Corwave LVAD (5). a. Corwave LVAD opened to visualize the blood
propeling membrane. b. The bio-inspired membrane oscillates to generate flow and
pressure.

2.4.2 Total Artificial Hearts and Industry Landscape

In the TAH segment, devices are inherently more complex since they replace the

entire heart rather than assist it. The only TAH with established long-term clinical use

is the SynCardia TAH, a modern successor of the Jarvik-7 (98). SynCardia consists

of two polyurethane pumping chambers actuated pneumatically through external air

lines connected to a large console or portable driver unit. It provides fully pulsatile

flow and has kept patients alive for months or years as a bridge to transplant (over

2,000 implants worldwide)(106)(107). However, the pneumatic drive requires a bulky

external unit, limiting mobility and quality of life. The system’s beat rate is fixed and

cannot automatically adapt to activity level, unlike the physiological heart. As a result,

it is mainly reserved for critically ill patients awaiting transplant (108).

To address these drawbacks, newer TAHs have focused on miniaturisation, autonomy,

and biomimetic control. Carmat’s Aeson TAH, shown in Fig. 2.6a and b, is one of

the most advanced designs to date. It uses hydraulic actuation to drive two pump-

ing chambers lined with bovine pericardium tissue, improving biocompatibility and

reducing clot formation (109). Figure 2.6c shows a cut view of the Carmat heart
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Figure 2.6: a. The Carmat heart is designed to be approximately the same size as
a human heart. b. 3D view of the Carmat heart connected to the vascular system.
c. Cut view of the Carmat heart. It uses fluidc pumps to actuate mebrane that ingest
and expel blood through human-like valves. Images from (6) (7).

with the hydraulic pump at the bottom and the blood chambers and valves at the

top. Embedded pressure sensors enable automatic adjustment of beat rate and

stroke volume according to patient demand, providing partially self-regulating output

(110). Aeson received CE Mark approval in Europe in 2020 for bridge-to-transplant

indications and has shown encouraging results in clinical trials. Nevertheless, the

device faces practical challenges: battery autonomy of roughly four hours per charge

limits mobility, and manufacturing difficulties have periodically interrupted production.

This year, Carmat experienced severe financial difficulties and, despite decades of

research and nearly half a billion dollars invested (111), is now facing liquidation.

This case highlights the significant economic and technical challenges associated

with developing fully implantable total artificial hearts (TAHs).

Another notable development is the BiVACOR TAH (Fig. 2.7) (96) (112)(113),

which employs a single magnetically levitated rotor with dual outlets to pump blood

simultaneously into the systemic and pulmonary circulations. By using one rotating

disk to drive both flows, BiVACOR achieves mechanical simplicity with only one mov-

ing part for extended lifespan. Pulsatility can be introduced through rapid speed mod-

ulation, although the resulting waveform is less physiologically shaped than that of

diaphragm-based pumps (107). The device has received FDA Breakthrough Device

designation and is progressing toward first-in-human trials. BiVACOR’s emphasis on

efficiency and mechanical robustness may eventually yield a durable alternative to

conventional pulsatile pumps, though its flow remains quasi-continuous rather than

naturally pulsatile.
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Figure 2.7: a. BiVACOR Total Artifical Heart. b. BiVACOR Total Artifical Heart
connected to an experimental bench.

2.4.3 Research Directions: Actuation, Biocompatibility, and En-

ergy Autonomy

Despite major progress, no existing device fully reproduces the adaptive, efficient,

and self-regulating behaviour of the natural heart (97) (96). Both VADs and TAHs

face three persistent challenges: (i) developing compact actuation systems capable of

generating physiologic pulsatility; (ii) improving blood compatibility and device safety;

and (iii) achieving reliable, fully implantable energy delivery. Although the present

work focuses primarily on energy efficiency in pulsatile operation, the challenges

related to actuation and biocompatibility remain central to the development of cardiac

assist devices. They are therefore briefly reviewed here to provide a comprehensive

overview of the design constraints and research directions in the field. The spe-

cific design requirements of the proposed pump in this thesis are introduced later in

Chapter 3.

Actuation. The actuation mechanism is a central component of any cardiac as-

sist device, as it determines how mechanical energy is transferred to support or

replace the heart’s pumping function. Traditionally, rotary blood pumps—particularly

continuous-flow designs based on impellers—have dominated the field due to their

compact size and energy efficiency. However, these systems often lack physiological

pulsatility and impose shear stresses that challenge long-term biocompatibility.

In response to these limitations, several research efforts have explored new ac-

tuation strategies aimed at reintroducing pulsatile flow while improving integration

with biological tissues. One significant direction involves soft robotic actuation, which

seeks to replicate the heart’s natural deformation using compliant materials and bio-
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mimetic mechanics.

A landmark study by Roche et al. (12) introduced a soft robotic sleeve that wraps

around the heart and supports systolic function via pneumatic actuators embedded

in silicone elastomers (Fig. 2.8e). This extracardiac solution synchronized with native

myocardial motion and demonstrated restoration of cardiac output in porcine models

without direct blood contact. A follow-up study by Payne et al. (10) proposed a

prototype whereby soft actuators wrapped around the ventricles are programmed to

contract and relax in synchrony with the beating heart as shown in Fig. 2.8c,

Other groups have explored artificial muscle-based systems, such as fluidic ac-

tuators (114) and soft linear pumps that mimic myocardial helical contraction (13)

(Fig. 2.8f). These devices provide distributed actuation forces across the ventricle

wall, reducing mechanical mismatch and energy concentration. Saeed et al. (11)

further demonstrated with a septum (wall separating left and right ventricle) bracing

soft VAD shown in Fig. 2.8d, that actuating the interventricular septum improved

systemic arterial pressure and arterial flow with a pulsatile wave comparable to natural

pulsation.

Figure 2.8: a. Soft robotic chamber actuated with pressurized air (8). b. Extension of
the work presented in a. to multiple chambers to closely mimic the heart anatomy
(9). c. Soft pneumatic actuators wrapped around the heart the help it contract
(10). d. Soft pneumatic actuator connected to the left ventricle with septal bracing
(attachment to the wall separating left and right ventricle) (11) e. Soft robotic sleeve
with pneumatic actuators embedded in silicone elastomers (12). f. Fluidic actuators
mimicking myocardial helical contraction (13).

While promising, these soft and compliant actuation systems face notable chal-
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lenges. Their response speed, force output, and implantation complexity still lag

behind conventional electromechanical systems. Moreover, achieving precise syn-

chronization with the native cardiac cycle—essential for functional support—remains

a critical barrier. Rogatinsky et al. (115) addressed this by developing a multifunc-

tional soft robot capable of sensing, adapting, and responding to local cardiac cues in

real time, although this remains at a preclinical stage.

The pursuit of fully soft total artificial hearts (TAHs) is also gaining momentum.

Arfaee et al. (8) (116) presented two versions of a soft robotic hybrid heart with

active contraction chambers pneumatically actuated (Fig. 2.8a and b). Although

not yet miniaturized for implantation, this work represents a conceptual shift toward

distributed, tissue-compatible actuation.

Finally, Weymann et al. (117) provided a comprehensive review of actuation tech-

niques for soft cardiac devices, emphasizing the trade-offs between compactness,

control, and mechanical output. They argue that while soft devices offer unmatched

compliance, most prototypes still require bulky external controllers or tethered power

sources—limiting their autonomy and long-term viability.

These developments underscore a growing interest in biomimetic actuation as an

alternative to rotary systems. However, the transition from benchtop demonstrations

to implantable, clinically viable devices remains hindered by issues of force trans-

mission, power density, and long-term durability. Despite this, the convergence of

materials science, robotics, and cardiac physiology holds substantial promise for the

next generation of assist devices.

Biocompatibility. Biocompatibility remains a core challenge in the development

of cardiac assist devices, as all such systems involve prolonged contact between

artificial materials and circulating blood. Thrombosis, hemolysis, immune responses,

and infection are significant risks that can compromise device performance and pa-

tient outcomes (118). These risks are amplified in rotary pumps, where high shear

stresses and complex flow paths are unavoidable. Modern devices mitigate these

issues through careful design and advanced material selection.

Magnetically levitated impellers, as used in the HeartMate 3, are a notable ad-

vancement that eliminate mechanical bearings, reducing friction and stagnant flow

zones that contribute to clot formation (119).

Surface engineering is another critical strategy. Coatings such as heparin-bonded

polymers, phosphorylcholine layers, and diamond-like carbon films aim to reduce

platelet adhesion and protein adsorption on blood-contacting surfaces (120). Bey-
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ond coatings, some devices such as Carmat’s Aeson TAH use biological materials

like bovine pericardium to create interfaces that better mimic the mechanical and

immunological properties of native tissue.

Additionally, researchers are exploring surface microstructuring and endothelializ-

ation to promote a living, anti-thrombogenic lining on device surfaces. As Jana (120)

emphasizes, engineered surfaces that support endothelial cell attachment and growth

under flow conditions could eventually reduce or eliminate the need for systemic

anticoagulation.

From a hemodynamic standpoint, computational fluid dynamics (CFD) and in vitro

flow visualization techniques are widely used to map shear gradients and recirculation

zones within devices (121) (122). These tools enable optimization of flow paths to

reduce regions of stagnation and high shear, both of which are known contributors to

thrombus formation.

Finally, novel mixed-flow VADs that combine axial and centrifugal stages have

been proposed to further smooth the flow and improve hemocompatibility (123).

Despite these advances, long-term biocompatibility remains a limiting factor. Most

implantable devices still require lifelong anticoagulation, and clinical data beyond 5-10

years remain limited. Moving forward, progress in bioinspired materials, smart sur-

face coatings, and tissue-integrative design will be essential for the safe and durable

function of next-generation cardiac assist technologies.

Energy delivery. The generation of pulsatile flow remains a major engineering and

physiological objective, but it comes with a persistent energy-efficiency challenge.

Within cardiac assist devices, efforts to quantify this trade-off began with the formula-

tion of Energy-Equivalent Pressure (EEP) and Surplus Hemodynamic Energy (SHE),

which mathematically describe the extra energy content of pulsatile flow compared

with steady flow at equal mean pressure (124) (125). Experimental work has shown

that generating pulsatility through speed modulation of rotary blood pumps increases

electrical demand: for example, Shiose et al. (126) demonstrated that imposing

physiologic pulse pressure on a continuous-flow total artificial heart required roughly

16 % more power, while Soucy et al. (127) and Pirbodaghi et al. (128) reported similar

increases in left-ventricular assist devices under pulsatile conditions. Computational

and lumped-parameter studies have attempted to find energetic “sweet spots” where

physiologic benefit is maximized per unit energy input, showing that waveform shape,

duty cycle, and phase synchronization critically influence efficiency (129) (130). Re-

cent approaches combine these models with CFD-based waveform optimization to
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minimize viscous and inertial losses while maintaining desired pulsatility.

Beyond the cardiovascular domain, general fluid-mechanics studies have explored

how unsteady flow generation affects energy use. Jerónimo and Rival (131) showed

experimentally that pulsatile flows enhance fluid replacement in recirculating zones,

suggesting more efficient transport in systems dominated by mixing or flushing. Mar-

tin (132) compared steady and pulsatile flow through the aortic arch using CFD and

found that although unsteadiness raises instantaneous shear and pressure gradients,

it can improve overall convective efficiency. Likewise, Morsi (133)reported that pulsat-

ile flow through a valve model produced lower mean pressure losses at equivalent

volumetric flow rates, implying a possible energy benefit under certain conditions.

More recently, Chun et al. (134) examined viscoelastic pulsatile flow in deform-

able channels and demonstrated experimentally that oscillatory driving can modify

the pressure–flow relation and, in some regimes, reduce energy dissipation. These

findings from outside biomedical engineering highlight that time-structured flow can,

under specific conditions, redistribute mechanical work more effectively, a principle

increasingly investigated for blood-pump control as well.

Complementary advances in energy autonomy seek to offset the unavoidable

overhead of pulsatile actuation. High-efficiency transcutaneous-energy-transfer (TET)

systems have achieved reliable wireless power delivery in the 10–20 W range, suffi-

cient for modern rotary or pulsatile pumps, and are expected to close the autonomy

gap between tethered and fully implantable systems (135)(136)(137). Together, these

research directions—quantitative metrics (EEP/SHE), optimized waveforms, cross-

disciplinary insights from unsteady-flow physics, and efficient power transfer—outline

a path toward pulsatile devices that combine physiological fidelity with true energetic

sustainability.

However, despite these advances, the deliberate exploitation of mechanical reson-

ance to improve energy efficiency has been only marginally explored in the context of

cardiac assist devices. While resonance is widely used in other engineering systems

to enhance energy transfer, as explained in Section 2.5.3, its application to macro-

scale pulsatile pumping remains limited, suggesting a promising yet underdeveloped

direction for improving device performance which is explored in this thesis.
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2.4.4 The Challenge of Biomimicry

The history of cardiac assist devices reveals a clear trade-off between physiological

fidelity and engineering simplicity. Pulsatile, displacement-driven pumps mimic the

natural heart but remain bulky and mechanically demanding, whereas continuous-

flow rotary pumps achieve compactness and reliability at the cost of physiological

realism. The next generation of devices aims to bridge this gap by integrating pulsat-

ility, compliance, and adaptive control without sacrificing durability.

Achieving this balance requires rethinking actuation and control philosophy. Rather

than prescribing displacement or speed, a force-controlled approach could enable

the device to interact dynamically with its environment, allowing chamber motion to

emerge from the balance between actuation force, elastic compliance, and hydraulic

load—just as in the native heart. When combined with compliant or variable-stiffness

elements, such systems could operate near resonance, amplifying motion and im-

proving energy efficiency to reduce the batteries size and improve patients mobility.

These principles motivate the development of the resonant, force-driven positive-

displacement pump investigated in this thesis.

2.5 Resonance for Power and Efficiency Optimization

2.5.1 Principles of Resonance

Resonance is a fundamental phenomenon in dynamical systems, occurring when

the frequency of an external excitation coincides with a system’s natural frequency,

leading to a large amplitude response and efficient energy exchange. The simplest

model to illustrate resonance is the mass-spring-damper system (MSD), shown in

Fig. 2.9. When the mass is driven by a periodic input force F(t), Eq. 2.2 describes

the system’s dynamic (20). The mass, damping, and stiffness are denoted with m, c,

and k respectively.

mẍ+ cẋ+ kx = F0 sin(ωt), (2.2)

When the driving frequency ω approaches the natural frequency ωn, Eq. 2.3, the

displacement amplitude increases significantly, reaching a maximum limited only by

damping. This amplification enables large output motion or flow with comparatively

small input energy.
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Figure 2.9: Mass-spring-damper (MSD) system.

ωn =

√
k
m

(2.3)

The way a resonant system behaves is highly dependent on how it is actuated. In

a displacement-driven setup, such as when a motor enforces a fixed stroke, the mass

cannot freely oscillate and resonance is suppressed in its motion. Nevertheless, res-

onance is still present from the actuator’s perspective, which must deliver progress-

ively more energy to sustain the imposed displacement. The actuator acts against the

inertial, elastic and dissipative forces, leading to high energy dissipation and a high

overall energetic cost. In other words, in displacement-driven systems, resonance

manifests as increased energy demand rather than amplified motion. In this sense,

a displacement-driven strategy effectively acts against the natural dynamics of the

system: the actuator must continuously supply energy to counteract the tendency of

the system to resonate. In contrast, under force-driven excitation, no such constraint

is imposed, the system is free to respond dynamically, allowing it to naturally evolve

toward its resonant response without being opposed by the actuator. Specifically, at

resonance, energy circulates efficiently between elastic and inertial components so

that the actuator primarily compensates for dissipative losses (20). As a result, a

large motion can be sustained with relatively low net energy input. Consequently, a

force-driven strategy is particularly well suited to applications where energy efficiency

is a primary objective, as in this thesis. Finally, as later presented in Chapter 5, the

pump can be modeled as a MSD system which further motivates the force-control

approach.



2.5. Resonance for Power and Efficiency Optimization 29

2.5.2 Resonance in Biological and Bioinspired Pumps

Biological systems often exploit resonance to amplify motion and minimise energy

cost. Jellyfish and cephalopods use the natural elasticity of their bodies to store and

release energy during swimming cycles, achieving propulsion efficiencies exceeding

80–90% (40)(41)(138)(63).

The vascular system of the human body also exhibits resonant behaviours. How-

ever, a distinction must be made between the intrinsic mechanical resonance of

the heart tissue and the functional resonance of the coupled heart-arterial system.

Several studies have modelled the myocardium as a viscoelastic structure exhibit-

ing natural vibration modes in the tens of hertz range (139) (140). For instance,

Bahramali et al. (141) treated the mechanical response of the contracting myocar-

dium as that of an under-damped harmonic oscillator and identified a characteristic

natural frequency between approximately 13 and 20 Hz in healthy hearts. Similarly,

Papadacci et al. (142) used four-dimensional ultrafast ultrasound imaging to visualise

shear-wave propagation within the myocardium, demonstrating wave-like vibratory

behaviour consistent with higher-frequency structural resonances of the cardiac wall.

These findings confirm that the myocardium possesses intrinsic elastic and inertial

properties capable of supporting resonant oscillations. However, these structural

modes occur at frequencies far above the heart rate and are therefore unlikely to

play a direct role in the energetic efficiency of blood pumping.

In contrast, the classical Windkessel theory (39) and arterial-impedance analyses

describe a lower-frequency resonance that emerges from the interaction between

the ventricle, arterial compliance, and blood inertia. This system-level resonance

produces an impedance minimum around 2-5 Hz in humans, corresponding closely

to physiological heart rates and enabling efficient energy transfer between the heart

and the arterial tree (82). The compliant arteries store part of the stroke energy

during systole and release it in diastole, effectively reducing the mechanical work-

load of the ventricle. Thus, while the myocardium itself exhibits higher-frequency

structural resonances, the functional resonance that governs circulatory efficiency

arises primarily from the coupled dynamics of the heart and vascular system. In other

words, myocardial resonances reflect local elastic behaviour of the tissue, whereas

the Windkessel-type resonance represents the global haemodynamic coupling that

underlies efficient pulsatile flow.
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2.5.3 Resonant Efficient Mechatronic Devices

Force-driven resonance is widely exploited across engineering disciplines to amplify

motion or reduce energy expenditure. Specifically, in robotics and biomechanics,

resonance has inspired numerous designs that leverage natural dynamics for efficient

locomotion and actuation. Passive dynamic walkers, for instance, exploit the pendular

resonance of their limbs to achieve human-like walking without continuous actuation

(143) (144). Similarly, jumping (145)(146) and running robots (147) such as the MIT

Cheetah (148) coordinate actuation with the natural oscillatory response of compliant

legs to recover energy from elastic deformation. In these systems, resonance acts

as an energetic amplifier: by synchronising actuator timing with the system’s natural

frequency, motion is sustained with minimal control effort. Despite its pervasive use

in locomotion, vibration energy harvesting, and compliant robotics, resonance has

been rarely applied to pumping systems, where unsteady oscillations are tradition-

ally viewed as undesirable. This omission represents an untapped opportunity: a

pump that intentionally operates near resonance could, in principle, exploit the same

efficiency gains observed in biological and robotic oscillators.

In fluidic systems, resonance arises through the coupling of fluid inertia, chamber

compliance, and damping due to viscous losses. As an example, such behaviour is

observed in compliant hydraulic lines (149)(150). Operating near resonance can yield

large volumetric oscillations and high flow amplitudes with limited actuation effort.

Although most industrial pumps suppress such dynamics to prevent vibration and

noise, deliberately exploiting resonance may provide a new route to energy-efficient

pumping. Some researchers have explored at the micro scale resonant pumping.

Piezoelectric, electrostatic, and electromagnetic micro-pumps frequently operate at

their structural resonances to maximise volumetric flow per input power(151) (152)

(153). At resonance, the actuator’s driving forces produce large diaphragm displace-

ments, greatly enhancing flow. However, translating such resonance-based strategies

to macro-scale pumps has proven difficult. It is only recently that the benefit provided

by passive elasticity in ameliorating the efficiency of a macro-scale pulsatile pumping

system is for the first time observed. In a study analysing the performances of

a self-propelled squid-inspired vehicle, researchers successfully demonstrated that

an harmonically excited hydraulic actuator was able to minimize energy expenditure

during locomotion when operating at its natural frequency (154). This work brings

evidence that operation at resonance allow to match the performances of living or-

ganisms, yielding a propulsive efficiency and cost of transport of 0.56 and 0.08,
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respectively. While these results are indicative of the striking benefit of exploiting the

passive dynamics of fluidic actuators for performance optimization, they also highlight

that operating outside of the resonant regime drastically reduces the power output

of the mechanism. Reliance on resonance inherently dictates that only a narrow

bandwidth of actuation frequencies can benefit from efficiency optimization, limiting

its operational mode to excessively constrained actuation routine.

2.6 Adaptive Stiffness Systems

In order to exploit resonance on a broad range of operational regimes, stiffness can be

tuned to shift the natural frequency ωn. For instance, for a MSD, the natural frequency

scales with the root square of the stiffness k as presented in Eq. 2.3.

2.6.1 Variable Stiffness Approaches

In natural systems, the ability to adjust stiffness dynamically is crucial for maintaining

resonance across different operating conditions. Animals and humans continuously

modulate the stiffness of muscles, tendons, and connective tissues to synchronise

with their preferred movement frequency. Numerous biomechanical studies have

shown that animals actively modulate the stiffness of their musculoskeletal system

with speed. Specifially, legged animals adjust joint stiffness when changing gait

or speed, preserving resonance between limb inertia and muscular elasticity (155)

(156) (157) (158) (159) (160). This adjustment ensures efficient energy exchange and

stable dynamics despite varying load or terrain. The cardiovascular system exhibits

similar adaptability: arterial smooth muscle controls vascular stiffness to regulate

pulse-wave velocity (161)(162)(163)(82), a mechanism thought to be a physiological

response to optimize coupling between the heart and the arterial system .

Inspired by biology, researchers in robotics and actuation have developed variable-

stiffness actuators (VSAs) capable of tuning their compliance in real time (164). Dif-

ferent methods and techniques can be employed to tune stiffness. However, before

presenting them, a rigorous definition of stiffness is necessary.

In the context of compliant systems and actuators, stiffness is often casually de-

scribed as the force required to produce motion, but this overlooks critical distinctions

that are essential for rigorous modeling and design. In its strict mechanical sense,

stiffness k is defined as the incremental ratio of force to displacement (k = dF/dx).

However, in many robotics and biomechanical applications what is labelled “increased
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Figure 2.10: a. Classic mass-spring-damper. b. An increase in preload induced by
an external mechanism only alters the equilibrium force. The force to produce from
the equilibrium position for a given displacement is higher in than for a mass-spring-
damper without preload but the stiffness k remains the same.

stiffness” actually arises from higher preload or baseline force rather than a change

in the slope of the force–displacement curve. This is explained visually in Fig. 2.10.

Studies of variable-stiffness actuators (VSAs) highlight this nuance: while VSAs

modulate physical stiffness via changes in elastic element geometry or pre-tension,

many implementations exploit preload change as well, which alters equilibrium force

but not necessarily the incremental stiffness (17) (165). Awareness of these subtleties

is crucial when designing systems for resonance or adaptive compliance, as true

stiffness modulation affects natural frequency and energy transfer, whereas preload

alone does not. The vast majority of the VSA can be classified in three major groups

(17).

