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Abstract

Conducted within the framework of the multidisciplinary HASAMé project,
the work aims to overcome the limitations of current surface haptic technolo-
gies, particularly regarding scalability, energy efficiency, and the spatial preci-
sion of tactile effects. The central objective is to generate localized ultrasonic
friction, allowing users to perceive tactile feedback such as textures, buttons, or
directional cues directly on touch interfaces. To achieve this, both passive and
active confinement approaches are investigated. Passive confinement leverages
the geometric and material properties of periodic structures—such as mechani-
cal pillars—to create localized vibrational zones through wave attenuation and
mode conversion. These structures are designed and analyzed using analytical
modeling based on beam and plate theories, as well as finite element simula-
tions, with experimental prototypes validating their effectiveness. On the other
hand, active confinement is realized through networks of piezoelectric actua-
tors and sensors integrated into the surface. Control strategies are developed
using modal superposition and implemented in a rotating reference frame, en-
abling real-time shaping of the vibration field. This approach allows not only
confinement but also the generation of traveling waves, which are crucial for in-
ducing directional shear forces perceived by the user’s fingertip. A significant
contribution of this thesis is the introduction of an electrical-analogy-based
modeling framework using Mason’s equivalent circuit, which treats each sec-
tion of the vibrating surface as a three-port electrical cell. The methodology
provides a flexible tool for analyzing and designing complex haptic systems
with distributed control. Experimental results obtained with custom-designed
electronic boards and laser vibrometry confirm the theoretical predictions,
showing precise confinement of vibration and efficient control of tactile re-
sponses. Overall, this work provides a comprehensive framework—spanning
modeling, control, experimental implementation, and human-centered evalu-
ation—for the development of next-generation haptic interfaces. It opens the



way for intelligent, responsive surfaces applicable to automotive controls, med-
ical devices, and interactive consumer electronics.
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General Introduction

Haptics, derived from the Greek word haptikos, refers to the science of touch
and tactile feedback, where users can physically interact with virtual or real
environments through the sensation of touch. It plays a critical role in human-
computer interaction (HCI) by simulating different touch-based experiences,
allowing users to feel textures, resistance, pressure, and sometimes even mo-
tion. This field has evolved significantly, with modern haptic technologies
integrated into various devices such as smartphones, virtual reality (VR) sys-
tems, robotics, medical devices, gaming consoles, and the automotive industry.
The goal of haptics is to create more immersive, intuitive, and effective ways
for users to interact with digital systems.

In virtual reality, for instance, haptic devices such as gloves, suits, or con-
trollers enable users to experience the sensation of touching or manipulating
virtual objects, enhancing the experience’s realism. This touch feedback can be
in the form of vibrations, forces, or even temperature changes. Such integra-
tion is especially critical in applications like training simulations for pilots [1],
surgeons [2], or military personnel [3] where haptic feedback adds a layer of
realism that helps improve training outcomes.

In the medical field, haptics are revolutionizing surgical training and medicine.
Surgeons can use haptic-enabled robotic systems to perform complex surgeries
remotely with precision and feedback as if they were physically present [4].
Medical students can practice procedures using haptic simulators that allow
them to feel the resistance and texture of tissues or organs, improving their
learning experience [5].

Advances in haptics are also benefiting gaming and entertainment. Haptic
vests or controllers allow players to feel impacts, vibrations, and even environ-
mental effects like wind or rain, deepening their immersion in virtual worlds
[6, 7]. Meanwhile, haptic feedback is used in robotics to enable more precise
control over robotic arms, allowing operators to perform delicate tasks such as

1



General Introduction

assembling fine components or handling fragile objects . [8, 9]

Beyond these applications, haptics is increasingly used in social interac-
tions, especially remote ones. Haptic technology is adding a new dimension
to remote interactions [10]. Devices like haptic gloves or bracelets allow users
to simulate physical touch, such as a handshake, hug, or pat on the back,
enhancing emotional connection even when participants are kilometers apart.
This technology is gaining attention in virtual meetings [11], and long-distance
relationships[12], offering a more tangible way to express affection, empathy,
or support.