First, the transmission ratio between the output and the restoring element can

be adjusted. Several techniques have been proposed to modify this transmission

ratio. A common approach relies on adjusting the lever arm (166), for instance by

changing the pivot position or the geometry of the linkage, which directly alters the

mechanical advantage between the actuator and the elastic element. This method

enables continuous tuning of stiffness through purely geometric means. It’s principle

is depicted in Fig. 2.11b. Figure 2.12a illustrates the operation of such a variable

stiffness actuator (14). When the intermediate link rotates, one of the springs is

compressed, exerting force on the green armature and causing the output link to

move. The stiffness is modulated based on the concept of a variable lever arm:

the springs can slide along the intermediate link, thereby changing their effective

lever arm. For a constant input torque at the intermediate link, a longer lever arm

results in a lower stiffness. Alternatively, the transmission ratio can be modified

using mechanical transmission systems such as continuously variable transmissions

(CVTs), which adapt the ratio between input and output motion without discrete steps
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Figure 2.11: Examples of mechanisms used to achieve variable stiffness. Each
mechanism is represented in two different stiffness settings k1 and k2. The black
arrows represent the output motion and the blue arrows represent the motion creating
the change of stiffness. a. Two examples of mechanisms using preloading with
nonlinear springs. In a1, the linear actuator is used to both create the output
motion and the variable stiffness. In a2, a linear motion is used to preload nonlinear
antagonistic springs. The output is a rotational motion. b. Changing the pivot point
affects the lever arm length thus modifying the force necessary to generate a given
output motion and hence the stiffness. c. Rotating a beam around its main axis
changes its second moment of area directly affecting its stiffness.d. Changing the
effective length (in brown) of a beam can be used to change its stiffness.

(167)(168).

Second, the physical properties of the elastic element can be altered. This can be

achieved by modifying key parameters that govern the stiffness of the elastic element.

In particular, the effective stiffness can be adjusted by altering the geometry of the

element, including its second moment of area as shown in Fig. 2.11c or varying

the active length of the elastic element, as longer elements generally exhibit lower

stiffness for a given material and geometry as illustrated in Fig. 2.11d. The latter

is further exemplified in Figure 2.13 with the Jack spring (16), a variable stiffness

mechanism that adjust the number of active coils of a compression spring. This

mechanism has the same working principle of a leadscrew, with the exception of

the threaded shaft being replaced by a spring. In other words, a leadscrew can be

regarded as a type of Jack spring with an infinitely large stiffness. In Fig. 2.13, the

yellow-coloured component acts as a static nut around which the spring is allowed

to rotate and translate axially. When the spring rotates, its length or, equivalently,

the number of coils varies, affecting the stiffness of each spring on each sides of the

nut. Indeed, a spring’s stiffness is inversely proportional to the number of active coils

(169) as shown in Eq. 2.4 where k is the spring stiffness, d is the wire diameter, G is

the shear modulus, D is the mean coil diameter and N is the number of active coils.

Alternatively, changing the material properties, such as the elasticity modulus (170)
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Figure 2.12: a. Variable stiffness mechanism using transmission ratio tuning (14). b.
Fin embedding electrorheological fluid inducing stiffness variation when submitted to
an electric field (15).

Figure 2.13: Jack spring concept used to change the number of active coils of a
spring to change its stiffness (16).

(171) (172) or the viscosity provides another means of tuning stiffness. Figure 2.12b

presents an electrorheological (ER) fluid-based variable stiffness fin for a robotic fish

(15). The viscosity of an ER fluid changes reversibly in response of an electric field.

This property was exploited by encapsulating ER fluid in a fin made out of copper and

rubber. When exposed to an electric field, the fluid viscosity and, consequently, the

fin stiffness vary.

k =
d4G

8D3N
(2.4)

Third, preloading can be used to adjust stiffness, but only when the elastic ele-

ment exhibits a nonlinear force-displacement relationship (173). In the linear case

(Fig. 2.10), preloading shifts the equilibrium force without affecting stiffness k. How-
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ever, for nonlinear elastic elements, preload alters both equilibrium and effective

stiffness. This effect is illustrated in Fig. 2.14. Figures 2.14a and 2.14b correspond to

linear and nonlinear restoring elements, respectively. In both cases, the brown curves

represent preloaded conditions and the blue curves the unloaded ones. Preloading

increases the y-intercept, corresponding to the equilibrium force. In the linear case,

the slope over the displacement interval x remains unchanged, indicating constant

stiffness. In contrast, in the nonlinear case, the slope (and thus the stiffness) in-

creases with preload, reflecting the overall nonlinear behaviour of the elastic element.

It should be noted that this behaviour also applies to systems exhibiting piecewise-

linear stiffness, such as bilinear springs. In these systems, the force–displacement

relationship is composed of multiple linear regions with different slopes. Although

each region is locally linear, the overall response of the system is nonlinear because

the stiffness depends on the displacement range considered. In such cases, pre-

loading can shift the equilibrium position of the system from one stiffness region to

another. When this occurs, the effective stiffness around the operating point changes,

similarly to the behaviour observed in continuously nonlinear elastic elements.

Such nonlinear stiffness modulation using preloading is commonly achieved through

antagonistic actuation, where two elastic elements or actuators are arranged in op-

position so that they generate forces in opposite directions (174)(175). By increasing

the preload in these opposing elements, the effective stiffness of the system can be

tuned through the resulting nonlinear force–displacement relationship (Fig. 2.11a2).

In its simplest form, this can be implemented using a single actuator to preload a

non-linear spring (Fig. 2.11a1). More advanced configurations employ independent

antagonistic actuators, allowing the equilibrium position and stiffness to be controlled

separately. While these approaches provide increased flexibility in shaping the system

dynamics, they also introduce additional mechanical and control complexity.

Figure 2.15 compares the different techniques according to two criteria relevant

to the efficiency objectives of this thesis, building on the classification of variable

impedance mechanisms proposed by Vanderborght et al (17). These criteria are

further used and discussed in Chapter 3 to guide the selection of an appropriate

mechanism for the pump. The first criterion assesses whether the energy stored

in the compliant element remains fully available regardless of the stiffness setting.

In other words, it evaluates whether the entirety of the compliant element or part

of it is used to store energy. The second criterion concerns the energetic cost of

maintaining stiffness at the equilibrium position. It determines whether a continuous

energy input is required to sustain a given stiffness level, which is a critical factor for
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Figure 2.14: Stiffness variations under preload for a linear spring a. and a non-linear
spring b.. The blue and brown colored curves show the force versus displacement
profile without and with preload respectively. For the displacement x considered, the
stiffness (slope) remains constant for a linear spring but does not for a non-linear
spring.

overall efficiency and energy consumption.

2.6.2 Adaptive Stiffness and Tunable Resonance

A large body of research in legged and articulated robotics has demonstrated that

variable stiffness can significantly improve energetic efficiency, robustness, and dy-

namic performance. Early work by Hurst et al. (176) and Raibert (177) showed that

mechanically adjustable compliance allows legged robots to store and release elastic

energy during cyclic locomotion, effectively recovering part of the work performed at

each stride. Subsequent studies on variable-stiffness legs and actuators (178) (165)

confirmed that tuning stiffness to match the dominant stride frequency enhances

stability and reduces motor power consumption. Figure 2.16a presents the hexapod

robot used by Galloway et al. (18) to test controlled-stiffness legs for efficiency gains.

Secord and Asada (179) extended these findings by designing actuators capable of

varying both stiffness and resonant frequency, thereby maintaining operation near

resonance for maximum efficiency. A comprehensive review by Wolf et al. (180)

emphasised that variable stiffness actuators (VSAs) provide an intrinsic means of

energy optimisation by synchronising the system’s natural frequency with its driving

rhythm.

Despite these advances, the use of variable stiffness mechanisms in systems that

interact directly with fluids remains rare. Most research has focused on solid–mechanical

or robotic locomotion rather than fluidic propulsion or pumping. Unlike legged robots,

where stiffness tuning can easily modulate resonance between body and actuator

dynamics, fluid–structure systems introduce additional complexity through fluid inertia
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Figure 2.15: The three main techniques used to tune stiffness: preloading a nonlinear
spring, adjusting the transmission ratio between the compliant element and the output
link and changing the physical properties of the compliant element. Two categories
are used to differentiate them: whether changing the stiffness affects the ability
to exploit the entire energy storing potential of the compliant element and whether
energy is necessary to sustain a given stiffness level (17).

Figure 2.16: a. Edubot used by Galloway et al.(18) to test their controlled-stiffness
legs for efficiency improvements. b. Robotic fish with variable stiffness fin for efficient
swimming (19).
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and damping. As a result, the potential of variable stiffness to enable persistent

resonant operation and efficient energy exchange in pumps or fluidic devices has

received very limited attention. While multiple studies have demonstrated the bene-

fits of resonance for thrust enhancement in fish-like robots (181) (180) (182), it is

only recently that researchers have begun to explore this concept for energy-efficient

swimming. Zhong et al. (19) demonstrated that tunable stiffness enables fast and

energy-efficient swimming by maintaining near-resonant oscillations of their robot’s

body and tail. Their prototype is presented in Fig. 2.16b. This pioneering work

highlights the broader promise of stiffness adaptation in systems coupled with fluids,

yet no comparable studies have been conducted in the context of pumping.

The present thesis therefore addresses this gap by investigating how force-driven

actuation combined with adaptive stiffness can be exploited to achieve persistent

resonance and energy-efficient fluid transport.



2.6. Adaptive Stiffness Systems 39

2.7 Conclusion

The literature reviewed in this chapter highlights that, despite decades of research

in both industrial and biomedical fluid systems, the efficient generation of pulsatile

flow remains an unsolved engineering challenge. In industrial and robotic applica-

tions, unsteady flows are often avoided due to their complexity, yet biological systems

consistently exploit pulsatility to achieve higher transport efficiency, adaptive energy

storage, and reduced mechanical stress. This discrepancy underscores the potential

value of adopting biomechanically inspired design principles in engineered systems.

In the biomedical domain, particularly for cardiac assist devices, the need for

efficient, physiologically relevant pulsatility is even more pressing. Continuous-flow

pumps have demonstrated clinical viability but still fail to replicate the adaptive and

compliant behaviour of the native heart. Numerous studies have shown that pulsat-

ile flow contributes to vascular health and end-organ perfusion, yet no device has

successfully combined small size, reliability, biocompatibility, and true physiological

pulsatility. This persistent gap between function and feasibility has motivated re-

search into new physical mechanisms that could enhance energy efficiency without

compromising simplicity or compactness.

Among the strategies investigated, mechanical resonance has emerged as a

particularly promising approach. Operating a pump near its natural frequency al-

lows stored elastic energy to oscillate between mechanical and hydraulic domains,

amplifying output with minimal energy input. Moreover, introducing variable stiffness

provides a means to tune this resonance dynamically, enabling adaptive operation

under changing loads or physiological conditions. While the theoretical potential of

resonance and stiffness modulation has been recognized in other fields, such as

soft robotics and bio-inspired actuation, their application to pulsatile pumping remains

underexplored.

In cardiac assist devices, the integration of resonance and adaptive stiffness

offers a transformative route toward biomimetic performance. Operating near the

natural frequency of the fluid–structure system could amplify stroke volume without

increasing actuator force, thereby reducing energy consumption. Resonant operation

would also yield more physiological pressure and flow waveforms, enhancing vascular

compatibility compared with steady continuous-flow devices.

This review therefore establishes the scientific and technological motivation for

the work presented in the following chapters. The remainder of the thesis focuses on

developing and experimentally validating a compact, heart-scale resonant pump with
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tunable stiffness, aiming to bridge the long-standing gap between biological efficiency

and engineering implementation in pulsatile flow generation.



Chapter 3

Conceptual Framework and Design

Requirements

3.1 Introduction

The previous chapter reviewed the state of the art in pulsatile pumping technologies,

emphasizing the physiological importance of pulsatility and the current limitations

of mechanical systems attempting to reproduce it. Despite the numerous designs

explored for cardiac assist devices, few studies have rigorously addressed the effi-

ciency of pulsatile flow, and none of the commercially available systems are capable

of replicating the natural dynamics of the human heart. As highlighted in the literat-

ure, resonance - particularly when combined with natural frequency tuning - offers a

promising route to enhance performance while minimizing energy losses.

Building on these findings, this chapter establishes the conceptual foundations

and functional requirements for a resonant pulsatile pump designed to operate near

its natural frequency. The goal is to bridge the gap between theoretical resonance-

based efficiency gains and practical device implementation. The chapter begins by

defining the performance and mechanical requirements that guide the design of a

compact, heart-scale prototype. It then presents the conceptual layout of the pump

and the rationale behind the integration of a variable stiffness mechanism. Finally,

a proof-of-concept prototype of the variable stiffness mechanism is introduced and

tested, laying the groundwork for the complete system developed and characterized

in the following chapters.

41
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3.2 Pump Concept and Requirements

Building upon the theoretical foundations established in the Chapter 2, this part in-

troduces the conceptual design of the resonant pulsatile pump and defines the cri-

teria guiding its development. The objective is to translate the general functional

goals - compactness, energy efficiency, and tunable resonance - into concrete design

specifications and mechanical principles. Section 3.2.1 formulates the functional

and structural requirements derived from both physiological analogies and practical

constraints. Section 3.2.2 then presents the conceptual layout of the pump, outlining

the rationale for the chosen actuation and transmission mechanisms. Finally, Sec-

tion 3.2.3 describes the integration of the variable stiffness mechanism, which enables

dynamic tuning of the system’s natural frequency and underpins the adaptive behavior

central to this study.

3.2.1 Requirements

To constrain the design space of the pump and guide development, a set of functional

and mechanical requirements is established.

Functionally, the pump must replicate the operating principle of biological systems

such as the human heart or the squid mantle, whereby cyclic expansion and com-

pression of a cavity results in alternating fluid intake and expulsion. Furthermore, the

overall size of the device - including the actuation module, control electronics, and

pump housing - should remain within the same order of magnitude as a human heart.

This constraint addresses a common limitation observed in the literature: many high-

performance prototypes are coupled with bulky actuation or control systems that are

impractical to miniaturize (117), thereby limiting their translational potential.

Considerations related to biocompatibility and surgical implantation are deliber-

ately excluded from the current scope. Specifically, from a design perspective, no

particular attention is dedicated to limiting sharp edges and protrusions in the fluid

path which can cause blood damage, recirculations and thrombosis. While these

factors are essential for eventual clinical deployment (183), this study focuses on

characterizing the pump’s dynamic behavior and performance metrics. Moreover,

biocompatibility typically depends on advanced materials (184) and fabrication meth-

ods (e.g., titanium and medical-grade coatings), which are cost-prohibitive at this

stage and better addressed in later phases once the core technology is mature.

Although performance indicators such as efficiency, flow rate, and pressure are
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critical to validate the proof of concept, the primary objective here is to investigate the

underlying physical mechanisms responsible for performance enhancement, particu-

larly those related to resonance and variable stiffness. Consequently, at that stage,

no quantitative requirements is defined for the pump performance. The objective is

simply set as getting as close as possible from the human heart performances as

presented in the literature review in Chapter 2.

From a mechanical perspective, additional design requirements are defined. The

prototype should be modular and designed for ease of assembly and disassembly

to support rapid iteration and maintenance. It must also demonstrate mechanical

robustness over extended testing sessions at various actuation frequencies, with

minimal drift in its mechanical properties to ensure experimental repeatability. The

actuation system should be based on well-established technologies to minimize the

risk of unanticipated dynamic behaviors, allowing for the isolated study of the variable

stiffness mechanism. Finally, variable stiffness mechanisms with well-characterized

or analytically tractable relationships between input perturbation and output stiffness

are preferred to simplify modeling and interpretation. Additionally, the solution chosen

should not operate on a constant energy supply to maintain a new level of stiffness to

maximize overall efficiency.

3.2.2 Pump Concept

The objectives of using well-established actuation technique combined with using

the compression-expansion of a cavity were the core requirements that shaped the

concept. First, any actuation mechanism requiring customized fluid pressurizing

system are not considered as deemed too cumbersome, complex to develop and for

which well-established equations to quantify used powers would have not been readily

available due to its customized nature. Second, electric motors are also excluded.

Indeed, while miniaturized motors able to generate high-powers are available off the

shelves, they usually present high rotational speeds and low torques. For a system

needing to propel fluid at frequencies in a range of a few Hertz, this would imply using

a reduction mechanism usually in the form of a gear train. As one of the central goal of

this thesis is to focus on efficiency, losses introduced by friction in gears are deemed

too high to use an electric motor. Consequently, the choice of using a linear actuator

appears to be the most sound approach for the prototype’s need for their ability to

generate high forces at low frequencies without any transmission system combined

to a well established understanding of their dynamic and energy consumption.
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Figure 3.1: Concept of the pump. a. Pump expansion and fluid ingestion phase. b.
Pump compression and fluid ejection phase.

To reduce any design challenges associated to electric leakages and to facilitate

replacement of the actuator if needed, the actuator is placed outside the cavity, not in

direct contact of the fluid. To convert the linear motion into a compression/expansion

of the cavity, an umbrella-like mechanism is chosen. This well-known mechanism

offers an easy to manufacture solution with straightforward calculations of the trans-

mission ratio.

Consequently, the pump concept presented in Fig. 3.1 is established. Figures 3.1a

and b provide a top cross-sectional view of the pump during the expanding and

compressing phases of the cavity, resulting in the ingestion and expulsion of fluid.

In these diagrams, the brown-colored components represent moving parts, while all

others remain static. The pump cavity is constructed from rigid ribs (labeled 1) that are

evenly distributed and attached to a flexible membrane (2). Each rib is mechanically

linked to a lever arm (3), which is in turn connected to a rigid assembly referred to as

the mover (4). Actuation is achieved using a linear actuator (5). During the expulsion

phase, the actuator pushes the plunger forward causing the lever arms (3) to rotate

around fixed pivot points B and C. The resulting motion pulls down the ribs (1), which

themselves rotate about pivot point A, thereby compressing the cavity and expelling

fluid. Inlet and outlet one-way valves (6) ensure unidirectional flow during each phase

of the actuation cycle.

3.2.3 Variable Stiffness Mechanism Concept

Stiffness tuning can be achieved through a wide range of approaches, as outlined in

Chapter 2. However, only a limited number of designs satisfy the specific require-

ments of this study, namely: simplicity of stiffness estimation, zero energy consump-

tion to maintain a given stiffness level, and compatibility with the pump architecture

defined in Fig.3.1.

First, mechanisms relying on preload adjustment were excluded, as they do not
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satisfy the second requirement (see Fig. 2.15), requiring continuous energy input to

maintain a given stiffness.

Second, mechanisms based on varying the transmission ratio were deemed un-

suitable due to their bulkiness, which prevents straightforward integration within or

around the pump. In addition, transmission elements inherently introduce mechanical

losses, which is incompatible with the efficiency-driven objectives of this work.

A third category involves modifying the physical properties of the compliant ele-

ment. Approaches based on varying the elastic modulus or viscosity were not re-

tained. Changes in elastic modulus—typically achieved through temperature vari-

ation—result in limited stiffness modulation (170) (171) (172), while other methods

may require high voltages that are incompatible with implantable medical devices

(15). Similarly, viscosity-based approaches inherently alter damping, thereby directly

impacting system efficiency (17).

The remaining viable strategies consist in modifying geometric parameters of the

compliant element, such as its second moment of area or its effective length. These

approaches differ in terms of energy availability: varying the cross-section preserves

full access to the stored elastic energy across stiffness settings, whereas varying the

effective length does not. However, although this distinction is often emphasized in

the literature on variable stiffness mechanisms, it is not central to the present study.

Indeed, full energy availability does not imply that the stored energy remains constant

with stiffness; in both cases, stiffness variations inherently affect the energy storage

capacity of the compliant element.

Consequently, the selection was primarily guided by geometrical and integration

considerations. Given the translational motion imposed by the linear actuator, a linear

compression spring was identified as a particularly suitable solution. Among the can-

didate mechanisms, the Jack Spring mechanism (16) presented earlier in Chapter 2 is

especially well adapted to this application. It also fulfills the requirement of simplicity

in stiffness estimation, as the inverse linear relationship between stiffness and the

number of active coils—expressed in Eq. 2.4 and recalled below for clarity—provides

a straightforward means of stiffness control.

k =
d4G

8D3N
(2.4 revisited)

Nevertheless, the Jack spring mechanism presents one major flaw for its im-

plementation in the pump. Indeed, the longitudinal space required for covering the

entirety of the spring stiffness is equal to two times its length Ls as shown in Fig. 3.2a.
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Figure 3.2: (a) Original Jack Spring design concept. Rotation of the spring around
the nut (brown colored part) drives the spring translation along the nut axis, resulting
in a change of the spring length on either side of the nut. When the number of coils
is changed, the stiffness in the blue and yellow sections is modified according to eq.
2.4. The total length necessary to fit this system is ∆L+Ls. (b) Proposed concept.
The nut rotates and translates while the spring is static. The thread is used to make
sure the nut does not translate when a load is applied on the spring. The total length
necessary to fit this system is now only Ls.

To reduce its footprint, a novel design is proposed drastically improving on the existing

Jack spring approach by making it extremely compact to be able to fit it in the pump.

To do so, the change in spring length is dictated by the combined translation and

rotation of the nut (brown colored part), Fig. 3.2(b), as opposed to the translation

and rotation of the spring itself, Fig. 3.2(a), as seen in the Jack spring mechanism.

This modification allows for significant improvements in compactness of the overall

assembly.

3.3 Variable Stiffness Mechanism Proof of Concept

Having established the conceptual design of the pump and the rationale for integrating

a variable stiffness element, this section focuses on validating the feasibility of the

proposed stiffness modulation principle. A proof-of-concept mechanism - termed the

Compact Modifier of Active Coils (C-MAC) - is developed to demonstrate controllable

and repeatable stiffness variation within a compact form factor suitable for integration

into the pump architecture. The section details the design strategy, fabrication pro-

cess, and testing methodology used to assess the mechanism’s scalability, linearity,

and efficiency. These preliminary results serve to confirm the viability of the C-MAC

concept before its full implementation in the resonant pump prototype described in

Chapter 4.
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3.3.1 Design and Manufacturing

Compact Modifier of Active Coils (C-MAC)

In this section, the variable stiffness mechanism concept introduced in Section 3.2.3

is implemented in the form of a physical prototype termed the C-MAC for Compact

Modifier of Active Coils. The C-MAC VSM is detailed in Fig. 3.3. It is made of three

constitutive parts: the main body, the shaft and the slider. The main body consists

of the supporting structure, threaded on its lower section with a pitch p, of the spring

having the same pitch p and of the load connector. The main body is assumed to

be completely static while the load connector acts directly on the spring and can

translate axially to compress or extend the spring. The shaft, connected externally

to an actuator which drives a rotation around its central axis, is constrained from

translation by the main body at points A and B, Fig. 3.3(b). When the shaft rotates,

the slider rigidly rotates along with it, thanks to the rotation of the stopper. Guided by

the thread in the main body, the slider undergoes a rotation around and a translation

along the shaft relative to the main body and, consequently, relative to the spring.

This translation of the slider affects a change in the number of coils located in between

the load connector and the slider, ultimately modifying the mechanism’s stiffness. The

spring section located in between the slider and point B is not affected by the load

exerted by the load connector, because the slider and the thread prevent the force

transmission to this part of the spring.

This C-MAC VSM offers a number of remarkable benefits over its predecessor.

Firstly, the mechanism which modifies the spring’s active coils is entirely contained

within the spring itself, thus making the C-MAC much more compact than the Jack

Spring. Indeed, as shown in Fig. 3.2, no additional length than the length of the spring

itself Ls is required to fit this mechanism in a larger assembly, making the new design

particularly compact. Consequently, for a given available length, the range of stiffness

attainable is twice as high as the original design as no space has to be dedicated

to spring translation. Secondly, this VSM lends itself to monolithic 3D printing by

stereolithography, making it extremely simple, inexpensive and fast to manufacture.
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Figure 3.3: (a) 3D view of the C-MAC Variable stiffness mechanism design. (b) Cut
view with the key components annotated and the constraint points A and B of the
shaft.