In the automotive industry [13] , haptic technology is becoming a key in-
novation for enhancing driver experience, safety, and control. Modern vehi-
cles now incorporate haptic feedback into steering wheels, pedals, and touch-
screens to provide real-time information to the driver. For example, steering
wheels equipped with haptics can vibrate to alert drivers when they drift out
of a lane, helping to prevent accidents. Similarly, haptic feedback in pedals
can signal hazardous road conditions, like ice or sudden stops ahead. Touch-
screen interfaces in cars also integrate haptic feedback, allowing drivers to feel
subtle vibrations when interacting with navigation systems, media controls, or
climate settings. This reduces the need to avoid the road and enhances overall
user safety [14].

While haptic technology offers immense potential across various indus-
tries, its integration presents several challenges that limit its widespread adop-
tion. One of the primary issues is the complexity and cost of designing pre-
cise, responsive haptic systems that can accurately simulate real-world sen-
sations. Creating realistic tactile feedback requires advanced hardware, such
as actuators and sensors, which can be expensive to develop, manufacture,
and maintain. Additionally, haptic systems often require significant compu-
tational power to process and deliver real-time feedback, which can be dif-
ficult to achieve without introducing delays or inaccuracies, particularly in
high-demand applications like virtual reality or medical simulations. Another
significant challenge is ensuring the consistency and reliability of haptic feed-
back across different devices and environments. Factors such as variations in
user sensitivity, device limitations, or environmental conditions can affect the
perception of touch, making it difficult to standardize experiences across plat-
forms. For example, the same haptic feedback that feels natural in a gaming
controller may not be effective or comfortable in a steering wheel or medical
instrument. Moreover, designing haptics for automotive interfaces or virtual
environments often requires complex calibration to ensure that the feedback
is intuitive, safe, and doesn’t cause distraction or discomfort. The lack of
industry-wide standards for haptic technology also creates difficulties in seam-
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less integration, as developers face challenges when trying to ensure compat-
ibility across different hardware and software ecosystems. This fragmentation
can slow the development of haptic applications and limit interoperability be-
tween devices. Addressing these integration problems will require advance-
ments in haptic technology, standardization efforts, and more cost-effective
production methods to fully unlock its potential across industries.

In summary, haptic technology holds immense promise across diverse sec-
tors, offering the potential to revolutionize how humans interact with machines
and digital environments. However, realizing this promise requires overcom-
ing significant engineering, perceptual, and integration challenges. The re-
search presented in this thesis aims to contribute to this goal by exploring
novel strategies for vibration control and confinement as a foundational step
toward achieving robust, scalable, and versatile haptic systems.

Hasamé Project

This Work is situated within the framework of the HAsame project, a multidis-
plicary project funded by The ANR french agency under agreement ANR-21-
CE33-0020.

The HASAMé project (Haptic SurfAces enhanced by Métamaterials) is an
ambitious multidisciplinary initiative focused on transforming human-computer
interaction through advanced haptic technologies. At its core, the project devel-
ops smart surfaces capable of delivering realistic and programmable tactile sen-
sations—such as button clicks and texture feedback—via a novel stimulation
technique called Ultrasonic Shear Forces (USF). These surfaces are designed to
address critical limitations of current touchscreen technology, particularly the
over reliance on visual input, which affects accessibility and safety, notably in
automotive settings. By embedding display, touch sensing, and haptic feed-
back into a unified surface, HASAMé envisions more inclusive, intuitive, and
safer user interfaces.

A key innovation in HASAMé is the use of engineered metamaterials placed
beneath the interactive surface. These metamaterials are designed to manip-
ulate vibration propagation and confinement, enabling precise control over
where and how tactile feedback is felt. Both passive and active variants are
explored: passive structures confine vibration through geometry and mate-
rial design, while active ones use embedded piezoelectric components for tun-
able and programmable feedback. Combined with distributed actuation and
sensing capabilities, these layers transform static surfaces into responsive, in-
teractive mediums suited for complex geometries like OLED displays or 3D
automotive dashboards.
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Crucially, the project integrates psychophysical testing to validate and opti-
mize the haptic sensations from the user’s perspective. Through rigorous sen-
sory evaluation protocols, human participants assess the realism, clarity, and
usability of the simulated tactile feedback. These tests help define perceptual
thresholds and establish a "tactile language"—a set of standardized descriptors
and parameters—that guide the development of haptic effects. Additionally,
multimodal evaluations involving visual and auditory cues are conducted to
understand the broader user experience and ensure that the HASAMé devices
meet real-world demands in terms of comfort, effectiveness, and satisfaction.
This human-centered approach ensures that technological advancements trans-
late into genuinely useful and perceptually convincing user experiences.

Thuis project is composed of 3 Major work projects :

WP1 – Human-Computer Interaction (HCI)

Composed of : LGF laboratory and LAMIH, this work package focuses on eval-
uating how users perceive and interact with the tactile surfaces developed in
the project. It involves conducting psychophysical studies to determine stimu-
lation thresholds and user preferences for various haptic effects such as button
clicks and textures. WP1 also defines a consistent tactile language and tests
the user experience across different scenarios (e.g., transportation, healthcare,
public interfaces), ensuring that HASAMé devices are intuitive, effective, and
enjoyable to use.

WP2 – Structures (Metamaterials Design)

Composed of : Hap2u , IEMN , and L2EP, WP2 is dedicated to designing the
physical metamaterial layers that enable controlled haptic feedback. It begins
with passive configurations that localize vibrations, then progresses to tunable,
active metamaterials incorporating piezoelectric components. These structures
allow precise modulation and superimposition of vibration modes necessary
for Ultrasonic Shear Forces (USF)-based stimulation. WP2 also demonstrates
the adaptability of these back layers by applying them to OLED displays and
complex 3D smart surfaces.

WP3 – Control (Mechatronic Integration)

Composed of L2EP, this work package develops the electronics and software
systems required to drive the tactile feedback mechanisms. It ensures sta-
ble and precise stimulation through closed-loop control, supports distributed
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actuation to manage multiple actuators simultaneously, and introduces self-
sensing capabilities to detect user interactions without the need for additional
sensors. WP3 provides the technical foundation for real-time, programmable,
and robust haptic responses, fully integrated with the structures from WP2
and validated through user studies in WP1.

The primary objective of this PhD thesis is to contribute to the advancement
of haptic interfaces through the integration and control of ultrasonic stimula-
tion within smart surfaces, with a particular emphasis on the development of
localized ultrasonic friction (USF). Achieving this goal requires both theoretical
and experimental progress to address the specific challenges associated with
localized haptic rendering.

To this end, the work presented in this thesis builds upon the outcomes of
experimental investigations and system developments carried out throughout
the project. These results have played a critical role in identifying and refining
the specifications necessary for the design of next-generation haptic interfaces.
As a result, new prototypes have been conceived and developed to meet these
revised requirements, enabling more effective and precise control of ultrasonic
vibration patterns for enhanced haptic perception

Thesis structure

This manuscript is organized as follows :

Chapter 1 introduces the field of haptic technologies, with a focus on sur-
face haptics and ultrasonic-based tactile feedback. It presents the motiva-
tions for developing localized haptic effects and highlights the current chal-
lenges in scalability, energy efficiency, and vibration control. A detailed re-
view of existing methods is provided, including both passive and active tech-
niques for vibration control, as well as their limitations in real-world applica-
tions. Moreover, a vibration confinement methodology based on mechanical-
electrical analogy is presented.

Chapter2 presents a method for passively confining vibrations by using peri-
odic structures composed of resonant mechanical elements (pillars) integrated
into the haptic surface. It introduces the theoretical foundation based on mode
conversion and wave attenuation and outlines the design and simulation of a
prototype using finite element methods (FEM). The influence of key parame-
ters—such as pillar geometry, placement, and periodicity—on the confinement
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performance is studied. Experimental validation confirms the effectiveness of
this method in isolating vibration to localized regions on the surface.

Chapter 3 explores an active approach to vibration confinement by leveraging
actuator/sensor networks to dynamically shape vibrational patterns. It begins
with a simulation framework based on modal superposition and beam theory
to demonstrate the concept of active confinement. Different control strategies
are tested to localize energy around actuators. An experimental setup with
piezoelectric actuators and laser vibrometry is used to validate the simulation.
Results demonstrate successful confinement and the system’s capacity to shape
vibration fields, including generating traveling waves.