Design for Monolithic 3D Printing

While the C-MAC can be manufactured with metals in traditional ways, it also lends

itself to being entirely 3D printable with stereolithic 3D printers. In addition to reduced

lead time and cost of production, this feature allows individuals and institutions without

dedicated manufacturing capabilities (CNCs, lathes, milling machines) to easily pro-

duce custom VSMs, thus facilitating quick design iterations. Moreover, it emphasizes

the possibility of designing entire high performance 3D printed robotics systems that

can be mass manufactured for a fraction of their machined counterparts. The VSM

design presented in this section showcases a number of specifications intended for

the purpose of monolithic 3D printing. These are reviewed here and depicted in

Fig. 3.4. In particular, purposely designed openings were added to either ensure

the outflow of resin from the mechanism during printing or to prevent the creation of

printing supports in places otherwise hard to reach. These features are essential to

ensure a smooth functioning of the mechanism and an easy removal of the supports

after printing. These are highlighted in Fig. 3.4(a) and (b) respectively, for the slider

and the main body. These features directly affect the printing orientation and con-
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Figure 3.4: Design features added to ensure proper 3D printing. Figure (a) and
(b) illustrates features added to limit entrapment of the resin against the shaft.
Specifically, the stopper is made concave and holes are added on the slider to
facilitate the resin flow. The openings on Fig. (c) are added in order to be able to
access and remove the printing supports inside the main body. d. Key dimensions
for robust VSMs. Ds, d, t1, and t2 should be higher than 6.5 mm, 2 mm, 1.5 mm and
1.5 mm, respectively. These are conservative values that can be adjusted on a case
by case basis.

sequently the position of the printing supports. In particular, the openings and holes

presented in Fig. 3.4(b) and (c) face the print bed. Similarly, the oblong cavity in the

shaft, Fig. 3.4(a), is also facing the print bed. A 5◦ angle between the build plate and

the axis running along the VSM shaft is added to reduce cupping effects between

the part being printed and the resin tank in order to ensure that the part does not

detach from the print bed. Finally, the slider was deemed best positioned around the

centre of the openings in the main body threading to reduce the likelihood of bonding

with the main body. Following an iterative design optimization process, we identified

a number of minimal key dimensions which guarantee a robust product. Firstly, all the

clearances e in the system should not be smaller than 0.8 mm. Secondly, as shown

in Fig. 3.4d, the spring wire diameter d should measure at least 2 mm. Thirdly, the

thicknesses t1 and t2 should both be no lower than 1.5 mm and the stopper thickness

no smaller than 1mm. Fourthly, the shaft diameter Ds should measure at least 6.5

mm. These are conservative values that should always ensure a good functioning but

can be adjusted on a case by case basis. These key dimensions directly predetermine

the values of the mean spring diameter D and the pitch p as follows:

D ≥ Ds +4e+2t2 +d (3.1)

p ≥ t1 +d +2e (3.2)

The parametric 3D files used in this study can be found at (185).
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VSM Manufacturing

The VSMs were printed with a Formlabs 3+ (firmware rc-2.1.0-2005) with the Clear v4

resin (RS-F2-GPCL-04). The software used to generate the printing files was Preform

3.30.0. The VSM was positioned on the printing bed according to the recommenda-

tions given in Section 3.3.1. A layer thickness of 0.1 mm and a full raft with supports

having a touchpoint size of 0.35 mm were used. The supports were generated by us-

ing the auto-generate function of the software with no internal supports. This ensures

that, after removing the supports, few asperities remain on the thread, the shaft or

the slider to guarantee a smooth functioning. However, when using the auto-generate

function, a small amount of unsupported minima usually remain. Consequently, a few

internal supports are added manually where needed.

After printing, the supports are removed and the parts are immersed in a bath

of isopropyl alcohol (IPA) 99.9%. With a soft brush, excess resin is removed from

the VSMs before putting them in a second bath of IPA 99.9% for ten minutes. The

VSMs are given their final mechanical properties by curing them with 405 nm UV

lights during eight hours. Finally, the supports are removed and silicone lubricant is

applied to ensure a smooth functioning.

Experimental Setup

In order to evaluate the performance of the proposed VSM, the mechanism is tested

under compression and tension. Scalability of the mechanism is also addressed here

by manufacturing six VSMs with different wire diameters d and mean spring diameters

D. These six configurations are presented in Table 3.1. The overall length of each

VSM is 140 mm with a maximal stroke length of 22 mm.

Testing of the VSMs involved subjecting them to a prescribed force F which gen-

erates a displacement x. This displacement is measured to determine the stiffness k

as shown in Eq. 3.3.

k =
F
x

(3.3)

Configurations 1 2 3 4 5 6
d (mm) 2 3 4 5 5 5
D (mm) 17.5 17.5 17.5 22.5 27.5 32.5

Table 3.1: VSM configurations for which the stiffness was measured.

For each configuration, the stiffness was measured for 6, 5, 4 and 3 active coils.
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The test rig presented in Fig. 3.5 was used to perform the stiffness measurements.

It can be both used for characterization of the compression, Fig. 3.5(a), and tension,

Fig. 3.5(b), of the VSM. The test rig consists of the main structure 1, the guiding plat-

form 2, the weights holder 3, the measurement slider 4 and the caliper 5, indicated

in Fig. 3.5(a).

Figure 3.5: Test rig used to perform stiffness measurements. It can be used both in
compression (a) and traction (b).

The procedure to perform a stiffness characterization in tension or in compression

is as follows:

• Step 1: The VSM is installed on the VSM holder which is part of the main

structure 1.

• Step 2: The measurement slider 4 is aligned with the top of the load connector

and the caliper 5 is used to set the displacement at x = 0 mm.

• Step 3: The weights are installed on the weights holder 3 which is connected to

the load connector of the VSM. The weights holder translates in a straight line

thanks to the guiding platform 2. A linear bearing is used to minimize friction.

• Step 4: After 30 seconds which ensure stabilization of the spring, the measure-

ment slider 4 is realigned with the top of the load connector and the caliper 5

is used to measure the displacement x.
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• Step 5: Steps 3 and 4 are repeated with new weights.

In each case, the VSM was first loaded and unloaded in compression and then

loaded and unloaded in tension. For a given configuration and stiffness, 28 measure-

ments were taken.

3.3.2 Performances of the 3D Printed C-MAC

Figure 3.6: From left to right: VSMs in configurations 1 to 6 (Table 3.1) after supports
removal, IPA cleaning and additional curing in UV chamber.

The prints of the six configurations as per Table 3.1 are shown in Fig. 3.6. Fol-

lowing the protocol of Section 3.3.1, the data collected from the experimental test for

each of these configurations is reported in Fig. 3.7, where the blue, orange, yellow

and purple curves respectively correspond to 3, 4, 5 and 6 active coils. Fig. 3.7 brings

evidence of a quasi-linear relationship between load and displacement of the springs

associated with a slight hysteresis. The occurrence of non-linearities in the spring

behaviour is mostly observed for smaller loads and especially for reduced number

of active coils, Fig. 3.8(b). This type of non-linearity is not attributed to the spring

material properties, but rather to the clearances implemented in the design to facilitate

manufacturing. Indeed, as depicted in Fig. 3.8(a), systematic clearance of extent

c = p− t1 − d arises when the VSM is at rest, due to the spring not engaging with

the slider. In other words, when at rest, the VSM stiffness is not impacted by the

slider’s position and is always equal to the entire spring stiffness. However, upon

loading the VSM, the clearance c disappears and the relationship between stiffness

and spring length is reinstated. This transition between two different stiffness profiles

is responsible for the non-linearities observed. In particular, this phenomenon is

prominent for low number of active coils because the stiffness increases when the

number of coils is reduced.
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Figure 3.7: Force versus deformation x for each configuration of VSM. Blue, orange,
yellow and purple respectively represents 3, 4, 5 and 6 active coils N indicating
linear stiffness scaling. The coefficient of determination R2 in each subset indicates
divergence from linearity for each case tested. Each curve is obtained from a single
measurement session; no repeated trials or averaging were performed.

Figure 3.7 also highlights clear hysteresis loops for each case tested, underscor-

ing the presence of internal viscoelastic losses. An estimate of the VSM’s energy

efficiency η is obtained by integrating along the load curves , Eq. 3.4, yielding the

result in Fig. 3.9(d). The efficiency ranges between 0.64 and 0.88 across the whole

range of coil activation and with an average of 0.78, confirming contained dissipation.

η =

∫
loading F dx∫

unloading F dx
(3.4)

For what concerns derivation of the stiffness of the VSM, we rely on Eq. 2.4. In

order to determine the stiffness of the VSMs, a least squares linear regression is

performed for each hysteresis loop of Fig. 3.7 and a shear modulus of G = 401MPa

provides the best fit for each of the configurations tested. Using the shear modu-

lus equation for isotropic material G = E/(2(1+ ν)) (186), and assuming that the



3.3. Variable Stiffness Mechanism Proof of Concept 54

Figure 3.8: Onset of non-linearity explained: a. Until the clearance c is present the
VSM stiffness is dependent on the number of coils. However, once the load applied
is sufficient to obtain c = 0, the stiffness is now dependent on the coils between the
slider and the load connector. b. This phenomenon can mostly be observed for low
number of active coils, as for instance, for configuration 3 with 3 active coils.

Poisson’s ratio ν is in between 0.3 and 0.45 (187) while the Young’s modulus E is in

between 1.6 Gpa and 2.8 Gpa (188), the theoretical shear modulus is expected to

range between 551 Mpa and 1077Mpa. While the value found with our experiments

is lower than the theoretical minimal bound, the characteristics of the resin provided

by the supplier data-sheet (188) emphasizes that its mechanical properties can be

drastically impacted by temperature, part geometry and curing conditions, suggesting

that values outside the nominal range are to be encountered. The coefficients of

determination R2 for each regression are presented alongside the curves in Fig. 3.7.

With R2 ≥ 0.94 the assumption of a linear stiffness profile is further confirmed. Val-

ues of R2 are reported for all the reminder of stiffness measurements for readers’

convenience.

Figures 3.9(c) and (b), respectively present the stiffness as a function of spring

mean diameter D and wire diameter d for different number of active coils. These

are compared against the theoretical trends based on Eq. 2.4, recalled below for the

reader’s convenience.

k =
d4G

8D3N
(2.4 revisited)

Finally, we assess the stiffness tuning performance of all the configurations man-

ufactured: Fig. 3.9(a) depicts the stiffness variation as a function of number of active

coils. The highest stiffness observed was 1.02 N/mm, obtained for configuration four

with three active coils; the lowest stiffness of 0.15 N/mm was obtained for config-

uration one with six active coils. The range of 0.63≤R2≤ 0.96 with a mean value

R2 ≈ 0.78 gives confidence in the VSMs’ performance closely matching theory and
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Figure 3.9: The dots represent the stiffness derived from the experimental data. The
dotted lines represent the theoretical trends obtained with equation 2.4 with shear
modulus G of 415.5MPa. a. Stiffness versus the number of active coils N for each
configuration. b. Stiffness versus the mean spring diameter d. c. Stiffness versus
the mean spring diameter D. d. Efficiency for each configuration of VSM and each
number of active coils.

thus confirms that stiffness tuning scales with k ∝ N−1.

It should be noted that, for each stiffness and configuration, the system response

was characterised over a range of operating points (28 measurements per condition),

allowing the overall trends in the hysteresis behaviour to be captured. However,

the experiments were not repeated multiple times under identical conditions. As a

result, no cycle-to-cycle averaging or statistical analysis of variability was performed.

Repeating the measurements for a given stiffness and configuration and averaging

the resulting hysteresis loops would improve the robustness of the results by reducing

the influence of measurement noise and experimental variability. This represents
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a potential avenue for improving the experimental protocol in future work. Despite

this, the observed trends were consistent across configurations and stiffness and

sufficiently pronounced to support the conclusions drawn.

3.4 Conclusion

This chapter defined the conceptual and functional basis for the resonance-driven

pulsatile pump developed in this work. By translating theoretical insights on reson-

ance and frequency tuning into practical design criteria, it established the need for a

compact, energy-efficient system capable of varying its stiffness in real time. The res-

ulting concept combines a linear actuator with a novel variable stiffness mechanism,

the Compact Modifier of Active Coils (C-MAC), enabling controlled modulation of the

pump’s natural frequency.

The proof-of-concept experiments demonstrated that stiffness can be accurately

tuned and that the C-MAC behaves predictably, validating the feasibility of embedding

variable stiffness into a compact architecture. These results set the stage for the

mechanical realization of the full pump, described in Chapter 4, which details the

design, fabrication, and initial testing of the complete system and its integration into a

controlled experimental environment.



Chapter 4

Prototype Design and Experimental

Platform

4.1 Introduction

Following the establishment of the pump’s conceptual design and functional require-

ments, this chapter presents the mechanical development of the full prototype and its

associated experimental setup. The objective is to translate the conceptual framework

into a physical system that can be tested under controlled conditions to assess its

dynamic and resonant behaviour.

The chapter begins by detailing the overall pump architecture, including the integ-

ration of the C-MAC variable stiffness mechanism within the housing and the actuation

subsystem based on a voice-coil actuator. The design emphasizes modularity, preci-

sion, and repeatability to facilitate both mechanical testing and future iterations. The

manufacturing process, relying on stereolithography (SLA) 3D printing and metallic

parts machining, ensures high dimensional accuracy in order to reduce the footprint

of the overall prototype and fullfill the size requirement defined in Section 3.2.1.

The second part of the chapter describes the characterization of the pump’s

mechanical response and the design of the experimental setup used to measure

displacement, force, flow rate, and pressure. Different configurations are introduced to

study the effects of hydrostatic pressure. These foundations allow for the subsequent

analysis of resonance phenomena and performance metrics explored in Chapter 6

and 7.

57
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4.2 Pump Mechanical Design

This section details the mechanical architecture of the developed resonant pulsatile

pump, describing how the conceptual principles established in Chapter 3 are trans-

lated into a functional prototype. The design integrates the variable stiffness mech-

anism, the actuation system, and the compliant pumping chamber into a compact,

modular structure that replicates the alternating compression–expansion behaviour of

a biological pump. Emphasis is placed on manufacturability, assembly, and durability

to ensure reliable operation under dynamic conditions, while maintaining a form factor

comparable to that of the human heart.

4.2.1 Overview of the Pump

Figures 4.1a and b present the final pump concept with the C-MAC embedded in its

center respectively during expansion and contraction. The mover (4) is elastically

coupled to the pump’s housing via the spring (7) of the C-MAC which will drive the

pump’s resonant behavior. The fluid ingestion phase results in the stretching of the

spring, while the expulsion phase results in the compression of the spring. In order

to control the stiffness, a motor (8) is added to drive the rotation of the VSM shaft (9)

which induces the rotation and translation of the slider (10). A 3D rendering of the

pump is provided in Fig. 4.1c, which shows a four-rib configuration implemented in

the experimental prototype.

Furthermore, an exploded view of the manufactured pump assembly is shown

in Fig. 4.2, detailing the main structural and functional components. The ribs, the

membrane, the actuator, the VSM and the valves are identified with the notations

(1), (2), (3), (4) and (5) respectively. The mover and VSM are enclosed in a tube

(6) to protect them from rust and corrosion. A protective membrane (7) through

which the lever arms protrude prevents liquid ingress and accommodates movement

via moulded bellows. In addition to providing protection, the tube represents the

backbone of the pump as it connects the actuator and the inlet/outlet manifold (8)

to form a rigid subassembly.

The next section presents in more details the key components of the pump, their

manufacturing process and the rationale of the overall design.
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Figure 4.1: a. and b. Top cut view of the pump respectively during the ingestion
and expulsion phase. Brown-colored components represent moving parts of the
mechanism, while gray ones are static; light blue identifies the volume occupied by
the fluid. c. Three dimensional render of the pump used in this study (units: mm).

Figure 4.2: Exploded view of the pump developed.
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Figure 4.3: General process used to manufacture the flexible membranes and valves.
Silicone rubber is injected in the moulds with a syringe. The moulds are then placed
in a vacuum chamber to remove air bubbles. Finally, they are heated at 40 ◦C during
four hours to cure the silicone rubber.

4.2.2 Pump Manufacturing and Design Choices

Unless stated otherwise, all the rigid components are fabricated using stereolitho-

graphy (SLA) 3D printing with a Formlabs 3+ printer, utilizing either Clear v4 or White

v4 resin. SLA technology offers high precision, with layer resolutions down to 50

microns, and produces parts with more uniform mechanical properties compared to

Fused Deposition Modeling (FDM), reducing anisotropy and orientation-dependent

behavior. In addition, materials used in SLA 3D printing are a less porous than FDM

ones making them less prone to mechanical performances variations and ensuring a

better protection of sensitive components.

All the moulded parts are made with silicone rubber using injection moulding. This

material is chosen for its wide off the shelf availability and its low shore (10A) limiting

the introduction of additional stiffness and damping. Each moulding follows a similar

process as presented in Fig. 4.3. Mould release is sprayed on all the surfaces that will

get in contact with the silicone rubber. The silicone rubber is then manually injected

in the moulds using a syringe. Once the moulds are full, they are placed in a vacuum

chamber to remove air bubbles (three cycles of three minutes minimum). They are

then placed in an oven at 40 ◦C for at least 4 hours before opening them. The moulds

are made with SLA 3D printing which limits layer lines and facilitate demoulding.

Moulding was chosen over 3D printing as current printers do not allow the use of

material with shores lower than 50A which was deemed too high.

The references of the different components, glues, materials used to manufacture

the pump are all listed in Appendix 11.
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Figure 4.4: a. Cut view of the pump showing selected design features.b. Exploded
view of the rib-lever arm assembly. c. Cone locking mechanism used to secure the
main membrane. d. Partial section view of the protective tube.
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Figure 4.5: Cut view of the moulding assembly used to fabricate the main membrane.
The orange arrows indicate the paths of the silicone rubber.

Main Membrane. The mould used to fabricate the main membrane is shown in

Fig. 4.5. It consists of three parts: a central core and two outer cavities. Silicone

rubber is injected from the bottom of the mould until it fills the cavity and exits through

the vent at the top. The membrane’s geometry was selected based on the dimensions

of the human heart ( ≈ 80mm in diameter and ≈ 120mm in length (85)) and the

average volume capacity of the left ventricle. The resulting membrane can contain

approximately 120 mL, which closely matches the typical expanded volume of the left

ventricle (3).

Figure 4.4a presents some of the key design features of the pump. Particularly,

on the actuator’s side, the membrane is held in place with superglue spread along

the surface highlighted in orange in Fig. 4.4a - a3. On the inlet/outlet side, the main

membrane is held in place by a conical locking mechanism as seen in Fig. 4.4c. The

lock c2, pushed by the screws c1 translates on top of the cone to hold the membrane

in place as seen in Fig. 4.4 - a1. When clamped, the membrane acts as a seal.

This design is chosen to facilitate quick assembly/disassembly and to maintain the

stretching capacity of the membrane which facilitates the insertion of the lever arms,

the tube and the different components inside it.
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Actuation Mechanism. For the linear actuation, a voice coil actuator is chosen. As

opposed to solenoids, voice coil actuators present the characteristic of developing

an almost constant force for a given current throughout their entire stroke (189).

This specificity is essential to facilitate the dynamic analysis of the pump by limiting

interdependence between variables and to simplify power and energy consumption

estimations, as presented later in Chapter 5.

The lever arm and rib subassembly is detailed in Fig. 4.4b. The lever arms b1 are

FDM-printed with Polyethylene Terephthalate (PET) reinforced with carbon fiber for

strength and low moisture absorption. They are coated in epoxy to further enhance

their water-tightness and prevent drifts in mechanical performances.

Micro bearings are press-fitted to both ends of the lever arms to ensure smooth

rotations. Similarly to the lever arms, a micro bearing b2 is press fitted at the pivot

point between the rib and the static parts. Micro ball-bearings are used for durability

purposes, as opposed to flexible linkages which are prone to breakage and to vari-

ations in mechanical performances through time. While they slightly complexify the

overall assembly process, the durability benefits are deemed to be higher than the

disadvantages.

To connect both membranes to the rib assembly, a combination of clamping mech-

anism and gluing is used. The main membrane is clamped between the membrane

holder b3 and the rib b4 providing a watertight connection. The rib lid b5 secures

the metallic shafts around which the lever arm rotates and applies pressure on the O-

rings to prevent leakages. The protective membrane is clamped between the shoulder

on the lever arm and the membrane holder b6. The membrane holder is press-fitted

and glued on the lever arm permanently connecting it to the protective membrane.

Figure 4.4a - a5 provides a cut zoomed in view of this connection.

Miniaturized Variable Stiffness Mechanism and Mover. The Variable Stiffness

Mechanism (VSM) is composed of both metallic and 3D-printed components to bal-

ance miniaturization with mechanical durability. Figure 4.6a shows the manufactured

VSM held in a support while Fig. 4.6b. presents an exploded view and a cut view of

the mechanism to visualize each of the internal components.

In Fig. 4.6b, the main body b3 is fabricated following the printing approach presen-

ted in Chapter 3. The slider b2 is also 3D printed but the stopper b4 inside it is

made of a 1 mm steal rod glued in place. The shaft b5 is constructed from a copper

tube (ID 3mm - OD 4mm), machined with precision slots to accommodate the slider’s

translation.
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Actuation is provided by a miniature motor b7 (see appendix 14) coupled to the

VSM shaft b5. The shafts coupler b6 join the motor shaft with the VSM shaft and is

made of a 1 mm steel rod glued perpendicularly inside the VSM shaft.

The spring was selected based on multiple design constraints. The minimum us-

able diameter was limited by the motor shaft diameter and the smallest feasible slider

size achievable through 3D printing. The spring pitch was chosen to ensure sufficient

helix thickness of the slider to withstand cyclic loading. Under the assumption that

the pump behaves approximately as a single degree-of-freedom (1 DOF) system, the

ratio of maximum to minimum stiffness was set to at least 4 to achieve a resonant

frequency shift of
√

4 = 2. This is further explained in Chapter 5. Finally, the spring is

chosen to be conical to ensure a more stable translation than with a cylindrical spring

and prevent buckling during compression. The spring is connected to the mover and

the VSM main body with epoxy.

The mover is connected to to the actuator via a threaded interface as illustrated

in Fig. 4.6b - b1 and Fig. 4.4a - a4. This solution is chosen as it allows precise

positioning of the actuator’s plunger. Indeed, given the limited stroke of the actuator (6

mm), the plunger has to be positioned accurately to be able to exploit its entire range

of motion. This threaded feature allows us to compensate for dimensional variations

introduced by manufacturing tolerances. As an example, assuming a symmetrical

motion around its equilibrium position, a simple offset of 1 mm would result in a

usable stroke of only 4 mm, in other words, two third of the entire stroke. Finally,

this assembly technique ensures that the VSM is not permanently connected to the

pump facilitating replacements and experimental testing of the VSM on its own as

presented later on in Chapter 7.

The rest of the mover is made of four 1 mm steel rod used to transmit the motion

to the lever arms and glued in place on both sides. A lid maintained by four screws

hold in place the steel shafts, Fig. 4.6b - b8, around which the lever arms rotate.

Protective Tube. To minimize the motor’s footprint and simplify assembly, the motor

cables are desoldered, replaced by longer and stiffer ones and reoriented to align with

the pump’s central axis. As shown in Fig. 4.4a - a2, the cables (represented in orange)

are kept away from the plunger’s and mover path by a protrusion inside the tube and

travel through an opening in the tube to reach the outside of the pump. Additional

protrusions in the tube shown in Fig. 4.4d - d1 are used as guides to ensure that the

VSM is always assembled in the same orientation, improving repeatability between

assemblies/disassemblies. The screws in Fig. 4.4d - d2 ensures the VSM is locked in
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Figure 4.6: a. Prototype of the miniaturized variable stiffness mechanism in its
storage case. b. Exploded and cut view of the VSM.
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Figure 4.7: a. Cut view of the moulding assembly used to fabricate the protective
membrane. b. 3D printed moulds connected to the syringe used to inject silicone. c.
Three dimensional render of the different parts constituting the moulding assembly.
d. Protective membrane obtained after the moulding process assembled to the lever
arms.

place.

On the inlet/outlet side, the tube is held in place with a customized nut and a

circlip identified d4 and d3 in Fig. 4.4d. The circlip creates a shoulder on which the

nut rest against when pulled by the the cone locking mechanism screw. The circlip is

removable to allow for the insertion of the VSM. A cut view is provided in Fig. 4.4a a6.

The protective membrane is clamped between the tube and the cone locking

mechanism and ensures watertightness. On the other side, the protective membrane

is secured by glue. The below geometry was chosen to limit radial bulk in order

to limit collisions with the lever arms especially during the compression phase. A cut

view and an 3D rendered exploded view of the moulds used are presented in Fig. 4.7a

and c respectively. Figure 4.7b shows the 3D printed moulds with the silicone curing

inside while Figure 4.7c presents the final result with the lever arms assembled to the

membrane. White pigments are added to the silicone rubber for aesthetic purposes.
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Figure 4.8: a. Cut view of the moulding assembly used to fabricate the one-way
valves. b. Moulded valve. c. Cassette assembly for easy connection to the inlet/outlet
manifold. d. 3D render of the moulds used for the manufacturing of the pump inlet
and outlet valves. e. Exploded view of the cassette assembly used to hold the valve.

Inlet/Outlet Manifold. The inlet/outlet manifold ensures the connection between the

pump and the valves. The 90 ◦ angle between inlet and outlet is chosen arbitrarily.

Valves are moulded based on a 3D scan of a semilunar heart valve from the NIH

3D Print Exchange (190). The design was trimmed and scaled to fit our application.

While this type of valve is located only on the outlet side on a human heart, the same

valve design for both inlet and outlet is used for simplicity. Indeed, the inlet valves of

a human heart present much more complex features that could not be embedded in

this prototype. A cut view of the moulds assembly is presented in Fig. 4.8a as well as

an exploded 3D view in Fig. 4.8d. The resulting valve is shown in Fig. 4.8b to which

red pigments were added for aesthetic purposes.

The valve is clamped in a cassette assembly as seen in Fig. 4.8c and Fig. 4.8e.

This approach is adopted to easily change the valve design without having to reprint

the rest of the parts. In addition, the cassette design of the valve assembly enables

to connect and disconnect it easily from the overall assembly, simplifying the iteration

process.
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Figure 4.9: Experimental setup used to test the VSM.

4.3 Pump Performances Characterization

This section presents the experimental setups used to evaluate the pump’s perform-

ances. The different configurations in which the pump is tested as well as the experi-

mental protocol used are presented.

4.3.1 Experimental Setup

Unless otherwise stated, all the supports used to anchor the pump or the VSM are

SLA printed with Clear v4 or White v4 resin from Formlabs. The references of the

different components used for the experimental setups are all listed in Appendix 10.

Variable Stiffness Setup

The experimental setup for evaluating the stiffness of the VSM is shown in Fig. 4.9.

Both the VSM and the voice coil actuator are mounted on rigid supports secured to an

acrylic base plate, which is itself bolted to a steel optical table to ensure mechanical

stability as seen in Fig. 4.9a. The VSM is fixed to its support using two lateral screws

- replicating the mounting configuration used in the actual pump assembly - thereby

ensuring that the test conditions closely reflect operational use.
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Pump Setup

As shown in Fig. 4.10b, the pump is mounted on supports attached to aluminum

extrusions (40x40 mm) and fixed to a ThorLabs anti-vibration platform. A 4 mm acrylic

sheet is bolted on the platform to protect it from water. Weights (40 g) are added to the

ribs to reduce resonant frequency as seen in Chapter 5. The weights were selected

empirically during preliminary tests. Specifically, weights were gradually increased

until the natural frequency of the system was reduced as much as possible while still

allowing a clear resonant response to be observed within the operating range of the

actuator. Once this value was determined, the same set of weights was kept fixed

throughout all experiments. Importantly, the weights were not modified when the

stiffness was adjusted. Consequently, variations in the resonant frequency across

configurations arise solely from changes in the effective stiffness of the system. Both

inlet and outlet are connected to a FDM 3D printed water tank (printed with Polyethyl-

ene Terephthalate filament for watertightness) (width x length x height = 60 x 140 x 80

mm). Purification tablets and food coloring are used to prevent bacterial proliferation

and to easily visualize the water path.

Pump Control

To control the pump and the VSM, the same electronic setup is used for both the

VSM setup and the pump setup to ensure consistency in the experimental results. It

is shown in Fig. 4.9b.

The electromagnetic force produced by the voice coil actuator is driven by its

dedicated control unit, the Pluto Driver. The Pluto Driver is programmed via the

MotionLab (v.13.2.691) software. Specifically, the software allows for the tuning of

a PID controller to control the amplitude and the frequency of the force produced

by the actuator. The PID was tuned empirically until stable behavior was observed.

The VSM motor is controlled via an Arduino Mega connected to an H-Bridge on a

breadboard. Separate power supplies are used for the motor and the actuator to

isolate power requirements and reduce interference.
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Figure 4.10: a. Top view and side view of the experimental setup used to test the
pump. Here the pump is loaded with water as in configuration C. b. Zoomed in side
view of the pump.
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Data Collection

A gauge pressure sensor is installed after the outlet valve as shown in Fig. 4.10at.

The outlet tubing also includes a calorimetric flow sensor. Pressure and flow sensor

data is collected via Arduino Mega and stored on an SD card. The voice coil actuator

includes a built-in position sensor from which the speed is derived automatically by

the Pluto Driver. In addition, the Pluto Driver embeds a current sensor used as a

control variable for the PID. All the data relative to the actuator is transferred by USB

connection from the driver to a computer. The sampling frequencies used during the

experiments were determined by the capabilities of the acquisition hardware. On the

actuator side, the Pluto Driver allows a maximum sampling rate of 300 Hz. This value

was therefore selected to maximize temporal resolution of the actuation signals. For

the pressure and flow rate measurements, the sampling frequency was determined

by the communication and processing limits of the sensors and the acquisition code.

Under these conditions, the effective sampling rate was approximately 125 Hz. These

sampling frequencies are well above the characteristic frequencies investigated in

this work, where actuation frequencies remained below 19 Hz (see Section 4.3.2). In

particular, even when considering the third harmonic of the actuation signal (≈ 3×
19 = 57 Hz), the 125 Hz sampling rate satisfies the Nyquist criterion, which requires

the sampling frequency to be at least twice the highest frequency component present

in the signal. Consequently, the acquisition rates provide sufficient temporal resolution

to capture the dynamics and harmonic content of the measured signals.

4.3.2 Protocols

Two types of protocol are used to evaluate the pump performances.

Protocol 1 - Quasi-static tests. The objective of this protocol is to determine the

system stiffness, the plunger’s equilibrium position and the energy losses per cycle.

For this protocol, only the force provided by the actuator and the plunger’s position

are measured. From the plunger’s equilibrium position, the actuation force is pro-

gressively incremented (0.5 Newtons increments) until the plunger reaches 90 % of

its stroke. The force is then decremented until it reaches 10% of the available stroke

and finally re-incremented until reaching the equilibrium position. For each force the

plunger’s position is measured. A delay of one second is used in between each force

increment to ensure that the force stabilizes. This cycle is performed three times. A

final force-position loop is obtained by averaging the results of the three loops. This
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Figure 4.11: Experimental protocol 1: quasi-static tests. For each stiffness, the
pump is commanded in force and the position of the plunger is measured. These
measurements are repeated three times to obtain an averaged hysteresis loop
characterizing the stiffness of the setup.

process is repeated six times for six different stiffness starting from the lowest stiffness

provided by the VSM, i.e when the slider is in abutment against the VSM body on the

motor’s side. Specifically, from the lowest stiffness, the VSM motor is controlled to

remove 0.0, 2.0, 3.0, 4.0, 4.5 and 5.0 active coils corresponding to the six stiffness

settings. This process is summarized visually in Fig. 4.11.

Protocol 2 - Dynamic tests. The objective of this experimental protocol is to identify

the system’s resonant frequency and to evaluate the influence of the actuator force

amplitude on its dynamic behaviour.

In this protocol, several quantities are recorded simultaneously: the current drawn

by the actuator, the outlet flow rate and pressure, as well as the actuator force, and

the plunger’s position and velocity. Each experimental run lasts six seconds, and the

pump is tested under six different stiffness configurations. For each stiffness, five

frequency sweeps corresponding to five actuation force amplitudes are performed.

The excitation frequency ranges from 1 Hz to 19 Hz in increments of 1 Hz. Thus, in
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Figure 4.12: Illustration of cycle-synchronous averaging. The measured signal (here
pressure) is first segmented into individual cycles based on the actuation period.
The cycles are then aligned and superimposed before being averaged, producing
a representative waveform that captures the periodic dynamics of the signal while
reducing random measurement noise.

total, 5×19×6 = 570 experimental conditions are investigated. The actuation signal

consists of a zero-mean square wave with a 50% duty cycle - the only waveform

available with the Pluto driver. A visual summary of this process is provided in

Fig. 4.13a.

The five actuation forces used for each stiffness differ, as the force required

to open and close the pump increases with stiffness. For each configuration, the

maximum usable force before reaching the actuator’s mechanical limits is determined

empirically. The four remaining force amplitudes are then defined as proportional

fractions of this maximum value, as illustrated in Fig. 4.13b.

For clarity, a reference force Fr = 3100 mN - corresponding to the lowest actuation

force used at the lowest stiffness setting - is defined. All other forces throughout this

thesis are expressed as multiples of this reference value.

To reduce measurement noise while preserving the periodic dynamics of the

signals, cycle-synchronous averaging was applied to the measured quantities (pres-

sure, flow rate, force, current, position and velocity). The recorded time series were

first segmented into individual cycles using the actuation period, after which the

cycles were aligned and averaged to obtain a representative waveform of the system’s

periodic response. The principle of this procedure is illustrated in Fig. 4.12. As an

example, for a 12 Hz signal recorded on a duration of six seconds, approximately

12× 6 = 72 cycles are averaged into one. Subsequently, a Fast Fourier Transform

(FFT) is performed to decompose each averaged signal into a sum of sinusoidal

components to study the impact of the different frequency components. This further

describes in Chapter 5.
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Figure 4.13: Experimental protocol 2: dynamic tests. a. Six stiffness, k1, k2, k3,
k4, k5, k6 are tested. For each stiffness, the pump is controlled in force with a
square wave with five different amplitudes and with nineteen different frequencies
of oscillation. The current, the position and speed of the plunger as well as the flow
rate and pressure are measured. b. Amplitude of the forces used for each stiffness
setting. The reference force Fr is used in the rest of this thesis to simplify notations.
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Figure 4.14: The four configurations tested. Configuration A: VSM on its own.
Configuration B: pump with VSM with no fluid loading. Configuration C: pump with
VSM with fluid loading. Configuration D: pump with VSM with fluid loading and tank
elevated to increase hydrostatic pressure.

4.3.3 Configurations

The two protocols are used in different configurations as shown in Figure 4.14. Con-

figuration A corresponds to the spring tested on its own, outside of the pump. Protocol

1 is used for this configuration, the goal being to determine the VSM stiffness. Config-

urations B to D correspond to different pump configurations embedding the VSM and

aiming at evaluating the impact the hydrostatic pressure on the system’s stiffness. For

these configurations, protocol 1 and 2 are used. In configuration B, the pump and the

tank are completely empty. In configuration C, both the tank and the pump are filled

with water. The water level is adjusted to be aligned with the top of the pump. In

configuration D, the tank is elevated (70 mm, chosen arbitrarily) in order to increase

the hydrostatic pressure. In Configuration C and D, the water level in the tank is kept

identical.

4.4 Conclusion

The pump development phase resulted in a fully functional prototype that successfully

integrates the variable stiffness mechanism with the actuation and hydraulic sys-

tems. The use of high-precision 3D printing enabled rapid fabrication and iterative

refinement, while the modular architecture ensured compatibility between the mech-

anical, electrical, and fluidic subsystems. The resulting design replicates the expected

compression–expansion behaviour of a biological pumping chamber in a form factor

simialr to the human heart and provides a controllable platform for dynamic testing.

The various configurations and test protocols introduced here form the basis for

subsequent experimental analyses. Chapter 5 introduces the mathematical frame-

work used to model the pump as a mass-spring-damper (MSD) system, while Chapter 6

and Chapter 7 apply this framework to characterize resonance and quantify its influ-

ence on power transfer and efficiency.



Chapter 5

Analytical Modeling of Resonant

Dynamics

5.1 Introduction

The purpose of this chapter is to provide a theoretical framework to interpret the

experimental behaviour of the developed resonant pump. The model introduced

here builds on the mechanical architecture described in Chapter 4, where the pump-

ing chamber, membrane, and actuation system together form a coupled mechan-

ical–hydraulic structure. Although the complete system involves fluid–structure in-

teractions, it can first be approximated by a classical mass–spring–damper (MSD)

model, which captures the essential dynamic features required to understand reson-

ance.

The analysis begins with the simplest case: a single-degree-of-freedom mass

subjected to a sinusoidal external force. This configuration allows us to describe, in

a transparent manner, how displacement, velocity, and phase evolve with frequency

and how the mechanical and electrical power scale, particularly around the resonant

frequency where these quantities reach their peak. The discussion is then extended to

the case of a square-wave actuation. Because the square wave can be decomposed

into a series of sinusoidal components through Fourier analysis, this extension reveals

how the resonance principles apply to more realistic driving signals such as those

used in the experiments of Chapter 6.

Finally, the chapter outlines the limitations of a purely mechanical model when

applied to a fluidic system and highlights the key physical quantities - pressure, flow

rate, and damping - that will later be investigated experimentally. Together, these

analyses establish the analytical foundation for understanding the performance and

efficiency of the resonant pump.
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5.2 Dynamic Response of a Mass–Spring–Damper Sys-

tem Under Sinusoidal Excitation

To establish a clear theoretical understanding of resonance in the developed pump,

this section analyses the canonical case of a mass-spring-damper system subjected

to a sinusoidal force input. This simplified model captures the essential dynamics gov-

erning the pump’s oscillatory behaviour, allowing the relationships between actuation

frequency, amplitude, damping, and phase to be derived analytically. By determining

the conditions under which displacement and power reach their maxima, the section

identifies the characteristic signatures of resonance - amplitude magnification and

phase shift - that will later serve as key indicators in the experimental analysis.

5.2.1 Steady-State Solution and Resonance Condition

A degree of freedom is defined as the number of independent generalized coordinates

required to describe the configuration of a mechanical system. Although the pump

mechanism consists of multiple moving components, including the plunger and the

ribs, their motions are kinematically constrained as presented in Chapter 3, Fig .3.1

and Chapter 4, Fig .4.1 . In particular, the rotation of the ribs is directly imposed by the

translation of the plunger through the mechanism geometry, such that all motions can

be expressed as a function of a single independent variable. As a result, the system

can be reduced to an equivalent single degree of freedom representation for the

purpose of dynamic modeling. This assumption is analogous to classical mechanisms

such as crank–slider systems, where multiple moving parts are present but only

one independent coordinate is required to describe the system configuration (20). It

should be noted, however, that higher-order effects such as structural flexibility or local

deformations could introduce additional degrees of freedom, which are neglected in

the present lumped modeling approach.

In addition, in the present modeling framework, it is assumed that the presence

of fluid does not introduce additional degrees of freedom. The fluid dynamics are

considered to be fully driven by the structural motion and therefore do not consti-

tute an independent generalized coordinate. Under this assumption, fluid–structure

interactions are incorporated into the model through equivalent contributions to the

effective mass, damping, and stiffness. The system can thus be described as a single

degree-of-freedom mass–spring–damper (MSD) oscillator. It should be noted that this

assumption neglects distributed effects such as wave propagation, which may require
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a higher-order or distributed modeling approach as discussed in Chapter 8.

Figure 5.1 illustrates the model used. The brown components identified in Fig. 4.1,

and schematically represented in Fig. 5.1, constitute the effective mass of the system.

The equivalent stiffness originates from the spring of the VSM and any additional

component acting as a restoring force, while damping arises primarily from mech-

anical friction within the moving components and from the cyclic compression and

expansion of the membranes. The overall dynamics of this simplified system are

governed by Newton’s second law as shown in Eq. 5.1, where x denotes the plunger

position, m the equivalent mass, c is the damping coefficient and k is the system’s

equivalent stiffness.

m
k

c

Figure 5.1: The pump is considered to behave as a mass-spring-damper system with
an equivalent stiffness k, an equivalent mass m and a damping c.

mẍ+ cẋ+ kx = Fa (5.1)

Under a sinusoidal actuation force Fa, Eq. 5.2, the steady-state response of this

differential equation is expressed as shown in Eq. 5.3. The variable ω represents the

angular frequency of actuation, F the force amplitude, X the plunger’s displacement

magnitude, φ the phase and t the time. The time derivative of x, i.e the mass speed,

is presented in Eq. 5.4 and is equal to the steady-state response shifted by 90◦ and

scaled by ω .

Fa = F sinωt (5.2)

x = X sin(ωt −φ) (5.3)

ẋ = ωX cos(ωt −φ) = ωX sin(
π

2
− (ωt −φ)) (5.4)

The expression of X is presented in Eq. 5.5 where M is called the amplitude

ratio or the magnification factor and is defined in Eq. 5.6. The magnification factor

is strongly dependent on the damping ratio ζ and on r, the ratio of the excitation
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frequency to the natural frequency ω∗ defined in Eq. 5.8. Both are presented in

Eq. 5.9 and Eq. 5.7. As seen in Fig. 5.2a. which represents the amplitude ratio

versus the frequency ratio for different damping ratio, ζ determines the apparition

of a peak around resonance. It both determines the amplitude of the peak and the

peaking frequency ratio. Particularly, M peaks exactly at r∗∗ =
√

1−2ζ 2, i.e for an

angular frequency ω∗∗ = ω∗
√

1−2ζ 2. In other words, as ζ tends towards zero, the

peak gets closer to the system’s natural frequency and its amplitude increases. It

should be noted that this peak only exists for damping ratios satisfying ζ < 1/
√

2.

For larger damping ratios, no resonance peak occurs.

In addition to be dependent on X , the steady response varies with the phase φ .

As seen in Fig. 5.2b, for a frequency ratio of 1, i.e at resonance, the phase equals

90◦.

In summary, this analysis highlights two key aspects of the pump’s expected

behaviour. First, the plunger motion is predicted to reach its maximum amplitude

near resonance, at ω∗∗. Second, at resonance, the phase difference between the

applied force and the displacement is expected to be 90◦. Since displacement and

the speed are inherently 90◦ out of phase (Eq. 5.3 and 5.4), the force and velocity

signals are anticipated to be perfectly in phase.

X =
F
k

M (5.5) M =
1√

(1− r2)2 +(2ζ r)2
(5.6)

r =
ω

ω∗ (5.7) ω
∗ =

√
k
m

(5.8)

ζ =
c

2
√

km
(5.9)

5.2.2 Mechanical and Electrical Power Scaling

General form of the mechanical and electric power

In this section, the mechanical and electric power are derived based on the MSD

equations defined above. The mechanical power of the actuator is presented in

Eq. 5.10 and is expressed as the averaged product of the actuation force by the

plunger’ speed over a duration T = n2π

ω
expressing an integer number n of periods.

Pm =
1
T

∫ T

0
Faẋdt (5.10)
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b.a.

Figure 5.2: Amplitude ratio M (a.) and phase angle (b.) between force and position
versus the frequency ratio r for a mass-spring-damper system (20).

For a MSD system, Eq. 5.10 can be rewritten using Eq. 5.1 resulting in Eq.5.11.

Pm =
1
T

∫ T

0
mẍẋ+ cẋ2 + kxẋdt (5.11)

Eq. 5.11 is simplified by noting that
∫ T

0 ẍẋdt = 0 and
∫ T

0 xẋdt = 0 giving Eq. 5.12

which highlights that the mechanical power is simply the power needed to overcome

the losses induced by the damping c. Once expanded and combined with Eq.5.5,

Eq. 5.12 gives the analytic expression of the mechanical power presented in Eq. 5.13.

Pm =
1
T

∫ T

0
cẋ2dt (5.12)

=
1
T

cω
2X2

∫ T

0
cos2(ωt −φ)dt

=
1
T

cω
2X2

[
t
2
+

sin(2ωt −2φ)

4ω

]T

0

Pm =
1
2

c(ω
M
k
)2F2 (5.13)

Similarly to the mechanical power, the electric power is expressed as the product

of the current i(t) by the voltage u(t), Eq. 5.14.
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Pe =
1
T

∫ T

0
u(t)i(t)dt (5.14)

Specifically, for voice coil actuators, the voltage can be modeled as presented in

Eq. 5.15 where R is the coils resistance, KB is the back electromotive constant, KF is

the force constant and L is the coils inductance (191)(192). In addition, the current is

proportional to Fa (189), Eq. 5.16. Consequently, combining Eq. 5.14, Eq. 5.15 and

Eq. 5.16, Eq. 5.17 is obtained by noting that
∫ T

0 Fa
di
dt dt = 0. Noting that KB and KF

are equal as shown in the actuator datasheet in Appendix 13 (a classical property

of voice coil actuators), the resolution of Eq. 5.17 leads to the analytic expression of

the electric power shown in Eq. 5.18. The electric power is equal to the sum of the

mechanical power plus a term dependent on F , R and KF . Specifically, both powers

scale with F2. Thus the electromechanical efficiency ηEM defined in Eq. 5.19 as the

ratio of mechanical to electric efficiency, is independent of the actuation force.

u = Ri+KBẋ+L
di
dt

(5.15)

i = FaKF (5.16)

Pe =
1
T
(

R
K2

F

∫ T

0
F2

a dt +
KB

KF

∫ T

0
Faẋdt) (5.17)

Pe =
1
2

F2 R
K2

F
+Pm (5.18)

ηEM =
Pm

Pe
(5.19)

Mechanical and Electric Power at Resonance

The general equations of the mechanical and electric power as well as the elec-

tromechanical efficiency have now been established. The following analysis focuses

on determining the analytical values of these quantities at their respective peak con-

ditions. While the displacement response X of a mass-spring-damper reaches its

maximum at ω∗∗ due to its dependence on the amplitude ratio M, both the mechanical

and electrical powers peak at the natural frequency ω∗, as they depend on the product

ωM. For brevity, the proof that ωM attains its maximum at ω∗ is presented in

appendix 16. This directly implies that, when the electric and mechanical powers
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peak, the phase between force and speed is equal to 0 ◦ or equivalently, the phase

between force and position is equal to 90◦.

Using ω = ω∗ in Eq. 5.13 and Eq. 5.18, the expression of the mechanical and

electric power at resonance, P∗
m and P∗

e , are obtained and presented in Eq. 5.20 and

Eq. 5.21 respectively.

P∗
m =

1
2

F2

c
(5.20)

P∗
e =

1
2

F2 R
K2

F
+P∗

m (5.21)

Remarkably, both the electric and mechanical power at resonance are independ-

ent of the system’s stiffness and scale with F2. In addition, the mechanical power

scales inversely with the damping coefficient c.

5.3 Extension to Non-Sinusoidal Actuation

This section extends the analytical framework developed for sinusoidal excitation

to the case of non-sinusoidal actuation, specifically the 50% duty-cycle, zero-mean

square force used in the experiments. Section 5.3.1 introduces the harmonic de-

composition of this signal through Fourier series, demonstrating that the scaling laws

established for sinusoidal forcing remain valid when the excitation contains multiple

harmonics. Section 5.3.2 then applies this formulation to the pump, showing how the

periodic nature of the actuation and the fluid–structure coupling allow pressure, flow

rate, and power quantities to be expressed as Fourier series.

5.3.1 Square-Wave Excitation and Harmonic Decomposition

The Fourier series is a mathematical tool that allows any periodic function to be

represented as a sum of sinusoidal components (193)(194). Consider a periodic

signal g(t), as expressed in Eq. 5.22, where t denotes time. The term G0 is called

the zero-frequency or DC component. Each term in the summation corresponds to

a harmonic, with the first harmonic, also referred to as the fundamental, having an

angular frequency ω1.