General Conclusion provides conclusion and prospective of this work
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1
Introduction

1.1 Haptic and Haptics

1.1.1 Definition of haptic and haptic technology

In scientific discussions surrounding haptic technologies, the terms "haptics"
and "haptic" are often used interchangeably, yet they hold distinct meanings
and applications, both tied to the sense of touch.

The term "haptic" as a noun pertains to the human perceptual system,
encompassing both tactile (cutaneous) responses and kinesthetic perceptions
(sensations from muscles and joints). As an adjective, "haptic" describes any-
thing related to or involving the sense of touch. In technological contexts, it
refers to devices or features that provide tactile feedback, enabling users to
interact with virtual objects as if they were physically present.

Conversely, "haptics" refers to the broader field of study and application of
touch-based technology. This multidisciplinary domain integrates knowledge
from psychology, neuroscience, robotics, and computer science to design sys-
tems that simulate tactile experiences. Haptics aims to replicate the sense of
touch within digital interfaces, facilitating new forms of human-computer in-
teraction. The scope of haptics extends across various industries, from virtual
reality and medical simulation to remote collaboration, where it plays a pivotal
role in enhancing user engagement and realism in digital environments.

A clear distinction between "haptic" and "haptics" is essential for under-
standing the full potential of touch technology. While "haptic" emphasizes the
sensory aspects of touch in devices, "haptics" encompasses the scientific and
technological advancements necessary to reproduce these sensations. Together,
they represent a critical frontier in technological development, fostering more
immersive, interactive, and human-centered digital experiences.

The incorporation of haptic feedback into devices significantly enriches user
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Figure 1.1: Schematic of the direction of force: normal (in black) and tangential (in
red).

interactions by creating a more immersive and tangible experience. Simulta-
neously, ongoing advancements in the field of haptics continue to expand the
possibilities for integrating digital and physical realities, enabling more sophis-
ticated and engaging virtual environments.

In recent years, haptics has witnessed significant advancements aimed at
developing innovative feedback mechanisms for devices or introducing haptic
feedback in devices that currently lack it. Haptic feedback devices engage both
human perceptual systems: the touch system (tactile feedback) and the kines-
thetic system (feedback related to movement and force). This thesis falls within
the domain of tactile haptic devices, focusing specifically on surface haptics.
Surface haptics is a rapidly growing field of research that aims to create tactile
sensations on physical interfaces, such as the touchscreens commonly found in
mobile phones, tablets, and other interactive devices.

1.2 Surface Haptics Technologies

Surface haptics encompasses a wide array of devices and technologies, with
numerous efforts made to classify these systems. For instance, [15] proposed a
classification scheme for haptic devices in virtual reality based on interaction
methods or paradigms. According to this classification, haptic devices are
divided into three main categories: ‘desktop haptics’ (force feedback for virtual
tools), ‘surface haptics’ (direct interaction with touchscreens), and ‘wearable
haptics’ (force feedback through wearable devices like gloves, helmets, and
shoes).

To enhance the taxonomy of surface haptics, [16] conducted a comprehen-
sive review of haptic surfaces that generate tactile effects on touch interfaces.
In their study, the authors categorized devices based on the direction of the
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Figure 1.2: Classification of the current technologies for surface haptics displays
based on the stimulation direction and method.

force they provide—either normal (perpendicular) or tangential (parallel) to
the surface (see Figure 1.1). Their analysis resulted in the classification illus-
trated in Figure 1.2, which serves as a foundation for the discussion and further
development presented in the following section of this thesis.

1.2.1 Haptic surfaces modulating a force in normal direction

Some devices are capable of directly indenting the fingertip by generating
forces in the normal direction. These forces can be produced by leveraging
two main principles: vibrations or pulses.

1.2.1.1 Normal Vibration

When a surface is actuated by a basic vibration motor, such as those commonly
integrated into mobile devices, a vibration wave propagates through the entire
structure. This wave reaches the user’s finger or hand in contact with the
device. Such an approach is often sufficient for delivering simple vibrotac-
tile feedback, like confirming a button press or signaling an incoming call.
However, these vibrations typically spread uniformly across the entire surface,
limiting spatial precision and the ability to create localized tactile effects.