For each harmonic, the amplitude G j and phase χ j together with the DC com-

ponent, determine the overall shape of g(t) and the extent to which it deviates from a
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pure sinusoidal signal at the fundamental frequency. The indices j belong to the set

of natural numbers, i.e j ∈ N.

g(t) = G0 +∑
j

G j sin( jω1t −χ j) (5.22)

In particular, a zero-mean, 50% duty-cycle square wave such as the actuation

force Fa(t) used in this study, can be represented as a sum of sine functions contain-

ing only odd harmonics as shown in Eq. 5.23, where F denotes the amplitude of the

square wave.

Fa(t) =
4F
π

(sin(ω1t)+
1
3

sin(3ω1t)+
1
5

sin(5ω1t)+ .....)

Fa(t) =
4F
π

∑
j=1,3,5...

1
j

sin jω1t (5.23)

In Eq. 5.23, the zero-frequency component is equal to zero because the function

has a zero mean. The harmonic magnitudes are given by 4F
jπ and all phase angles are

zero. For a mass-spring-damper system subjected to such an excitation, the resulting

displacement x(t) is also periodic and can be expressed as shown in Eq. 5.24. The

response takes the form of a Fourier series with phase shifts φ j and where the

magnitude of each harmonic scales with 4
π j X . Here, X represents the system’s

response to a sinusoidal force of amplitude F , as defined previously in Eq. 5.5.

Equation 5.24 therefore demonstrates that the MSD response continues to scale with

the forcing amplitude F , similarly to the sinusoidal excitation case.

x(t) =
4
π

X ∑
j=1,3,5...

1
j

sin( jω1t +φ j) with X =
F
k

(5.24)

In general, for linear-time invariant (LTI) systems under a forcing Fa, the principle

of superposition applies (193)(194). A more general formulation of Eq. 5.24 is shown

in Eq. 5.25 confirming that the system response scales with F and that only odd

harmonics appear, consistent with the square-wave input. The coefficient Yj depends

solely on the specific characteristics of the system, namely its transfer function, and

not on the excitation conditions. The explicit expression of Y j is not provided here, as

it is not required for the analyses presented in the following chapters.

y(t) =
4F
π

∑
j=1,3,5...

Yj

j
sin( jω1t +φ j) (5.25)
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5.3.2 Relevance to Pump Operation and Fluid-Structure Coupling

While it is possible to derive an analytical model describing the motion of the plunger,

developing equivalent expressions for the pressure and flow rate is considerably more

complex. Even establishing the degree of linearity in the system’s behaviour presents

a significant challenge limiting the possibilities to establish scaling laws to be com-

pared with experimental data. Nevertheless, due to the inherently pulsatile nature

of the pump, all output variables, including pressure and flow rate, are expected to

exhibit periodic behaviour. Consequently, these quantities can be represented using

Fourier series, as introduced in Eq. 5.22. Since all output variables of the pump can

be described by Fourier series and the actuation force itself can be expressed in the

same form, the general structure of the corresponding power quantities - electrical,

mechanical, or hydraulic - can also be predicted. Specifically, the powers always take

the form of the average of a product of two Fourier series: velocity times force for the

mechanical power, current times voltage for the electric power and pressure p times

flow rate Q for the hydraulic power as defined in Eq. 5.26.

Ph =
1
T

∫ T

0
pQdt (5.26)

For generalization, let us consider the signal g defined in Eq. 5.22 and a second

periodic signal h defined in Eq. 5.27 where H0 is the DC component, Hi is the

magnitude and ψi is the phase of each harmonic. The functions h(t) and g(t) are

depicted schematically in Fig. 5.3.

h = H0 +∑
i

Hi sin( jω1t −ψi) (5.27)

The averaged product of g(t) by h(t) is defined in Eq. 5.28. Specifically, the

product gh can be defined as a sum of four terms A, B, C, D as shown in Eq. 5.29.

Each of these terms is detailed in Eq. 5.30, Eq. 5.31, Eq. 5.32 and Eq. 5.33 respect-

ively, where the indices i belong to the set of natural numbers, i.e i ∈ N.

gh =
1
T

∫ T

0
gh dt (5.28)
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+ + +g(t) =
G0 G2

χ1 χ2

+ +h(t) =
H0

H1 H2

Ψ1 Ψ2

ω1t

ω1t ω1t

ω1tω1t

ω1t

G1

...

+ ...

Figure 5.3: Fourier series representation of the functions g and h representing the
periodic behavior of the inputs and outputs of the pump.

gh = A+B+C+D (5.29)

A = G0H0 (5.30)

B = G0 ∑
i

Hi sin(iω1t −ψi) (5.31)

C = H0 ∑
j

G j sin( jω1t −χ j) (5.32)

D = ∑
i

∑
j

HiG j sin(iω1t −ψi)sin( jω1t −χ j) (5.33)

The average of A remains equal to G0H0 as A is a constant. The integrals of

the terms B and C equal zero as they represent zero-mean periodic functions. To

average the term D, the trigonometric product-to-sum identity is used to write it in an

alternative form presented in Eq. 5.34.

D =
1
2 ∑

i
∑

j
HiG j[cos((i− j)ω1t −ψi +χ j)− cos((i+ j)ω1t −ψi −χ j)] (5.34)

The term D can be further decomposed into a sum of two terms DM and DC. The

former corresponds to the matched-frequency terms, i.e when i = j, while the later

corresponds to the cross-frequency terms, i.e when i ̸= j. To be concise, here only

the derivation of DM is shown in Eq. 5.35. However, for the reader’s convenience, DC
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and it’s step by step averaging is shown in Appendix 15 where it is demonstrated that

DC averages zero and has no effect on gh.

DM =
1
2 ∑

i
HiGi[cos(χi −ψi)− cos(2iω1t −ψi −χi)] (5.35)

The average of DM is presented in Eq.5.36, resulting in the general expression of

gh shown in Eq.5.37.

1
T

∫ T

0
DM dt =

1
2 ∑

i
HiGi cos(χi −ψi) (5.36)

gh = G0H0 +
1
2 ∑

i
HiGi cos(χi −ψi) (5.37)

Eq. 5.37 demonstrates that gh, i.e the powers, are only dependent on the sum of

the matched-frequency harmonics. In other words, the powers can be decomposed

in the sum of G0H0 which will be referred as the power DC component or the power

zero-frequency component and a sum of terms that will be referred to as the power

harmonics. Each power harmonic is simply the product of the magnitudes of g and

h at that harmonic times the cosine of their phase difference and divided by two.

Specifically, the phase difference plays a central role in power generation. Indeed, for

a given harmonic, when the equals 0◦, the power harmonic is maximized as cos(0) =
1. On the contrary, when it equals ±180◦, the power harmonic reaches its minimum.

More specifically, when the absolute value of the phase difference is higher than 90◦,

it creates a negative contribution to the hydraulic power.

This demonstration further confirms the result presented in Section 5.2.2 saying

that mechanical and electric power are maximized when the phase between the

plunger’ speed and the actuation force is null. Here, this conclusion is extended to

the hydraulic power.

5.4 Conclusion

This chapter provided the analytical foundation for understanding and interpreting the

pump’s behaviour under resonant operation. By modeling the system as a mass-

spring-damper, the governing equations that relate actuation frequency, stiffness,

damping, and displacement were derived. The analysis predicts that the plunger dis-

placement amplitude scales linearly with the actuation force, as shown in Eq. 5.38,and
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that both mechanical and electrical powers scale quadratically with the actuation

force, as indicated in Eq. 5.39. Furthermore, at resonance, the mechanical power

is inversely proportional to the damping coefficient c and independent of the stiffness

k, as expressed in Eq. 5.40.

X ∝ F (5.38) Pm.Pe ∝ F2 (5.39) P∗
m ∝

F2

c
(5.40)

In addition, the chapter demonstrated that since the quantities used to compute

power are periodic, the total power can be expressed as the sum of a zero-frequency

(DC) component and its harmonics. Each harmonic contribution depends strongly on

the phase difference between the corresponding components of the two signals con-

sidered. Consequently, maximum power transfer occurs when all relevant harmonics

of these signals are perfectly in phase.

The theoretical framework developed here forms the basis for the experimental

investigation presented in Chapters 6 and 7, where measured data are compared

against these analytical predictions to identify the conditions under which resonance

yields optimal energy transfer.



Chapter 6

Experimental Characterization of

Resonant Behaviour

6.1 Introduction

This chapter experimentally investigates the dynamic behaviour of the developed

pump when operated near its resonant frequency. The objective is to validate the

theoretical predictions established in Chapter 5 and to quantify the performance gains

achievable through resonance.

In this chapter, only the lowest stiffness setting of the pump is examined in order to

isolate and analyse the resonant behaviour and its implications, without yet account-

ing for stiffness modulation. The influence of varying stiffness is addressed later in

Chapter 7.

The mechanism’s characterization is structured in a way to systematically invest-

igate the influence of pump configurations on the system’s response by distinguishing

between quasi-static and dynamic effects. First, the quasi-static tests presented in

Chapter 4 are analysed to determine how hydrostatic pressure affects the pump’s

stiffness. The dynamic analysis that follows examine the system’s behavior under

periodic excitation to identify the conditions under which the system approaches

resonance. The resulting pressure, flow, and displacement signals are decomposed

into their harmonic components to assess non-linear effects and to identify the scaling

of power and efficiency with actuation amplitude and frequency.

Through this analysis, the chapter aims to identify how resonance enhances the

conversion of electrical input power into hydraulic output by exploiting the energy

exchange between elastic and kinetic components within the coupled electro-hydro-

mechanical system. The overarching objective is to demonstrate that resonance can

serve as an effective mechanism for generating pulsatile flow with improved energy

efficiency.

88
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6.2 Hydrostatic Pressure Affects Effective Stiffness and

Natural Frequency

This section presents a preliminary analysis aiming at identifying key elements affect-

ing the pump resting conditions and dynamic behaviour.

Figures 6.1a and b present the results from Protocol 1 (in quasi-static conditions)

across all four experimental configurations. Figure 6.1a represents the actuation force

versus the plunger’s displacement. By fitting a linear model using least-squares re-

gression to each loop, the stiffness of each configuration is determined and plotted in

Fig. 6.1b. Additionally, the plunger’s equilibrium position defined by the intersection of

the model with the x-axis and the energy lost during a single compression-expansion

cycle defined by the area enclosed by each loop, are plotted in Fig. 6.1b. As a

reminder, the term expansion refers to the phase during which the pump chamber

volume increases as a result of the outward rotation of the ribs, leading to fluid

intake into the cavity. Conversely, compression refers to the phase during which the

ribs rotate inward, reducing the chamber volume and expelling fluid as introduced in

Section 3.2.2.

As shown by the blue dots in Fig. 6.1b, the plunger’s equilibrium position changes

with configuration, decreasing from configuration B to D. This indicates a progressive

increase in the pump expansion caused by the increased hydrostatic pressure. Spe-

cifically, the higher water level in configuration D relative to configuration C accounts

for the pressure increase. This result highlights how the pump equilibrium position

needs to be carefully tuned during the design phase to maximize the range of motion

available when loaded with fluid. Indeed, during the expansion phase, the outward

rotation of the ribs induces a rearward shift of the plunger’s equilibrium position, as

the ribs and the plunger are rigidly connected (Fig. 3.1). Here the pump was carefully

tuned so that, in configuration C, the plunger can translate on a symmetrical range of

distances before hitting the mechanical limits at 0 mm and +6 mm. Configuration A is

not shown on the graph since its experimental setup differed from the others, which

biased the estimation of the equilibrium position.

Secondly, the energy losses (yellow dots in Fig. 6.1b) increase for each config-

uration. This is explained by the visco-elastic losses in the two membranes, friction

losses at the pivot points, and viscous drag in the fluidics circuit. Specifically, we posit

that the increase in water loading from configuration B to D results in higher friction in

the different mechanical components of the pump.
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Finally, the results reveal a progressive increase in stiffness (black dots in Fig. 6.1b)

from configuration A to D. The rise from configuration A (spring alone) to configuration

B (empty pump) originates from the additional stiffness contributed by the main mem-

brane. From configurations B to D, the further increase is attributed to hydrostatic

pressure effects. The compression and expansion of the pump modify the water level

in the tank, producing pressure oscillations within the fluidic circuit that manifest as

an added effective stiffness acting on the pump.

This spring-like behaviour becomes more pronounced because the amount of

displaced fluid increases for a given plunger displacement ∆x. Because the pump

is more expanded in configuration D than in configuration C - due to the preload

induced by the higher hydrostatic pressure - the volume expelled Ve in configuration

D for a given ∆x is greater than in configuration C. This occurs because the pump

volume scales superlinearly with plunger motion. Here, the term superlinear denotes

a relationship in which the volume expelled increases more rapidly than proportionally

with the plunger motion, corresponding to a scaling stronger than linear (e.g. Ve ∝ ∆xn

with n > 1). As the hydrostatic pressure Ph is proportional to the volume expelled, i.e

Ph ∝ Ve, the relationship between hydrostatic pressure and plunger displacement, is

nonlinear (of the type Ph ∝ ∆xn with n > 1), and any preload that shifts the equilib-

rium position inherently alters the stiffness induced by the hydrostatic pressure and

consequently the effective stiffness (as discussed in Chapter 2, Section 2.6.1). This

mechanism is illustrated in Fig. 6.2, and accounts for the stiffness increase observed

from configuration B to D.

It is noteworthy that, if a cylindrical piston were used instead of the pump, the

displaced volume for a given ∆x would remain independent of the equilibrium position,

as volume would scale linearly with piston displacement, i.e Ve ∝ ∆x. In such a case,

the stiffness induced by the hydrostatic pressure would be linear, i.e Ph ∝ ∆x, and the

fluid stiffness would remain constant no matter the plunger’s equilibrium position.
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Figure 6.1: a. Impact of the actuation force on the plunger’s displacement in static
conditions and for the four different configurations. b. Evolution of the stiffness
(black), the energy losses (yellow) and the plunger’s equilibrium point (blue) for the
four different configurations tested.

H
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Figure 6.2: The amount of fluid displaced for a given plunger translation ∆x is higher
in configuration D (∆H3) than in configuration C (∆H2) because of the difference in
expansion at equilibrium. Consequently, the force that the actuator needs to provide
to translate the plunger on a distance ∆x is higher in configuration D than configuration
C resulting in a higher equivalent stiffness.

Figure 6.3a shows results obtained with Protocol 2 (dynamic conditions). Specific-

ally, it presents the peak-to-peak plunger displacement amplitude across a range of

actuation frequencies for configurations B through D, using a constant force amplitude
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X

a. b.
B
C
D

Figure 6.3: a. Impact of the different configurations on the plunger’s amplitude of
motion for a force amplitude of 1.5Fr. We observe resonant peaks shifting from 12
Hz to 13 Hz and finally 18 Hz highlighting the significance of the configurations on the
pump’s dynamic. b. Plunger’s position at 13 Hz, 14 HZ and 18 Hz, on a 0.5 seconds
time window for configuration B, C and D (blue, orange, yellow curves respectively).
The mean value of the oscillations reduce with the configuration due to the preload
induced by the hydrostatic pressure.

of Fr. Each curve exhibits a clear resonance peak at 12 Hz, 13 Hz and 18 Hz

respectively. Furthermore, Fig. 6.3b, shows the plunger’s oscillations through time

at these frequencies for the three configurations. As expected from the equilibrium

position results obtained from the quasi-static tests, the mean value of the oscillations

reduces with the configuration (as highlighted by the green squares).

In summary, the quasi-static and dynamic tests highlight that the water acts as a

spring whose characteristics will change depending on the initial hydrostatic pressure.

Additionally, they confirm the occurrence of resonance in the system and emphasize

the influence of asymmetric loading on the resonant frequency. Specifically, each

configuration alters the effective stiffness (via hydrostatic pressure), leading to a shift

in the natural frequency. The characterization of the fluid’s influence on the system

stiffness provides the necessary foundation to analyze the pump’s dynamic response

as it approaches resonance.

For the remainder of this thesis, we focus on configuration B and C, as their

resonant frequency lie near the center of the tested frequency range, providing a

representative basis for analyzing pump performance around resonance. In addition,

the reference frequency fr = 12Hz corresponding to the peaking frequency in config-

uration B is defined. This reference will be used to normalize actuation frequencies
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and facilitate the comparison of resonant peak shifts across configurations.

6.3 Harmonic Analysis

To evaluate the pump’s dynamic performance, its linearity is first examined. Figure 6.4

presents the frequency response map of the plunger displacement magnitude X for

configuration B (empty pump) and for the lowest stiffness setting, obtained from the

FFT analysis (as explained in Section 4.3.2 and Section 5.3.1). Figures 6.4a, b, and c

correspond to actuation force amplitudes of 1Fr, 1.25Fr, and 1.5Fr, respectively. The

x-axis represents the actuation frequency, while the y-axis indicates the frequency

spectrum of the response fs. Thus, each vertical line on the map shows the relative

magnitudes of the response’s frequency components at a given actuation frequency.

Blue regions correspond to low magnitudes, whereas yellow regions indicate high

magnitudes.

As expected from the input waveform described in Section 5.3.1 and Eq. 5.23, the

fundamental frequency, third harmonic, and fifth harmonic are clearly visible at fs =

f0, fs = 3 f0, and fs = 5 f0. In addition, a second harmonic component emerges at fs =

2 f0, revealing a nonlinear behaviour of the pump. Indeed, even harmonics cannot

arise in a purely linear system driven by an input containing only odd harmonics.

Figures 6.4d, e, and f show, for the three force amplitudes, the magnitudes of the

fundamental, second, and third harmonics normalized by the maximum magnitude of

the fundamental as a function of actuation frequency. Overall, the second harmonic

amplitude does not exceed 8% of the fundamental’s maximum value and falls be-

low 4% around resonance, indicating that its contribution to the overall response is

negligible. The third harmonic magnitude is also negligible.

Similarly, Figures 6.5a, b, and c display the plunger displacement magnitude X

for configuration C (pump filled with water). Analogous conclusions to the unloaded

configuration are drawn with the appearance of odd harmonics as well as a faint

second harmonic. This observation is confirmed by Figs. 6.6a, b and c, showing the

normalized magnitudes of the first three harmonics of X and where the second and

third harmonics appear negligible.

Figures 6.5d, e, f and 6.5g, h, i, illustrate, respectively, the frequency response of

flow rate Q and pressure p. While the first and third harmonics appear as expected,

the second harmonic exhibits a non-negligible amplitude. In particular, Figs. 6.6d, e, f

and 6.6g, h, i show that the second harmonic reaches up to 60% of the fundamental

amplitude for the pressure and approximately 40% for the flow rate. This finding is
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Figure 6.4: FFT analysis for configuration B. a.b.c. Fast Fourier Transform of the
plunger’s displacement for three force amplitudes, 1Fr, 1.25Fr, and 1.5Fr. The
odd harmonics present in the input signal appear ( f1, f3, f5) as well as the
second harmonic ( f2) underlying the system’s non-linearity. d.e.f. Magnitudes of
the fundamental, second and third harmonics normalized by the maximum of the
fundamental for the three force amplitudes. The second and third harmonics are
negligible compared to the fundamental.

further supported by Fig. 6.7, which shows the time-domain evolution of pressure and

flow rate for an actuation force of 1.5Fr at frequencies of 7 Hz and 12 Hz. The green

rectangles highlight the emergence of the second harmonic.

The near absence of a second harmonic in the plunger’s spectral response, con-

trasted with its clear presence in the flow rate and pressure spectra, strongly suggests

that the nonlinearities arise downstream of the outlet one-way valve. Two potential

mechanisms may explain this phenomenon. First, wave reflections in the tank may

interfere with forward-propagating waves, generating constructive or destructive in-
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a. b. c.

d. e. f.

g. h. i.

Figure 6.5: Fast Fourier Transform for configuration C and for the three force
amplitudes 1Fr, 1.25Fr, and 1.5Fr. 1st row: plunger’s position magnitude. 2nd
row: flow rate magnitude. 3rd row: pressure magnitude. Similarly to configuration
B, second harmonics appear.

terferences that give rise to a second harmonic. The one-way valve likely prevents

most of these reflected waves from propagating back into the pump, explaining their

minimal impact on the plunger dynamics. Second, the dynamics of the one-way valve

itself may alter the flow and pressure waveforms, producing harmonic distortion.
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a. b. c.

d. e. f.

g. h. i.

Figure 6.6: Magnitudes of the fundamental, 2nd, 3rd and 5th harmonics normalized
by the maximum of the fundamental. First, second and third column correspond
respectively to an amplitude of actuation force of 1Fr, 1.25Fr, and 1.5Fr. First row
(a. b. c.): plunger’s position magnitude. Second row (d. e. f.): flow rate magnitude.
Third row (g. h. i.): pressure magnitude.

Based on these observations, only the dominant harmonics will be considered

in subsequent analyses. Specifically, the fundamental harmonic will be used to de-

scribe variables associated with the actuator plunger, while both the first and second

harmonics will be analysed for variables related to the fluid motion.
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Figure 6.7: Pressure and flow rate for an actuation force of 1.5 Fr and two different
actuation frequencies. The green rectangles highlight the apparition of the second
harmonic. a. Pressure at 7 Hz on a one second interval. b. Pressure at 12 Hz on a
0.5 seconds interval. c. Flow rate at 7 Hz on a one second interval. d. Flow rate at
12 Hz on a 0.5 seconds interval.

6.4 Experimental Mass-Spring-Damper Behaviour Val-

idation

This section analyses the plunger dynamics through its predominant harmonic, the

fundamental component, and compares the experimental results with the theoretical

scaling laws established in Chapter 5.

Figures 6.8a and b respectively show the amplitude of the plunger’s fundamental

displacement X1, scaled by the actuation force amplitude F , and the phase φFx

between the time-varying actuation force Fa and the position fundamental. The x-

axis represents the frequency ratio rr, defined as the actuation frequency normalized

by the reference frequency fr = 12Hz.

In both plots, all curves collapse onto a single line, indicating that X1 scales linearly

with F and that φFx is independent of F . This behaviour is consistent with Eqs. 5.3

and 5.5 in Chapter 5, confirming that the pump in configuration B behaves as a

mass–spring–damper (MSD) system. Furthermore, the frequency at which the phase

between Fa and x equals −90◦ coincides with the displacement peak, reinforcing the

MSD interpretation and providing information on system damping.
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As shown in Chapter 5, the frequency at which the phase equals −90◦1 cor-

responds to the natural frequency ω∗, while the peak displacement occurs at the

frequency of maximum response ω∗∗ = ω∗
√

1−2ζ 2. Here, both frequencies are

approximately 12 Hz (rr = 1), implying a low damping ratio such that ω∗∗ ≈ ω∗. Using

Fig. 5.2a and b, which depict the magnification factor M and phase versus normalized

actuation frequency for a general MSD, the damping ratio ζ can be estimated to lie

between 0.1 and 0.3.

Similarly, Figs. 6.8c and d show that, for configuration C, X1 scales linearly with

F and that φFx remains independent of F . However, the frequency of maximum

displacement increases to approximately 1.08 fr (13 Hz) due to the additional stiffness

introduced by the fluid, as previously discussed in Section 6.2. Although the individual

contributions of fluid inertia and fluid-induced stiffness cannot be quantified directly

from the present experimental data, the observed increase in resonant frequency

allows their relative influence to be inferred. Since the natural frequency scales as

ωn =
√

ke f f /me f f , an increase in effective mass me f f would result in a reduction of

the resonant frequency. The experimentally observed shift toward higher frequencies

therefore demonstrates that the increase in effective stiffness ke f f induced by the

fluid dominates over the added fluid inertia. This highlights the significant role of

fluid compliance and fluid–structure interaction in governing the system dynamics.

Finally, unlike configuration B, the −90◦ phase shift now occurs at a higher frequency,

indicating that ω∗∗ ̸= ω∗ and that the presence of fluid introduces additional damping

and energy losses.

The analysis now turns to the electrical and mechanical powers and the corres-

ponding electromechanical efficiency. Figures 6.9a and b show the electrical and

mechanical powers, respectively, normalized by F2 for configuration B. As observed

previously in Fig. 6.8a, all curves overlap, confirming the scaling law given by Eq. 5.13

and further validating the MSD model. Both power curves exhibit a resonant peak at

rr = 1. The electromechanical efficiency, plotted in Fig. 6.9c, is independent of F ,

as predicted by Eq. 5.19. At resonance, the efficiency reaches a maximum value of

approximately 46%, indicating that, in the absence of fluid loading, the pump converts

nearly half of the input electrical power into mechanical work. The remaining losses

are attributed to mechanical friction, heat generation in the voice-coil actuator, and

viscoelastic deformations of the spring and membranes.

1The difference in phase sign between the experiments and the phase plotted in Chapter 5, Fig. 5.2,
arises because the minus sign is already included in Eq. 5.5.
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-90°

Configuration B Configuration C

rr = 1.08
rr = 1

rr

Figure 6.8: The damping in configuration C is higher than in configuration B inducing
a misalignment of the −90◦ point with the resonant peak. In addition, the water
loading in configuration C induces a shift in natural frequency from rr = 1 to rr = 1.08.
a. b. Plunger’s amplitude of motion at the fundamental scaled by the actuation force
amplitude for configuration B and C. c. d .Phase between the actuation force and the
plunger’s position at the fundamental for configuration B and C.
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f.

rr = 1.08

rr = 1.08
rr = 1.08

rr = 1

rr = 1
rr = 1

m

Electric power Mechanical power Electromechanical 
efficiency

rr

d. e.

water induced shift 

m

46 %

43 %

Figure 6.9: The water induced shift is also observed in the electric and mechanical
power as well as the electromechanical efficiency. The increases in losses in
Configuration C leads to a 3% drop in efficiency. a. b. c. Mechanical and electric
power normalized by F2 as well as electromechanical efficiency for configuration B
(pump empty). d. e. f. Mechanical and electric power normalized by F2 as well as
electromechanical efficiency for configuration C (pump with fluid).
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For configuration C, the corresponding results are shown in Figs. 6.9d, e and

f. The resonant peaks remain clearly visible despite the additional fluid-induced

damping, and the frequency shift due to increased stiffness persists. The added fluid

losses lead to a reduction in maximum efficiency of approximately 3%.

These findings confirm that the plunger driven by the voice-coil actuator behaves

as a mass–spring–damper system, both in air and when coupled with fluid. This

result is critical, as it demonstrates that resonance can be exploited to enhance

electromechanical energy conversion efficiency in the pump. Specifically, the plunger

displacement at the fundamental scales linearly with the actuation force amplitude

(X1 ∝ F), while both electrical and mechanical powers scale quadratically with F

(Pe,Pm ∝ F2). Although damping increases under fluid loading, it remains sufficiently

low for the pump to operate in an underdamped regime, maintaining distinct resonant

peaks in both power and efficiency.

6.5 Hydraulic Power Dependencies

The experimental analysis of the plunger dynamics confirmed the theoretical predic-

tions established in Chapter 5. The following section extends this investigation to the

pressure and flow rate signals in order to identify their respective dynamic behaviours.

6.5.1 Resonance of the pressure and flow rate harmonics

Figure 6.10 presents the magnitudes of the frequency components of pressure and

flow rate as functions of the normalized actuation frequency rr, each scaled by the

actuation force amplitude F . In each plot, the five curves correspond to the different

actuation force magnitudes tested. Specifically, Figs. 6.10a and d show the zero-

frequency components p0 and Q0, Figs. 6.10b and e display the fundamental com-

ponents p1 and Q1, and Figs. 6.10c and f show the second harmonics p2 and Q2.

The curves corresponding to Q0, Q1, Q2, p1, and p2 nearly overlap, suggesting

a common scaling with the actuation force amplitude F . Since the same linear

relationship was established for X1 in Section 6.4, this implies that the pressure and

flow rate harmonics likely scale proportionally with X1.

In contrast, the zero-frequency component of the pressure, p0, follows a distinct

scaling law. A clear pattern emerges in which the lowest (dark orange) and highest

(dark green) actuation force magnitudes yield the highest and lowest normalized

values of p0/F , respectively. This behaviour is attributed to the contribution of the
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Pressure components Flow rate components

rr = 1.08
rr = 1.08

Figure 6.10: Frequency components magnitude of the pressure and flow rate scaled
by F versus the normalized actuation rr for configuration C. a. Pressure zero-
frequency component. b. Pressure fundamental.c. Pressure second harmonic.d.
Flow rate zero-frequency component. e. Flow rate fundamental. f. Flow rate second
harmonic.
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static hydrostatic pressure ps. Indeed, p0 can be expressed as the sum of a constant

hydrostatic term ps and a dynamic component pv that depends on the actuation force

and frequency, as shown in Eq. 6.1. Because ps is constant, the curves do not

overlap: as F increases, the ratio ps/F decreases, explaining the observed pattern

in p0/F .

p0 = ps + pv(F) (6.1)

Across all six subplots, a clear resonant peak appears near the natural frequency

at rr = 1.08 (green rectangles), consistent with the behaviour observed previously

in Fig. 6.8b. This confirms that the resonance observed on the actuator side is

successfully transmitted to the fluidic domain, producing a corresponding resonant

response in pressure and flow rate. This result is significant, as it experimentally

demonstrates, for the first time to the author’s knowledge, the feasibility of resonant

pulsatile pumping at the macroscale.

6.5.2 Phase Lag Between Pressure and Flow Rate Dictates Power

Benefits

The resonant behaviour of the pressure and flow rate being established, this section

now examines how the phase lag between pressure and flow rate influences the

hydraulic power.

Figure 6.11 presents for two frequencies - 5 Hz (rr = 0.42) and 13 Hz (rr = 1.08)

- the time variations of the pressure and flow rate at an actuation force of 1.5Fr.

Specifically, it illustrates the time delay between the flow rate and pressure signals.

Indeed, as shown in Figs. 6.11a and b, at 5 Hz the pressure and flow rate peaks are

nearly in phase, whereas at 13 Hz they are almost completely out of phase. This is

the experimental evidence of how the actuation frequency alters the pump dynamics

and introduces a time offset between these two quantities.

This observation is further confirmed by Figs. 6.12a and b which present the

phase between pressure and flow rate at the fundamental (φpQ1) and at the second

harmonic (φpQ2) across all frequencies tested. In both cases, the curves coincide for

frequencies below rr = 1 but begin to diverge at higher frequencies. These apparent

phase jumps are not physical but arise from the Fast Fourier Transform (FFT) process.

Indeed, an FFT outputs complex coefficients of the form a+ ib, where a small uncer-

tainty in the imaginary component b can produce abrupt transitions in phase between

+180◦ and −180◦, as illustrated in Fig. 6.13. Hence, the variations observed near
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Figure 6.11: Pressure and flow rate at different actuation frequencies illustrating its
impact of the phase lag between the two quantities. The force amplitude used is 1.5
Fr. a. Pressure at 5 Hz. b. Flow rate at 5 Hz.c. Pressure at 13 Hz.d. Flow rate at 13
Hz.

±180◦ are numerical artefacts, and the phase is expected to be independent of the

actuation force magnitude F .

As described in Chapter 5, phases with absolute values greater than 90◦ (red

regions in Fig. 6.12) correspond to negative power transfer, whereas phases with

absolute values below 90◦ (green regions) correspond to positive power transfer. This

interpretation is supported by Figs. 6.14b, c, which display the fundamental, and the

second harmonic of the hydraulic power, respectively. As expected, for frequency

ratios where the phase exceeds ±90◦, the cosine of the phase becomes negative,

leading the fundamental and second harmonic to contribute negatively to the total

hydraulic power (red regions). Conversely, when |φ | < 90◦, both harmonics contrib-

ute positively (green regions). More specifically, although resonance amplifies the

magnitudes of the pressure and flow rate harmonics, the phase offset between these

quantities around rr = 1.08 causes the power to change sign, effectively reducing the

net energy transfer.

Figs. 6.14a show the DC component of the hydraulic power which is independent

of phase. Consequently, it systematically contributes positively to the total power

across frequencies and reaches its maximum near the natural frequency. It also

exhibits nonlinear characteristics inherited from the behaviour of the pressure’s DC

component p0.
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rr

±90°

Figure 6.12: Phase between pressure and flow rate at the fundamental and second
harmonic for configuration C. a. Fundamental. b. Second harmonic.

Φ≈+180°

Φ≈-180°

Φ

a+ib

a

b

a. b.

Figure 6.13: a. Complex number representation in the complex plane. b. A small
uncertainty in the imaginary part b can cause a phase jump from −180◦ to +180◦.
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d.

[1, 1.3]x10-4

[0.8, 1.1]x10-4

Figure 6.14: Hydraulic power zero-frequency components, fundamental and second
harmonic scaled by F2. a. Zero-frequency component. b. Fundamental. c. Second
harmonic.
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The total hydraulic power, approximated by the sum of its three main frequency

components, is shown in Fig. 6.14d. The negative contributions from the funda-

mental and second harmonics reduce the overall power near resonance. In particular,

comparison between the DC component and the total power at resonance reveals a

decrease of approximately 20 (as shown by the green annotations in Fig 6.14a and d).

As a result, the resonant peak appears flattened and considerably less pronounced

than in the electrical and mechanical power responses.

This result highlights the critical influence of phase lags exceeding ±90◦ on res-

onant energy transfer, particularly in systems coupled with fluid dynamics. This issue

is often overlooked, as analyses typically assume phase variations limited to the

[−90◦,+90◦] interval. Indeed, Womersley (195) demonstrated that, for pulsatile flows

in rigid tubes, the phase lag between pressure and flow rate lies within this range,

originating from inertial effects due to unsteady motion.

The Womersley number, defined in Eq. 6.2, quantifies the phase lag arising from

viscous–inertial interactions and depends on the tube radius Rt , oscillation angular

frequency ω , fluid density ρ , and dynamic viscosity µ .

α = Rt

√
ωρ

µ
(6.2)

For the experimental setup used in this study, where Rt = 0.01 m, ρ = 1000 kg·m−3,

and µ = 0.001 Pa·s (at 20◦C), the corresponding Womersley number ranges from

approximately 25 to 109. According to Womersley, when α > 10, the phase lag

approaches −90◦ and stabilizes. Thus, under the present conditions, a phase lag

of approximately −90◦ would be expected. The larger phase variations observed

experimentally therefore suggest the presence of additional dynamic effects, such as

restoring, damping, or inertial forces.

The nonlinearities identified earlier in this chapter likely contribute to these in-

creased phase deviations. In particular, reflections of flow waves in the outlet tube

may interfere with forward-propagating waves, producing phase shifts similar to those

that generate nonlinearities in the flow measurements. Furthermore, the dynamic re-

sponse of the one-way valve may distort the flow and pressure waveforms, introducing

additional harmonic content. Finally, a constant time delay τ between the acquisition

of pressure and flow signals can produce an artificial phase lag that increases linearly

with frequency, since φ = ωτ . Even small sensor or microcontroller latencies can

have a significant effect: for instance, a delay of only 20 ms at 12 Hz introduces an

apparent phase lag of 86.4◦. This example illustrates the extreme sensitivity of phase-
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dependent quantities - such as hydraulic power and efficiency - to even minimal timing

offsets.

6.5.3 Efficiencies

Figure 6.15 summarizes the various power and efficiency metrics obtained for config-

uration C. Specifically, Figs. 6.15a, b, c show the electric, mechanical, and hydraulic

powers (each normalized by F2), while Figs. 6.15d, e, f present the corresponding

efficiencies: electromechanical, mechanical-to-hydraulic, and electric-to-hydraulic, re-

spectively.

The mechanical-to-hydraulic efficiency ηMH is defined as the ratio of hydraulic

power to mechanical power, as expressed in Eq. 6.3. Similarly, the electric-to-hydraulic

efficiency ηEH corresponds to the ratio of hydraulic to electrical power, as given in

Eq. 6.4.

ηMH =
Ph

Pm
(6.3)

ηEH =
Phy

Pe
(6.4)

As shown in Fig. 6.15e, the mechanical-to-hydraulic efficiency decreases markedly

with increasing frequency, reflecting the reduced hydraulic power observed near res-

onance. This decline is the result of the ∼ 180◦ phase lag between pressure and flow

rate at resonance, which significantly limits effective energy transfer.

These losses are also reflected in the electric-to-hydraulic efficiency ηEH (Fig. 6.15f),

defined as the product of the electromechanical and mechanical-to-hydraulic efficien-

cies (ηEH = ηEM · ηMH ). Consequently, despite the pronounced resonance peak

in electromechanical efficiency, no clear resonant enhancement appears in the total

electric-to-hydraulic efficiency. Nevertheless, the electromechanical resonance con-

tributes to maintaining the overall efficiency within a narrow range between 0.08% and

0.48%. This behaviour arises because the maxima of ηEM and ηMH compensate for

each other’s minima, resulting in a relatively stable global efficiency.

These results highlight that the resonant behaviour of the pump improves energy

conversion performance at operating points where efficiency would otherwise drop

sharply due to the strong phase offset between pressure and flow rate.
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rr

Figure 6.15: Powers scaled by F2 and efficiencies for configuration C. a. Electric
power. b. Mechanical power. c. Hydraulic power. d. Electromechanical efficiency. e.
Mechanical-to-hydraulic efficiency. f. Electric-to-hydraulic efficiency.

6.6 Conclusion

In this chapter, the resonant behaviour of the pump has been experimentally valid-

ated with a resonant frequency of 13 Hz. The resonance frequency and response

amplitude were found to be strongly dependent on hydrostatic pressure which modify

the system’s equivalent stiffness, shifting the resonance frequency. This highlights

the strong dependency of the dynamic properties of the pump on the fluidic circuit it
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connects to, similar to what is observed with the human cardiovascular network.

The harmonic analysis revealed that the actuator plunger presents dynamic prop-

erties consistent with that of a weakly non-linear mass-spring-damper system while

stronger non-linearity appears on the fluid side, likely arising from fluid–structure

interactions and valve dynamics. Importantly, these effects do not compromise the

overall resonant behaviour. Mechanical and electric powers are found to scale with

the actuation force squared confirming the mass-spring-damper hypothesis.

Furthermore, except for the pressure fundamental which is highly dependent on

the constant hydrostatic pressure, the pressure and flow rate components scale with

the actuation force amplitude analogous to the scaling laws of a MSD. A distinct

phase lag between pressure and flow rate was observed, increasing with frequency

and reaching values close to -180◦ near resonance. This lag results in negating the

hydraulic power fundamental and second harmonic, partially reducing the amplitude

peak of the total hydraulic power.

Nevertheless, the combination of these results demonstrates that operating the

pump at or near resonance significantly improves performance. Particularly, the elec-

tromechanical efficiency peaks at 43% and contributes to maintain overall efficiency

where it would typically decline due to phase misalignment.

Overall, this chapter establishes experimentally, for the first time, that resonance

can be effectively leveraged to enhance power generation and the energy efficiency

of pulsatile pumps at a macro-scale. It also highlights the sensitivity of the system to

the fluidics circuit connected to the pump, specifically hydrostatic pressure and fluid-

solid interactions after the valves, pointing to the need for precise control of these

parameters in future implementations of resonant pulsatile systems.



Chapter 7

Influence of Stiffness Modulation on

Resonant Response

7.1 Introduction

Having established in Chapter 6 that the developed pump exhibits clear resonant

behaviour, the present chapter investigates how variations in stiffness modify this dy-

namic response. The purpose is to determine whether resonance can be predictably

tuned through stiffness modulation and to evaluate the resulting effects on amplitude,

frequency, and energy transfer.

The chapter begins with the quasi-static characterisation introduced in Chapter

4, used here to quantify how changes in stiffness affect the equilibrium position,

effective stiffness, and energy losses as the number of active coils is varied. It

then proceeds to the dynamic experiments, which assess how stiffness influences

the resonance frequency and amplitude of the electric and mechanical power, testing

the theoretical relationships derived from the mass-spring-damper model. Finally, it

analyses how the dynamic changes introduced on the actuator side are transmitted to

the hydraulic domain, focusing on the evolution of the harmonic content of pressure

and flow rate signals, as well as the associated phase variations, which play a central

role in determining the timing and efficiency of energy exchange.

Overall, this chapter offers a comprehensive view of how stiffness modulation

shapes the resonant behaviour of the pump which represents an important step

toward the design of tunable and adaptive pumping systems capable of maintaining

optimal performance under variable operating conditions.

111
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7.2 Stiffness Tuning in Quasi-Static Conditions

This section is dedicated to the study of the changes induced by the VSM in the quasi-

static experiments for configurations A, B and C. Specifically, similarly to the analysis

done in chapter 6, section 6.2, three quantities are evaluated: the equilibrium position,

the stiffness and the energy losses.

7.2.1 Number of Active Coils Estimation

To characterise the equilibrium position, damping, and stiffness of the Variable Stiff-

ness Mechanism (VSM) as a function of the number of active coils, it is first necessary

to estimate the actual number of coils engaged in the spring.

The estimation follows Eq.7.1 where N denotes the number of active coils, max(N)

the maximum possible number of active coils, and n the number of inactive coils, as

illustrated in Fig. 7.1.

N = max(N)−n (7.1)

n lf

N nnt ns

p
d

Original spring

Spring cut and glued 
at its extremities to 
fit in the VSM

Figure 7.1: Definition of variables used to estimate the effective number of active
coils in the VSM.

Because the spring was shortened to fit within the pump assembly, the maximum

number of active coils max(N) differs from the original specification max(Ni) provided

by the manufacturer (appendix 12). The number of coils removed during cutting is

denoted nc. In addition, some coils at the top, nt , are bonded to the VSM structure

and therefore cannot contribute to deformation. The presence of the slider also
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max(Ni) ns nt d lc l f

11 1 1 0.787 3.6 35.052

Table 7.1: Numerical values used to calculate the number of active coils. The
diameter d, the length cut lc and the free length l f are expressed in millimeters.

deactivates one additional coil, ns. These considerations lead to Eq.7.2.

max(N) = max(Ni)− (nc +nt +ns) (7.2)

The number of coils removed during cutting, nc, can be determined from Eq.7.3,

given the cut length lc, wire diameter d and coil pitch p. Since the spring has closed

and ground ends, the cut length includes two inactive end coils, each estimated to

correspond to one wire diameter.

nc =
lc −2d

p
(7.3)

The coil pitch is obtained by dividing the active length of the spring by the initial

maximum number of active coils, as shown in Eq.7.4. The active length is approxim-

ated as the free length l f minus four times the wire diameter d to account for the two

closed and ground ends

Specifically, the active length is estimated to be equal to the free length minus four

times the wire diameter to take into account both closed and grounded ends of the

spring.

p =
l f −4d
max(Ni)

(7.4)

Using the numerical parameters listed in 7.1, the maximum number of active coils

of the VSM is found to be 8.3. The rest of the stiffness settings tested in the rest of

this thesis are N = 6.3, N = 5.3, N = 4.3, N = 3.8, N = 3.3.

7.2.2 Stiffness Scales According to Theory

With the number of active coils defined, the relationship between stiffness and coil

activation can now be examined.

Figures 7.2a, b, and c present the quasi-static test results for the different numbers

of active coils tested, in configurations A, B, and C, respectively. The dark red curves

correspond to the lowest stiffness setting, N = 8.3, previously analyzed in Section 6.2,

while the dark blue curves represent the highest stiffness setting, corresponding to the
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VSM non-linearities

Figure 7.2: Quasi-static tests results for six different stiffness. a. Configuration A. a.
Configuration B. a. Configuration C.

smallest number of active coils, N = 3.3.

First, as previously observed for the 3D-printed VSMs presented in Chapter 3,

Section 3.3.2, the force-displacement curves in Fig. 7.2a exhibit local nonlinearit-

ies near the equilibrium position, likely arising from manufacturing tolerances. This

feature appears to be an intrinsic characteristic of the VSM concept, consistently

observed across different scales. Despite these nonlinearities, the slope of the hys-

teresis loops, corresponding to stiffness, increases as the number of active coils

decreases, as theoretically expected. Moreover, the VSM demonstrates a nearly sym-

metrical stiffness response, exhibiting comparable stiffness in compression (positive

force) and extension (negative force) over the tested displacement range. Figure 7.2b

further reveals the additional stiffness contribution from the main membrane. Com-

pared to Fig. 7.2a, the force required to retract the plunger (toward 0 mm) approxim-

ately doubles, confirming the trend previously observed for N = 8.3 in Chapter 6.

Second, to verify that the mechanism’s stiffness scales as predicted by theory,

a piecewise linear function with three segments was fitted to the hysteresis loops

of configuration A. The stiffness corresponding to each number of active coils was

obtained by averaging the slopes of the two outer segments of the fitted function, as

illustrated in Fig. 7.3. The slope of the central segment was excluded to prevent bias in

the stiffness estimation. Figure 7.4a compares the experimentally estimated stiffness

with the theoretical stiffness of a conical spring, calculated from Eq. 7.5 (196), where
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k1

k2

k =(k1+k2)/2

Figure 7.3: To determine the stiffness, a piecewise function is fitted to the loading
curves. The non-linearity introduced by the VSM is ignored in the stiffness estimation.

G is the shear modulus, d the wire diameter, N the number of active coils, and D1

and D2 the small and large mean diameters, respectively.

kc =
G∗d4

(2∗N ∗ (D1 +D2)∗ (D2
1 +D2

2))
(7.5)

The experimental stiffness (blue curve) closely follows the theoretical prediction

(black dotted curve), validating the correct operation of the VSM and confirming the

feasibility of the C-MAC architecture at a significantly smaller scale than the prototype

presented in Chapter 3.

For configurations B and C, the consistent upward shift of the orange and yellow

curves along the stiffness axis indicates an additional stiffness contribution from the

membrane and the internal fluid. This observation further supports the findings of

Chapter 6, demonstrating that the presence of fluid and structural components in-

creases the overall stiffness of the pump system.

7.2.3 Equilibrium Position and Damping Increase With Stiffness

The impact of the VSM on the energy losses and equilibrium position is studied in this

section.

Figure 7.4c presents the plunger’s equilibrium position, corresponding to the x-

intercept of the piecewise functions defined in the previous section, across the six

stiffness tested and for configuration A, B and C. Across all stiffness settings, the

pump remains more expanded in configuration C than in configuration B, as indicated

by the consistently higher displacement values of the orange curve compared to the

yellow one. This observation confirms the earlier finding (Chapter 6, Section 6.2) that

fluid loading causes an expansion of the pump at rest.

While the equilibrium position in configuration A remains largely unaffected by
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a. b. c.

Figure 7.4: Stiffness (a.), energy losses scaled by the plunger displacement xd (b.)
and plungers’ equilibrium position c. for configuration A, B and C as a function of the
number of active coils

changes in the number of active coils, configurations B and C exhibit an increase

in equilibrium position with increasing stiffness. In other words, as the number of

active coils decreases, the VSM appears to introduce a progressive preload, pulling

the plunger forward and thereby compressing the pump. In both configurations, the

measured increase in equilibrium position is approximately 0.5 mm between the low-

est and highest stiffness settings, corresponding to about 8 % of the total 6 mm stroke.

These variations are primarily attributed to the mechanical constraints introduced by

integrating the VSM within the pump, as well as to the influence of the water’s weight,

which modifies the VSM’s operation. This finding highlights that the VSM’s behavior

is not independent of the configuration: the mass distribution of the fluid and the

surrounding structure alter the VSM response, resulting in a progressive preload as

stiffness increases. Although, in this study, the resulting shift in equilibrium position

remains modest relative to the available stroke, it underscores the importance of

carefully selecting the stiffness tuning method to avoid reducing the effective range of

motion. It should be noted that these variations in equilibrium position do not change

the mass–spring–damper representation. Therefore, the scaling laws derived in this

work are therefore not affected, only the initial conditions are modified. However, such

effects would need to be explicitly accounted for in a fully derived model to ensure

accurate quantitative predictions.