To produce more complex and discernible sensations, variations in vibra-
tion transients, frequencies, and intensities can be employed [17]. These tactile
signals can be generated by various types of actuators, including electromag-
netic devices such as linear resonant actuators (LRA), voice coil motors, and
eccentric rotating mass (ERM) motors, as well as piezoelectric actuators [18].
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Figure 1.3: Phased array principle [23]

Each actuator type offers distinct characteristics in terms of frequency range,
amplitude, response time, and energy efficiency, enabling a broad spectrum of
tactile feedback applications.

1.2.1.2 pulses

In the context of this thesis, pulses refer to short, transient deformations that
occur on the finger pulp. Various methods can be employed to generate these
pulses on a rigid plate. In this section, we present three such methods.

Phase array acoustic pulses Acoustic waves can propagate through various
media, including solids, liquids, and gases. In the context of haptic feedback
devices, acoustic wave focalization has been explored in air for virtual reality
applications and on solid surfaces for touchscreen devices.

In 1995, [19] demonstrated that a nonlinear ultrasonic wave phenomenon
known as "radiation pressure" could generate enough force to create a tactile
sensation. Later, in 2006, [20] successfully focused acoustic waves on a water
surface using an array of piezoelectric transducers. By precisely calculating
the actuation delay for each transducer, the waves were made to converge at a
single focal point simultaneously, as illustrated in Figure 1.3. However, the ul-
trasonic waves produced by this method can pose risks to the auditory system
due to sound pressure levels that exceed recommended safety limits [21].

In 2015, [22] extended this principle to a solid, transparent surface actuated
by electromagnetic actuators positioned along its edges. By employing wave
propagation theory and considering the structure’s eigenmodes, the authors
calculated the precise contribution of each actuator required to generate lo-
calized vibrations at one of the plate’s four corners. This approach showed
promising results in accurately reproducing reference tactile fields, offering a
new avenue for creating localized haptic feedback.

In elastic media, like glass plates , waves produced by phased array will
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Figure 1.4: The learning phases of the time-reversal method for an initial deformation
at point [26], with u(a, t) representing the displacement field at point a, v(a, t) as its
derivative, and sq(t) as the signal emitted by transducer q during the time-reversal
phase. The initial velocity field v(x, 0) is reproduced via time-reversal as vTR(x, t).

be reflected at the plate’s edges, hence creating unwanted reflection which can
interfere with the desired outcome.

time reversal In order to improve wave focusing on a plate, time reversal
methods [24, 25] can be used in order to improve the resolution compared to
phased array.

With this method , each actuator have a different contribution to generate
wave focalization. To determine the contribution of each actuator, the authors
employ a learning phase, during which initial deformations are induced at
various locations on the surface via external excitation. The acoustic wave
propagates and is reflected by the boundaries. By taking advantage of piezo-
electric transducer [24] or magnetic coils [25], which can work as actuators or
sensors ,the propagating signature on each actuator is measured as an electrical
signal . By time-reversing these electrical signals, the initial deformation can
be reproduced at the respective locations. The stages of the learning process
are shown in Figure 1.4.

Multimodal superimposition In his thesis, [27] proposed an analytical ap-
proach to achieve reference deformation in structures. Their approach is based
on multimodal decomposition theory, enabling the desired structural defor-
mation to be reconstructed through the superposition of the structure’s eigen-
modes. Analogous to a Fourier series decomposition, they project the desired
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Figure 1.5: Multimodal superposition principle [29].

deformation velocity onto the structure’s orthogonal basis to derive the mode’s
weighting coefficients needed to approximate the initial shape through recom-
position. Control voltages are precomputed offline, and the structure is man-
aged in an open-loop system. The authors selected a transient regime to max-
imize kinetic energy precisely at the focalization point in time and space, as
illustrated in Figure 1.5. [28] improved the performance and robustness of this
method by employing spatio-frequency filters, enabling independent control
of each vibration mode within a control loop.

1.2.2 Force modulation in tangential plane

1.2.2.1 lateral vibration

Similar to force modulation in the normal direction, lateral vibrations of a
surface can also create tactile stimulation on the fingertip. For instance, [30]
demonstrated that the skin displacement caused by lateral vibrations can sim-
ulate tangential force modulation when interacting with rough surfaces, even
when the surface itself remains flat and smooth. This lateral force can be used
to create the sensation of roughness on a virtual surface.