It should be noted that these variations in equilibrium position do not alter its

dynamic behaviour. As a result, the mass–spring–damper representation remains

valid, and the scaling laws derived in this work are not affected. However, such effects
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Δx

Low number 
of active coils

High number 
of active coils Low losses

High losses

Spring at rest

Figure 7.5: The lower the number of active coils, the larger the spring deformation
for a given displacement ∆x. This leads to increasing losses as the number of active
coils diminishes.

would need to be explicitly accounted for in a fully derived model to ensure accurate

quantitative predictions.

The second quantity investigated is the energy loss associated with the VSM.

The areas enclosed within the hysteresis loops in Fig. 7.2, normalized by the plunger

displacement xr, are plotted against the number of active coils for each configuration

in Fig. 7.4b. The trend identified in Section 6.2 is confirmed: energy losses are

consistently higher in configuration C than in configurations B and A. As the only

change between configurations A and B lies in the integration of the variable stiffness

mechanism within the pump structure, the increase in losses observed in this trans-

ition can therefore be attributed to the mechanical behaviour of the pump itself, in

particular the deformation of the structure during operation, including the stretching

of the membrane, which can be observed visually during the experiments. Between

configurations B and C, the sole modification is the introduction of fluid within the

system. The additional losses are therefore attributed to fluid–structure interactions,

in particular the asymmetric loading induced by the fluid during the expansion and

compression phases.

A key result, however, is the sharp rise in damping as the number of active

coils decreases. This increase in energy dissipation with stiffness is explained by

the effective shortening of the spring. Fewer active coils correspond to a shorter

active length, meaning that, for a given plunger displacement, the relative strain in the

spring becomes larger, thereby increasing the energy lost per cycle, as illustrated in

Fig. 7.5. This result is central as it highlights that while the VSM does tune stiffness as

expected, it also introduces increasing losses as the stiffness augments. The impact

of this result on the pump performance is analysed in the next sections.
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7.3 Resonant Shift and Amplitude Drop

In this section, the influence of the VSM on the trends of the power peaks is examined.

Specifically, two quantities are tracked as a function of the number of active coils: the

resonant frequency and the peak amplitude.

As shown in Chapter 6, Section 6.4, the magnitudes of the measured quantit-

ies scale linearly with the amplitude of the actuation force F , except for the zero-

frequency pressure component p0. These observations indicate that, for a given

stiffness, the curves of the scaled quantities collapse onto one another. This property

is exploited in the following analyses: for each stiffness level, the five curves cor-

responding to the five actuation force amplitudes are averaged to produce a single

representative curve. In other words, instead of displaying five nearly overlapping

curves per stiffness, only their mean curve is presented. This approach, combined

with the cycle-synchronous average technique introduced in Chapter 4, further rein-

forces any trends and patterns in the experimental results. Finally, for clarity, red and

blue are used to compare stiffness levels, whereas orange and green are used to

compare actuation forces, consistent with the color scheme applied throughout this

thesis.

7.3.1 Expected Resonant Shifts from Quasi-Static Tests

The expected shifts in natural frequency resulting from the stiffness variations ob-

served in the quasi-static tests are analyzed. Table 7.2 summarizes the ratio of the

maximum to minimum equivalent stiffness extracted from Fig. 7.4a, denoted rk, along

with the corresponding ratio of natural frequencies r∗ =
√

rk expected from a MSD

system. Interestingly, the natural frequency ratio decreases across the configurations.

This reduction arises from the additional stiffness contributed by the pump and the

water, which diminishes the relative influence of the VSM-induced stiffness variations.

max(keq) [N.m] min(keq) [N.m] rk Expected r∗

Config A 3970 928 4.0 2.1
Config B 5601 2844 2.0 1.4
Config C 6158 3624 1.7 1.3

Table 7.2: Numerical equivalent stiffness values obtained from Fig. 7.4, ratio of the
highest to lowest stiffness rk and expected ratio r∗ of the highest to lowest natural
frequency.
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This result highlights a key consideration in the design of tunable-stiffness pumps:

the stiffness range provided by the VSM must be maximized to offset the reduction

in r∗ caused by additional restoring elements. In practice, the extra stiffness intro-

duced by external components can nearly suppress any resulting shift in resonance

frequency.

7.3.2 Electric and Mechanical Power

The expected shifts in natural frequency in quasi-static conditions are compared

with the frequency shifts observed in the electric and mechanical power estimations

obtained under dynamic conditions. Figures 7.6a, b, and c respectively present the

electrical power, mechanical power, and electromechanical efficiency for configuration

B. The frequency ratio observed for these three quantities is 1.17/1 = 1.17, which

is close to the expected value of 1.4. The discrepancy between the predicted and

experimental ratios can be attributed to uncertainties in the stiffness estimation and

to the fact that the pump might not exactly follow the resonant frequency scaling with

stiffens of the simple MSD model. A similar trend is observed for configuration C

shown in Fig. 7.6c, d and e, where the frequency ratio 1.25/1.08 = 1.16 remains

comparable. Although the presence of water introduces additional stiffness and thus

shifts the resonance frequencies (as explained in Section 6.4), its effect is insufficient

to significantly alter the frequency ratio. This result is consistent with the natural

frequency ratios in quasi-static conditions where from configuration B to C, the ratios

only change from 1.4 to 1.3.

Figure 7.6 also show that, for both configurations, an increase in stiffness results

in a decrease in power and efficiency. As recalled in Eqs. 5.20 and 5.21, the electrical

and mechanical powers scale inversely with the damping coefficient c and are inde-

pendent of the stiffness. Therefore, if damping remained constant across stiffness

levels, the amplitudes of the power peaks would be expected to remain unchanged.

The observed reduction in these peaks thus confirms that damping increases as the

number of active coils decreases, as previously shown in Fig. 7.4b. However, although

configurations B and C exhibit similar power and efficiency at N = 8.3, the decrease in

electrical power and mechanical power is significantly greater in configuration C. This

indicates that, under dynamic conditions, energy losses related to stiffness variations

increase more rapidly in the presence of fluid loading. Specifically, from the lowest

to the highest stiffness, the efficiency drops by 8 % in configuration B and by 17 %
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a. b. c.

d.
e.d. f.

rr = 1 rr = 1.17 rr = 1
rr = 1.17 rr = 1 rr = 1.17

rr = 1.08
rr = 1.25 rr = 1.08

rr = 1.25
rr = 1.08

rr = 1.25

rr

Figure 7.6: Averaged powers normalized by F2 and efficiencies for configuration B
and configuration C. a. Config. B: Electrical power . b. Config. B: Mechanical power.
c. Config. B: Electromechanical efficiency. d. Config. C: Electrical power . e. Config.
C: Mechanical power. f. Config. C: Electromechanical efficiency.

in configuration C. It is hypothesized that fluid loading alters the alignment of the

pump’s mechanical components, inducing changes in the scaling of damping with the

number of active coils. Additionally, the higher oscillation frequencies at resonance

in configuration C may contribute to increased damping within both the voice coil

actuator and the fluidic circuit. Both of these results are summarized visually in Fig.

7.7.

P∗
m =

1
2

F2

c
(5.20 revisited)
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rr =1

rr =1.08

rr =1.25

rr =1.17
Configuration 1

Configuration 2

Water induced shift

"small" drop

"large" drop

8 %

17 %

Figure 7.7: The water added stiffness induces a shift in natural frequency. However,
it is not strong enough to generate significant variation in the natural frequency
ratio r∗ which remains approximately the same in both configurations. Finally, the
VSM induces higher losses for higher stiffness resulting in the power and efficiency
amplitudes to drop. The larger drops observed in configuration C is mostly associated
to fluid loading, which alters the VSM functioning, thereby modifying its damping
characteristics.
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mech (5.21 revisited)

7.3.3 Hydraulic Power Harmonic Content

This section analyzes the frequency components of the pressure, flow rate, and

hydraulic power, with the objective of identifying any notable differences from the ob-

servations previously made for the electrical and mechanical powers in configuration

C.

The first part of the analysis focuses on the fundamental and second harmonics.

Figure 7.8 summarizes the contributions of the first two harmonics of pressure and

flow rate to the hydraulic power. The first (Figs. 7.8a, e), second (Figs. 7.8b, f), and

fourth rows (Figs. 7.8d, h) correspond respectively to the scaled magnitudes of the

pressure, flow rate, and power harmonics.

For the second harmonic (right column), no shift of the resonant peak is observed:

the natural frequency remains constant at rr = 1.08 between N = 8.3 (thick red

curve) and N = 3.3 (thick blue curve) as shown by the dotted line. In contrast, for

the fundamental (left column), the resonant peak clearly shifts from rr = 1.08 to
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rr = 1.33, as indicated by the red and blue dotted lines and the green arrow denoted

"Shift". This shift is slightly larger than that observed for the electrical and mechanical

powers (1.08 to 1.25). The difference is likely attributable to measurement uncertainty

rather than a distinct dynamic phenomenon. This result demonstrates that the shift

in resonance observed on the actuator’s side is effectively transmitted to the fluid

domain. Specifically, it highlights the fact that stiffness tuning can displace the peak

in the amplitude of the flow rate and pressure oscillations, resulting in a shift of

the hydraulic power fundamental. In other words, the extent to which the pressure

and flow rate change throughout a pulsation cycle can be consistently maximized

throughout different pulsation frequencies.

This behaviour is further illustrated in Fig. 7.9. Fig. 7.9a, b, c, displays the time

variations of the flow rate for N = 8.3 and 1.5Fr at excitation frequencies of 9, 13, and

17 Hz, respectively and for which the DC component has been removed to isolate

amplitude variations. As indicated by the green arrows, the flow rate oscillations

reach their highest amplitude at 13 Hz - the resonant frequency (Fig. 7.9b). The

same trend is observed when the number of active coils is reduced to N = 3.3.

Figures 7.9d, e, f, corresponding to N = 3.3 and 2.22Fr at 9, 16, and 19 Hz, show that

the largest flow variations occur at the new resonant frequency of 16 Hz (Fig. 7.9e).

It is noteworthy that, although the second harmonic does not shift with stiffness, the

shift in the fundamental alone is sufficient to cause a corresponding displacement of

the overall flow rate amplitude.

To the author’s knowledge, this represents the first experimental demonstration

of effective variable stiffness tuning in a macro-scale pulsatile pump, enabling the

maintenance of maximal pressure and flow rate oscillations across different resonant

conditions.

These results demonstrate that the resonance shift observed on the actuator

side is effectively transmitted to the fluid domain. In particular, they confirm that

stiffness tuning can alter the frequency at which the amplitudes of pressure and flow

rate oscillations reach their maxima, thereby shifting the fundamental peak of the

hydraulic power. In other words, by adjusting stiffness, the pump can sustain maximal

oscillatory amplitudes of pressure and flow rate across different pulsation frequencies.
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rr

Contribution of fundamental Contribution of 2nd harmonic

Shift
rr=1.08 rr=1.33 rr=1.08

Figure 7.8: Contribution of the fundamental (left column) and second harmonic (right
colume) to the hydraulic power. Each row corresponds to a different variable. a. e.
Scaled amplitude of the pressure. b. f. Scaled amplitude of the flow rate. c. g. Phase
between flow rate and pressure. d. h. Scaled hydraulic power.
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By tuning stiffness, the pump sustains maximal oscillatory 
amplitudes of flow rate across different pulsation frequencies.

Figure 7.9: Flow rate variations through time to which the DC components has been
removed to visualize amplitude variations. First row: N = 8.3 and 1.5Fr. Second
row: N = 3.3 and 2.22Fr. a. Excitation frequency 9 Hz. b. Excitation frequency 13
Hz (resonance). c. Excitation frequency 17 Hz. d. Excitation frequency 9 Hz. e.
Excitation frequency 16 Hz (resonance). f. Excitation frequency 19 Hz.

In Fig. 7.8, for both harmonics and across all three quantities, a decrease in the

amplitude magnitude is observed, as highlighted by the vertical green arrows. This

indicates a scaling behavior consistent with that previously identified for the electrical

and mechanical powers where damping induced by the VSM results in a drop in

power.

The third row (Figs. 7.8c, g) presents the phase difference between the pressure

and flow rate for different stiffness values. Interestingly, for the fundamental, as the

number of active coils increases, the phase shifts toward lower frequencies (shown

by the orange arrow) which is opposite to the trend observed for the magnitude of

the pressure, flow rate, and hydraulic power. The cause of this behaviour remains

unclear but likely arises from the non-linear behaviour of the fluid. For completeness,

the phase difference of the second harmonic is also shown. However, as previously

noted in Chapter 6, accurately estimating the phase near 180° is challenging; thus,

no meaningful conclusions can be drawn from the averaged curves in Fig. 7.8g.
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The second part of this analysis examines the DC (zero-frequency) components of

the pressure, flow rate, and hydraulic power, as shown in Fig. 7.10. Because the zero-

frequency pressure component does not scale with the actuation force F , averaging

the curves, as done in Fig. 7.8, would not be meaningful. Instead, each quantity is

presented separately for three selected stiffness settings - N = 8.3, N = 4.3, and

N = 3.3 - and for the five corresponding actuation forces.

The first row (Figs. 7.8a, d, g) corresponds to N = 8.3, while the second (Figs.

7.8b, e, h) and third (Figs. 7.8c, f, i) correspond to N = 4.3 and N = 3.3, respectively.

Columns one, two, and three represent the scaled DC components of the pressure,

flow rate, and hydraulic power.

Across all three quantities, no clear resonant frequency shift is observed between

stiffness levels, the resonant peak remaining at rr = 1.08. Although the widening of

the peaks in Figs. 7.8e and f could suggest a slight change in natural frequency, the

trend remains too weak to confirm. As stiffness increases, the amplitude decreases

(indicated by the green intervals on each graph), reinforcing the downward trend

observed for the fundamental and second harmonics as well as for the electrical and

mechanical powers.

Finally, the magnitude of the DC component of the power is considerably larger

than that of the harmonics. At resonance, the DC component is approximately 5–10

times larger than the fundamental, which itself is 2–5 times larger than the second

harmonic. Thus, the overall hydraulic power tends to follow the trend imposed by

the zero-frequency component. Specifically, Fig. 7.11, which presents the hydraulic

power for the same three stiffness levels used in the DC analysis, confirms that no

frequency shift occurs (rr = 1.08 for all three stiffness). This shows that the frequency

shift of the fundamental is not sufficient to induce a shift in the overall hydarulic power.

7.3.4 Efficiency Under Stiffness Tuning

The relationships between the mechanical-to-hydraulic, electrical-to-hydraulic, and

electromechanical efficiencies are now examined.

Figure 7.12 presents the three efficiencies (columns) for N = 8.3, N = 4.3, and

N = 3.3 (rows). The electromechanical efficiency presents clear peaks with de-

creasing amplitude due to the losses induced by the reduction of number of act-

ive coils (from 43% to 36%). Although distinct resonant shifts are visible in the

electromechanical efficiency, no corresponding shift appears in the mechanical-to-

hydraulic efficiency. This is explained by the combined effect of two factors: the
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rr=1.08 rr=1.08 rr=1.08

≈0.09

0 0 0

≈[40, 48]

≈[0.15, 0.2]
≈[1.0, 1.3]x10-4

≈5x10-5

≈4.2x10-5

≈0.1

≈[31, 35]

≈[27, 31]

rr

Row 1/ N=8.3

Row 2/ N=4.3

Row 3/ N=3.3

Figure 7.10: Contribution of the zero-frequency components to the hydraulic power.
Each column of plots represent a different number of active coils. a.d.g. N = 8.3.
b.e.h. N = 4.3 c.f.i. N = 3.3. Each row represent a different variable.a.b.c. Scaled
pressure. d.e.f. Scaled flow rate. g.h.i. Scaled hydraulic power.

absence of a clear influence of the VSM on the resonant frequency of the hydraulic

power, and the negative contribution of the power harmonics, which together suppress
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rr=1.08 rr=1.08 rr=1.08

≈[0.8, 1.1]x10-4

≈[3.7, 4.5]x10-5

≈[2.9, 3.5]x10-5

rr

Figure 7.11: Scaled hydraulic power for three different stiffness and their five
associated forces. a. N = 8.3. b. N = 4.3. c. N = 3.3.

the manifestation of a resonance shift.

As a result, the electric-to-hydraulic efficiency (Figs. 7.12g, h and i) is similarly

unaffected, showing no distinct evidence of resonance displacement. While faint

remnants of the electromechanical resonance peaks can be discerned (highlighted by

the green squares), no unambiguous resonance behavior is observed in the electric-

to-hydraulic efficiency.

Furthermore, as consistently observed throughout this chapter, increasing stiff-

ness leads to greater energy losses, which manifest as a reduction in overall efficiency

as the number of active coils decreases. In particular, the efficiency decreases by

roughly a factor of two between the lowest stiffness (Fig. 7.12g) and the highest

stiffness (Fig. 7.12i) across the entire frequency range tested.
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rr

Shift

43%

36%

39%

Figure 7.12: Efficiencies for N = 8.3, N = 4.3 and N = 3.3 and their associated
forces.a.b.c. Electromechanical efficiency. d.e.f. Mechanical-to-hydraulic efficiency
efficiency.g.h.i. Electric-to-hydraulic efficiency.
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7.4 Conclusion

This chapter examined how stiffness modulation affects the resonant dynamics and

energetic performance of the developed pump. The results demonstrated two major

findings that together mark an important step forward in the understanding and control

of resonance-based pumping.

First, the variation of stiffness through the variable stiffness mechanism introduced

additional losses as the number of active coils decreased. The reduction in active

coils shortens the effective elastic length of the spring, so that for a given global

extension of the mechanism, the active portion of the spring experiences higher

local strain and frictional effects. These factors increase internal energy dissipation,

leading to a moderate decline in mechanical and hydraulic power and a corresponding

reduction in efficiency. Nonetheless, the dynamic response of the system remained

fully consistent with the expected behaviour of a resonant oscillator, confirming that

stiffness remains a key parameter governing the distribution of stored and dissipated

energy.

Second, and most significantly, the experiments revealed a clear and reproducible

shift in the fundamental component of the hydraulic power as stiffness increased.

The frequency associated with the power and efficiency maxima moved upward in

accordance with the theoretical predictions of the mass-spring-damper model. This

observation constitutes, to the author’s knowledge, the first experimental demonstra-

tion of resonance tuning via stiffness modulation in a macro-scaled pump, highlighting

the potential of this approach for achieving adaptive, energy-efficient operation in

future devices.

Despite these promising findings, no significant shift was observed in the overall

(total) hydraulic power because the DC component remains dominant over the oscil-

latory terms. This behaviour underscores the importance of separating steady and

dynamic contributions when analysing resonance phenomena. Overall, the results

presented in this chapter validate the concept of stiffness tuning as a powerful and

experimentally achievable method for controlling resonance in pulsatile pumping sys-

tems, providing a strong foundation for the development of tunable, bio-inspired assist

devices.

The next chapter discusses the broader implications of these findings, the limita-

tions of the current system, and the future directions for optimizing resonance-based

cardiac assist technologies.



Chapter 8

Discussion and Conclusion

8.1 Key Findings and their Implications

This thesis introduced, for the first time, the concept of a resonant heart-scaled

pump integrating a novel variable-stiffness mechanism, the Compact Mechanically

Adjustable Compliance (C-MAC). The results obtained throughout this work demon-

strate the feasibility and potential of resonance-based pumping at a realistic physiolo-

gical scale and open new perspectives for the development of adaptive pulsatile

devices for both biomedical and robotic applications.

A first major contribution is the design and experimental validation of the C-MAC,

a compact variable-stiffness mechanism derived from the earlier Jack Spring concept.

The C-MAC significantly reduces the overall footprint of the system while maintaining

a predictable and easily controllable stiffness-displacement relationship, which scales

inversely with the number of active coils. Unlike most existing variable-stiffness ac-

tuators that are mechanically complex or commercially unavailable (17) (180) (164)

(165), the C-MAC can be entirely 3D-printed as a single monolithic component. This

feature not only facilitates rapid prototyping but also provides researchers and ro-

boticists with an accessible means of integrating stiffness modulation into compact

systems. The simplicity, manufacturability, and scalability of the design position the C-

MAC as a valuable technological contribution to the broader field of soft and compliant

actuation.

The potential of the C-MAC was then exemplified through its integration into a

heart-inspired resonant pump by miniaturizing it to only 9 cm in length and 1.9 cm

in diameter. The pump operates through the expansion and compression of an

elastic cavity actuated by four ribs, mimicking the cyclic volume change of the cardiac

ventricles. It includes inlet and outlet valves inspired by the human heart and achieves

an overall scale comparable to that of the human heart, whose characteristic diameter

and length are approximately 8 cm and 12 cm respectively (85). By developing the

130
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pump directly at a physiologically relevant scale, this work validates the feasibility

of producing resonant pulsatile flow within the geometric and energetic constraints

required for potential cardiac-assist applications.

Experimental characterisation confirmed the resonant nature of the system. The

membrane and the fluidic circuit were shown to introduce additional effective stiff-

nesses, leading to a coupled dynamic behaviour reminiscent of the interaction between

the myocardium and the arterial network (39). Importantly, oscillations in the fluidic

domain contribute to the total system stiffness, which increases non-linearly with

actuator displacement owing to the super-linear relationship between plunger motion

and displaced fluid volume. The experiments demonstrated that resonance enhances

both pressure and flow amplitude, with distinct resonant peaks observed in the har-

monic content of these squantities. This finding provides the first direct experimental

validation that mechanical resonance can be transmitted from the actuator to the

hydraulic domain in a macro-scaled pump.

The harmonic analysis further revealed that while the phase lag between pressure

and flow rate deviates from the ideal 90° predicted by theory(195), this deviation,

while not explicitly demonstrated in this thesis, can be attributed to fluid–structure

interactions and wave reflections in the circuit. In pulsatile flow systems, pressure

and flow are influenced not only by local dynamics but also by wave transmission

and reflection phenomena. In particular, elements such as valves, geometric dis-

continuities, and compliance variations lead to partial reflection of pressure and flow

waves, which alters their relative phase. As a result, pressure and flow waveforms

are no longer in phase and may exhibit distortion and phase dispersion. Such be-

haviour is very well documented in cardiovascular systems, where wave reflections

and distributed compliance contribute to complex pressure–flow relationships (82)

(197)(198)(199)(200)(201)(3). These effects underline the realistic complexity of pulsat-

ile fluid systems and are further discussed in Section 8.2.3.

Finally, varying the number of active coils in the C-MAC confirmed that stiffness

modulation enables controlled tuning of resonance. Increasing stiffness produced a

systematic upward shift in the resonant peaks of mechanical, and electrical power,

in line with theoretical predictions derived from a mass-spring-damper model. This

shift is also seen in the fundamental of the hydraulic power underscoring for the first

time in a man-made pumping device how the amplitude of the pressure and flow rate

oscillations can be maximized at different beating frequencies. This observation con-

stitutes the first demonstration of resonance tuning through stiffness modulation in a

macro-scale pump, establishing stiffness as an effective design variable for optimizing
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dynamic performance. While energy losses increase with stiffness - due to the shorter

active spring length and associated local strain - the capacity to modulate resonance

frequency represents a powerful mechanism for maintaining efficient operation across

variable conditions. This principle echoes biological strategies where adaptive compli-

ance plays a key role in maintaining efficiency across changing workloads (155)(157)

(159).

A visual summary of the key findings of the thesis is provided in Fig. 8.1.

In summary, the findings of this thesis collectively demonstrate that (i) resonance

can substantially enhance energy transfer in compact pulsatile systems, (ii) stiffness

modulation provides a viable means of tuning this resonance adaptively, and (iii) the

integration of these principles at a heart-relevant scale is both experimentally and

practically achievable. These results lay the foundation for the future development of

resonance-based cardiac assist devices and adaptive pumping technologies capable

of replicating, and potentially improving upon, the natural efficiency of the human

heart.
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Figure 8.1: Visual summary of some of the key results of the thesis.
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8.2 Limitations and Recommendations

The work presented in this thesis pursued two main objectives: first, to demonstrate

the potential of resonance to enhance power and efficiency, and second, to show

that this behaviour could be achieved within a device whose size is comparable

to that required for implantation in humans. Both objectives were successfully ac-

complished. The results confirmed that resonance can be harnessed to improve

energetic performance, and that a compact, heart-scale prototype can be realized

without compromising functionality. Nevertheless, several aspects warrant further

investigation before this concept can transition from laboratory prototype to a fully

functional biomedical system. The following sections outline the current limitations

and propose future directions from three complementary perspectives: (i) the prac-

tical challenges and design opportunities related to potential biomedical and robotic

applications, (ii) the constraints and improvements associated with the experimental

setup, and (iii) the open questions concerning the fundamental physics underlying the

coupled electro-hydro-mechanical dynamics of the system.

8.2.1 Application

From an application standpoint, several limitations remain before the concept demon-

strated in this thesis can evolve into a clinically viable cardiac assist device.

Prototype performances While the pump successfully demonstrated the exploita-

tion of resonance, the absolute values of pressure, flow rate, and efficiency differ sub-

stantially from those observed in the human heart. At resonance, the pump produced

flow rate oscillations with an amplitude of approximately 0.6 L·min−1 around a mean

value of 0.8 L·min−1, and pressure oscillations of about 10 mmHg around a mean

pressure of 3 mmHg. By comparison, the human heart generates an average cardiac

output of approximately 5 L·min−1 with pulsations ranging from 0 to 10 L·min−1, and

aortic pressures varying between 80 and 110 mmHg (83)(84).

Moreover, the heart operates with an estimated efficiency of about 20% (202),

whereas the pump developed in this work achieved an electric-to-hydraulic conversion

efficiency between 0.1% and 0.4%. The pump also exhibited resonant behaviour

in the frequency range of 12–16 Hz. Although these values are comparable to the

resonant frequencies reported for myocardial tissue in the literature (140) (141), they

remain well above the physiological beating frequency of the heart, typically between



8.2. Limitations and Recommendations 135

1 and 3Hz (2).

These performance discrepancies underline the need for further optimisation of

the pump design, a topic addressed in the following section.

Technological choices The actuation and variable stiffness mechanisms were primar-

ily selected to facilitate prototyping and to demonstrate the feasibility of resonance-

based pumping. However, the design choices made to simplify manufacturing and

control inevitably limit performances and biocompatibility.

Future developments should explore alternative actuation strategies more suited

to implantable applications. Among these, artificial muscles - such as dielectric elast-

omer actuators (203), shape-memory alloys (204), or pneumatic artificial muscles

(205)(116) - offer promising routes to miniaturization and compliance. Artificial muscles

wrapped around an elastic cavity could mimic the contraction of the myocardium while

providing distributed actuation and smoother force transmission. Nonetheless, the

main current limitations lie in the bulkiness of pressure-driven devices and the high

voltages required to operate them (206). Further research in these areas is necessary

to improve their long-term reliability and scalability for implantable applications.

Regarding variable stiffness, the current mechanism introduces a coupling between

stiffness tuning and equilibrium position, as adjustments in stiffness also induce a

shift in the operating point of the system. This behaviour, arising from geometric

constraints and fluid loading, could be reduced through improved mechanical design.

Future iterations of the mechanism could therefore aim to decouple stiffness variation

from equilibrium displacement in order to achieve more controlled and independent

tuning of system parameters. Similarly, the damping introduced by the VSM was

observed to scale with stiffness. This behaviour is inherent to the current design and,

while it could be mitigated through further optimisation, alternative design approaches

may be required to maintain a more constant damping across stiffness configurations

and thereby improve energy efficiency across actuation frequencies. In addition,

integrating stiffness modulation directly into the external membrane could enable

operation closer to the natural adaptability of the human heart. Approaches using

magnetorheological fluids (207), electroactive polymers (208), or variable pre-strain

mechanisms (209) could be investigated. The challenge lies in achieving a broad

frequency tuning range while maintaining low energy consumption of the stiffness-

control mechanism. A careful trade-off must be found between the achievable stiff-

ness variation, the speed of adjustment, and the thermal or electromagnetic losses

introduced by such systems.
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From a biocompatibility perspective, the current prototype contains moving mech-

anical parts in the flow path, which are undesirable in long-term implantable devices

due to the risk of thrombosis and hemolysis (183). In future designs, all moving com-

ponents in contact with the fluid should be removed or encapsulated within compliant

membranes. Although valves cannot be eliminated, they must be fabricated from

biocompatible and hemocompatible materials (184), ideally reproducing the beha-

viour of human cardiac valves. Promising examples include polyurethane-based tri-

leaflet valves, silicone heart valve prostheses (210), and polymer scaffolds produced

via 3D bioprinting or soft lithography (211). Such designs, already investigated in the

field of total artificial hearts, could be adapted to maintain physiological flow patterns

and minimize shear stress on blood cells.

8.2.2 Experimental Setup

Improving the experimental setup is essential to validate the pump’s performance

more accurately and to emulate physiological conditions more closely.

First, the use of water as a working fluid simplifies testing but does not fully repro-

duce the rheological properties of blood. Replacing it with a water–glycerin mixture

would allow the viscosity to match that of human blood (3–4 mPa·s at 37 °C) (212)

(213). Blood also exhibits non-Newtonian behaviour, where viscosity decreases with

shear rate (214). This characteristic could influence the system’s dynamic response,

particularly during rapid compression and expansion phases. Incorporating this effect

would therefore yield more realistic measurements of hydraulic impedance and flow

transitions.

Next, the current sensing setup provides useful trends but limits quantitative preci-

sion. Higher-grade pressure and flow sensors - especially those capable of measuring

both before and after the valves - would enable more accurate efficiency assessments

and detection of backflows. In particular, ultrasonic clamp-on flow sensors (215),

widely used in cardiac assist research, offer non-invasive, high-frequency measure-

ments. Embedding a pressure sensor inside the pumping chamber would further

improve understanding of internal dynamics and allow comparison with physiological

pressure ranges, as well as the timing of valve opening and closure.

Increasing the sampling frequency of all sensors to at least 1 kHz would improve

the resolution of oscillatory signals at excitation frequencies up to 20 Hz, enhancing

the accuracy of phase-lag estimation between pressure and flow rate. Phase lag

proved to be a critical determinant of hydraulic power and efficiency, and insufficient
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sampling may explain some of the unexpected phase shifts observed.

Additionally, sensor placement must be optimized to minimize measurement delays.

Even small constant time offsets between pressure and flow signals can introduce

artificial phase differences, linearly increasing with frequency and leading to misinter-

pretation of resonant peaks or efficiency values.

While the sensors currently used were adequate for identifying general trends, up-

grading to laboratory-grade transducers would reduce uncertainty in absolute power

and efficiency estimates. Furthermore, the dynamic behaviour of the valves deserves

a dedicated experimental investigation. Valve inertia, hysteresis, and pressure-dependent

opening thresholds could explain some of the non-linear effects and higher harmonics

detected in the frequency spectra (216) (217).

The choice of actuation signal represents an additional area for improvement.

In this study were limited to square wave inputs due to the constraints of the Pluto

servo controller. While suitable for demonstrating the system’s resonant behaviour,

such signals inherently contain multiple harmonic components, which increases the

complexity of the analysis and the interpretation of the system response. In contrast,

sinusoidal excitation would provide a more direct assessment of the system dynamics

by isolating a single frequency component. Furthermore, the use of different actuation

waveforms is expected to influence the system’s response, particularly in terms of

harmonic content, energy transfer, and efficiency. Exploring alternative input signals

therefore represents a relevant direction for future work.

Finally, connecting the pump to a mock circulatory loop capable of reproducing

physiological compliance and resistance would be a decisive step toward application

(218) (219). Such a setup would allow studying the influence of hydrostatic pressure

and fluidic loading - shown in this thesis to affect the equivalent stiffness - under real-

istic operating conditions. It would also help validate the control strategies required

for safe and efficient integration into the human cardiovascular system.

8.2.3 Fundamental Physics

Beyond technological and experimental aspects, further progress requires a deeper

understanding of the fundamental physics governing the coupled electro-hydro-mechanical

dynamics of the pump.

Analytical modeling remains a cornerstone for future optimization. The approach

developed in this thesis can be extended to derive a complete equivalent-mass for-

mulation, as presented conceptually in Appendix J. This equivalent mass depends
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strongly on the geometry of the transmission mechanism - specifically the lever arm

lengths and their angular configuration relative to the pump’s axis. Additionally, the

shape of pump plays a key role in efficient pumping and requires dedicated stud-

ies. Such modeling would facilitate scaling analyses and guide design modifications

without extensive experimental trials.

In parallel, damping models should be defined. While experimental results allowed

to highlight an increase in damping with fluidic loading, clear scaling could not be

established. The overall damping combines viscous, frictional, and hysteretic com-

ponents, each with distinct frequency dependencies (220). The Bouc–Wen model,

widely used to capture non-linear and hysteretic damping in structural systems (221),

could provide an analytical framework to describe these effects and to predict how

damping influences resonance sharpness and efficiency.

Moreover, extending the model to include fluid compliance and wave propagation

effects could bridge the gap between the simplified mass–spring–damper model and

the actual cardiovascular environment. The Windkessel model (39), commonly used

in haemodynamics, represents the compliance and resistance of blood vessels and

could be integrated into the system’s equations of motion. Such coupling would

improve the accuracy of predicted pressure-flow relationships and assist in designing

feedback control laws for physiological load adaptation. In particular, the phase

relationship between pressure and flow rate, remains only partially understood in the

present work. The experimental results indicate the presence of phase dispersion

and harmonic distortion, suggesting that the fluidic circuit behaves as a distributed

system in which wave propagation and reflections play a significant role. In haemo-

dynamics and pulsatile flow analysis, such effects are commonly investigated using

frequency-domain approaches, where transfer functions and hydraulic impedance are

used to characterise both amplitude and phase relationships between pressure and

flow (82) (222). In addition, wave separation techniques, such as wave intensity

analysis (199), allow signals to be decomposed into forward and backward travelling

components, enabling the identification and quantification of wave reflections. These

reflections typically arise from impedance mismatches introduced by valves, geomet-

ric discontinuities, and compliance variations, and are known to modify pressure and

flow differently, leading to phase shifts between the two signals (200)(197). A more

comprehensive modeling framework accounting for these effects would therefore be

required to accurately capture the observed dynamics.

Achieving resonance at lower frequencies - closer to the 1–3 Hz range of the

human heartbeat - remains a major theoretical challenge. Two approaches can be
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pursued: reducing equivalent stiffness or increasing equivalent mass (20). Lowering

stiffness alone requires a proportional decrease in damping to avoid overdamping,

which would suppress resonance. Conversely, increasing equivalent mass lowers

both the natural frequency and damping ratio but introduces mechanical constraints

and potential increases in system size and weight. Realistically, a combination of

these strategies is necessary. Adjusting the transmission geometry to maximize the

mechanical advantage or designing configurations that exploit fluid added mass (223)

(224) could increase the effective inertia without physically adding mass to the im-

plant. This challenge of achieving low-frequency resonance underscores the import-

ance of developing research prototypes at the application scale, enabling potential

design limitations and trade-offs to be identified early in the development process.

In summary, further analytical and experimental investigations into damping mech-

anisms, equivalent mass, and compliant boundary effects will be key to advancing the

fundamental understanding of resonance in pulsatile pumping systems and to guiding

the development of miniaturized, efficient cardiac assist devices.

8.3 Final thoughts

For more than half a century, engineers and clinicians have pursued the vision of

an artificial heart that can seamlessly replicate the function of the native organ -

compact, pulsatile, adaptive, biocompatible and efficient (98). Despite extraordinary

advances in materials science, electronics, and control systems, no single design has

yet achieved the combination of efficiency, durability, and physiological integration re-

quired for a truly optimal cardiac assist device. The repeated efforts of major industrial

and academic programs illustrate both the technical complexity and the economic

challenges of this pursuit. A striking example is Carmat, whose fully implantable

artificial heart represents over three decades of research and development, yet whose

recent financial difficulties highlight the fragile boundary between technological innov-

ation and market viability (111).

This persistent gap between scientific progress and clinical or commercial adop-

tion reflects the inherent difficulty of reproducing the heart’s multi-physics behaviour

- its structural compliance, adaptive control, and energy efficiency - within an engin-

eered system. Achieving pulsatile flow alone is not sufficient: the device must also

adapt dynamically to patient-specific physiological variations while remaining safe, re-

liable, and affordable. The work presented in this thesis contributes to addressing one

aspect of this problem by demonstrating how resonance and adaptive stiffness can
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be leveraged to improve efficiency, but broader solutions will require a convergence

of multiple fields.

Among emerging technologies, biofabrication and bioprinting hold particular prom-

ise (225)(226)(227). The ability to print soft, vascularised, and contractile tissues

could one day bridge the gap between mechanical design and biological function,

enabling hybrid or fully biological assist devices that integrate naturally with the pa-

tient’s cardiovascular system. While such prospects remain long-term, they signal a

paradigm shift—from imitating the heart mechanically to reconstructing it biologically.

The continued collaboration between engineers, material scientists, and biologists

will therefore be crucial to transform decades of incremental progress into clinically

viable, energy-efficient, and truly physiological cardiac assist solutions.



Chapter 9

Publications, Awards, Grants

9.1 Publications

• Baisamy, P., Stokes, A.A., & Serchi, F.G. (2024). "A scalable monolithic 3D

printable variable stiffness mechanism". 2024 IEEE International Conference

on Robotics and Automation (ICRA), 169-175.

• Baisamy, P., Stokes, A.A., & Serchi, F.G. (2025), "Harnessing resonance in

pulsatile flow for the design of efficient heart-inspired pumps", Transaction on

Mechatronics, Under review.

9.2 Awards

• 1st prize: Baisamy, P. (2024, February 28). "Potential and applications of a

new variable stiffness mechanism: the C-MAC" [Poster presentation]. CDT

RAS Conference 2024, Edinburgh, UK.

• 1st prize: Baisamy, P. (2022, November 23). "Large-bandwidth peak efficiency

of bioinspired variable stiffness hydraulic actuators" [Quickfire talk]. CDT RAS

Conference 2022, Edinburgh, UK.

• 1st prize: Baisamy, P. (2021, October 01). "Variable stiffness actuator (VSA)

for efficient bio-inspired pulsed-jet propulsion" [Poster presentation]. CDT RAS

Conference 2021, Edinburgh, UK.

9.3 Grants

• Recipient of the Innovation Fund of the Centre for Doctoral Training in

Robotics and Autonomous Systems. Awarded 13000£ for the development

of a disruptive low energy consumption and pulsatile cardiac assist device.
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Awarded on a competitive basis with shortlisted applicants invited to present

their idea to a panel of researchers and business advisers (2022, May 12).



Chapter 10

Experimental setup: details

Components Reference Supplier

Calorimetric flow sensor FS1025-DL RS components
Gauge pressure sensor MPRLS0300YG00001BB DigiKey
Actuator controller Pluto Servo Drive BEI Kimco
Fluid data collection Arduino Mega 2560.0 Arduino
SD card SanDisk Extreme 64GB A2 SanDisk
SD card reader HW-125 Amazon
H-Bridge SN754410NE DigiKey

Table 10.1: List of the key electronic components.

Components Reference Supplier

Anti-vibration platform B4545A Thorlabs
Tubing RS 797 366 118913 RS components

Table 10.2: List of the key components used for the experimental setup.

Software Version Supplier

Arduino IDE 2.3.2 Arduino
Processing / Processing
Motion Lab 2.13.2.691 BEI Kimco

Table 10.3: List of the softwares used to collect data.
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Prototype: technical details

Parts and products Reference Supplier

VSM motor GM15BY-VSM1527-100-10D Amazon
Voice coil actuator LAS16-23-000A-P01-4E BEI Kimco
Ball bearings DDL-310HA1P25LO1 NMB
Spring PCC031-250-406-13000-MW-1380-CG-N-IN The Spring Store
Silicone rubber DragonSkin 10 Smooth-on Inc
Mold release Universal Mold Release Smooth On
Glue Super Glue Precision Loctite
3D printer Bambu Lab P1S Bambu Lab
Filament PET-CF Bambu Lab
3D printer Formlabs 3+ Formlabs
Resin Clear V4 Formlabs
Resin White V4 Formlabs

Table 11.1: List of parts and products used for the fabrication of the resonant pulsatile
pump prototype.
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Spring specifications
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Chapter 13

Voice coil actuator specifications
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Chapter 14

Variable stiffness unit motor
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Chapter 15

Average of the cross frequencies

product DC

This appendix demonstrates how the cross frequency terms of a product of two

Fourier series cancel out (see Chapter 5, Section 5.3.2). The cross frequency terms

DC are defined in Eq. 15.1 where i ̸= j.

DC = ∑
i

∑
j

HiG j sin(iω1t −ψi)sin( jω1t −χ j) (15.1)

Using the trigonometric product-to-sum identity, Eq. 15.1 is written in an altern-

ative form presented in Eq. 15.2, with the terms A and B expressed in Eq. 15.3 and

Eq. 15.4.

DC =
1
2 ∑

i
∑

j
HiG j(A−B) (15.2)

A = cos((i− j)ω1t −ψi +χ j) (15.3)

B = cos((i+ j)ω1t −ψi −χ j) (15.4)

Since i ̸= j, (i− j) is never equal to zero. Consequently, the term A, never reduces

to a constant and always expresses a zero-mean periodic function. Similarly, the term

B is a zero-mean periodic function for any values of i and j. By definition, the time

integral, i.e the average, of such a function is zero which proves that when integrated,

the cross frequency terms DC cancel out.
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Chapter 16

Mechanical power peaks at

resonance

This appendix aims at finding the frequency at which the mechanical and, hence

the electric power peaks. The mechanical power is dependent on ωM with ω the

excitation frequency and M the amplitude ratio. The excitation frequency can be

expressed as ω = ω∗r with ω∗ the natural frequency and r the ratio of the excitation

frequency to the natural frequency. As a consequence, ωM can be expressed as

shown in Eq. 16.1.

ωM =
ω∗r√

(1− r2)2 +(2ζ r)2
, r > 0, ζ ≥ 0, ωn > 0. (16.1)

Since ω∗ > 0 is a constant, maximizing ωM is equivalent to maximizing Eq. 16.2.

G(r) =
r2

(1− r2)2 +4ζ 2r2 =
r2

H(r)
, H(r) = (1− r2)2 +4ζ

2r2. (16.2)

For r > 0, the derivative of G(r) with respect to r is shown in Eq. 16.3.

dG(r)
dr

=
2r H(r)− r2 dH(r)

dr
H(r)2 , (16.3)

Consequently, the critical points of G(r) satisfy Eq. 16.4.

2H(r) = r
dH(r)

dr
(16.4)

Equation 16.5 presents the derivative of H(r) with respect to r.

dH(r)
dr

= 2(1− r2)(−2r)+8ζ
2r = 4r(r2 +2ζ

2 −1) (16.5)

Combining Eq. 16.4 with Eq. 16.5 results in Eq. 16.6 which once solved leads to
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Eq. 16.7.

2((1− r2)2 +4ζ
2r2) = r4r(r2 +2ζ

2 −1). (16.6)

r = 1 =⇒ ω = ω
∗ (16.7)

The study of the limits show that for r = 1, G(r) reaches a global maximum as

shown in Eq. 16.8.

lim
r→0+

G(r) = 0, lim
r→∞

G(r) = 0, (16.8)

This proves that G(r) and consequently ωM, the electric and mechanical power

peak at resonance.



Chapter 17

Cycle synchronous average

17.1 Principle

Cycle Synchronous Averaging (CSA) is a signal processing technique used to extract

the repeatable, cycle-locked component of a signal from noisy measurements. It is

well suited to systems that operate periodically (e.g., rotating machinery, reciprocating

pumps, or oscillatory actuators), where each cycle is expected to follow a similar

waveform. The central assumption is that the signal of interest is phase-locked to

a known periodic event (a trigger), whereas additive noise and non-synchronous

disturbances vary randomly from cycle to cycle. By aligning and averaging successive

cycles, the random components are attenuated and the synchronous component is

enhanced.

Let si(t) denote the i-th recorded cycle of a periodic signal with period T , after

segmentation and time normalization (see below). The cycle-synchronous average

s̄(t) is

s̄(t) =
1
N

N

∑
i=1

si(t), (17.1)

where N is the number of cycles averaged.

17.2 Implementation

1. Cycle identification. Use a reference signal (e.g., actuation command, en-

coder index, or external trigger) to detect the start of each cycle.

2. Segmentation. Partition the time series into individual cycles of duration T

based on the detected trigger indices.

3. Time normalization. Resample (interpolate) each cycle to the same number

of samples so that all cycles share a common phase axis, even if small period
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variations occur. This produces segments si(t) on a normalized domain t ∈
[0,T ] or on a dimensionless phase axis θ ∈ [0,100]%.

4. Averaging. Compute the pointwise mean across cycles as in Eq. (17.1).



Chapter 18

Equivalent mass model

To determine the equivalent mass of the pump, an analytic model can be derived.

To do so, the sum of the kinetic energy of the actuator’s plunger,Tp, with the kinetic

energy of the weights placed on the ribs, Tr, is assumed to be equal to the kinetic

energy of the equivalent mass, Teq (Eq 18.1).

Teq = Tp +4Tr (18.1)

The kinetic energies Tp, Tr and Teq are respectively calculated with Eq.18.2, Eq.18.3,

Eq.18.4 where mP is the mass of the plunger, xA is the position of point A and ẋA its

speed, Jo is the moment of inertia of the weights on one rib around point O, γ is the

angle between the horizontal and the segment OB and meq is the equivalent mass.

Tp =
1
2

mPẋ2
A (18.2)

Tr =
1
2

Joγ̇
2 (18.3)

A

W

B

O
rB

rO

xB

xA

γ Lever arm

Rib

Figure 18.1: Lengths and variables used for the equivalent mass model.
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Teq =
1
2

meqẋ2
A (18.4)

The moment of inertia JO is defined as m|OW |2, with m the weight placed on each

rib and and |OW | the distance between the points O and A. The angular speed γ̇ is

expressed as the product of the derivative of γ with respect to xA with the linear speed

ẋA , Eq.18.5.

dγ

dt
=

dγ

dxA

dxA

dt
⇔ γ̇ =

dγ

dxA
ẋA (18.5)

Combining Eq.18.1, 18.2,18.3, 18.4 and Eq.18.5, we obtain Eq. 18.6.

meqẋ2
A = mPẋ2

A +4m|OW |2( dγ

dxA
ẋA)

2 (18.6)

The derivative dγ

dxA
is obtained by looking at the pump’s kinematics which allows to

write the system of equations 18.7.
xA − xB =

√
|AB|2 − r2

B

xB = |OB|cosγ

rB = |OB|sinγ + rO

(18.7)

We also define the following quantities for clarity purposes:

e =
rO

|OB|
(18.8)

λ =
|AB|
|OB|

(18.9)

Combining the equations of system 18.7 with Eq.18.8 and Eq.18.9, we obtain

Eq.18.10.

xA = |OB|(
√

λ 2 − (sinγ − e)2 + cosγ) (18.10)

Eq.18.10 allows us to express dxA
dγ

with Eq.18.11.

dxA

dγ
= |OB|(−sinγ − cosγ(sinγ + e)√

λ 2 − (sinγ + e)2
(18.11)

Finally, Eq.18.6 with Eq.18.11 gives Eq.18.12, the final expression of the pump’s

equivalent mass meq.
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meq = mP +4m(
|OW |
|OB|

1

sinγ + cosγ(sinγ+e)√
λ 2−(sinγ+e)2

)2 (18.12)
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