One significant advantage of lateral vibrations is that the actuators can be
placed at the edges of the touch surface, facilitating better integration of hap-
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tics into consumer products. Additionally, lateral forces allow direct interac-
tion with the finger, enhancing tactile feedback. Some devices, based on fric-
tion modulation, utilize the user’s finger movements to generate force, further
improving technological integration. These devices will be discussed in the
following section.

1.2.2.2 Friction modulation

An alternative approach to generating lateral force modulation—without rely-
ing on direct mechanical actuators—involves the technique known as friction
modulation. This method modulates the friction between a moving finger-
tip and a touch surface to create tactile sensations, enabling the perception of
various textures and interactive effects. Unlike conventional mechanical actua-
tion, friction modulation produces lateral forces indirectly, through controlled
variations in surface friction.

The resulting frictional force experienced by the user depends on several
factors, including the fingertip’s position on the surface, the normal force ap-
plied by the user, and the finger’s exploration speed. By manipulating these
interactions, it becomes possible to simulate a wide range of tactile experiences.

Two primary techniques are commonly employed to achieve this friction
modulation: electrostatic actuation, also known as electro-vibration, and ultra-
sonic vibration.

Electrovibration The authors in [31] discovered that dragging a dry finger
over a conductive surface, powered by alternating current and covered with a
thin insulating layer, as shown in figure 1.6, produced a distinct sensation com-
pared to when the surface was not powered. This phenomenon is explained
by the formation of a capacitive effect between the finger and the powered
surface,generating an attractive force, increasing the friction.

Exploiting this results, [33] developed an electrotactile display composed
of an array of electrodes insulated with a thin dielectric layer. By utilizing
friction induced by electrostatic attraction forces, they were able to generate
texture sensations on the touch surface. The phenomenon was named as "elec-
trovibration" i.e electrically induced vibration. Moreover, [34] showed that elec-
trovibration can be delivered through a commercial capacitive touch screen,
which demonstrates the viability of this technology on large surfaces. They
also showed that varying the frequency and amplitude of an electrovibrating
signal can evoke different sensations properties such as stickiness, smoothness
or pleasantness

The electrification principle has result in various commercial such , TanvasTM

[35] and a 3D texture rendering device developed by Disney [36]. . However
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Figure 1.6: Working principle of Electro-adhesion [32]

[37] reported that the surface roughness and the finger’s skin humidity affected
the perception of the haptic effect

Ultrasonic Vibration Another way to achieve friction modulation is to use
ultrasonic vibration. Ultrasonic vibrations are mechanical waves that have a
frequency surpassing the human perception threshold (superior to 20 kHz).
These waves have the capacity to propagate across diverse solid materials ,
such as aluminum and glass. When a finger slides on a rigid surface that is
vibrating at ultrasonic frequency, a reduction of the friction occurs.

Achieving ultrasonic vibration on a touch surface typically requires attach-
ing piezoelectric actuators to the surface and driving them with sinusoidal
voltage. To efficiently produce these vibrations, a stationary bending mode
is energized, where the system resonates at its natural frequency to optimize
the power use. A specific design process is then required to optimize material
selection, geometry, and excitation frequency.

The first use of this phenomena in haptic application was by [38]. The
Authors obtained a vibration amplitude of up 2 µm, and they reported that
friction reduction increased with the vibration amplitude. This effect was re-
ferred to as active lubrication or ultrasonic lubrication to illustrate its ability to
reduce friction through ultrasonic vibrations.

Since then, significant research on ultrasonic surface haptic stimulators has
been conducted at the L2EP laboratory. This work began with [39], where
the first ultrasonic vibration-based device was developed. Building on this
foundation, a tactile stimulator called Stimtac was created. Stimtac consisted
of a copper surface equipped with multiple piezoelectric actuators and force
sensors. the force sensors are used to measure the finger position on the de-
vice [40]. Over the years, the Stimtac prototype was refined with more sensi-
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Figure 1.7: Evolution of the StimTac prototype: 1D configuration, 2D feedback, 2D
input and feedback (2008), compact US prototype (2010) and transparent prototype

(2012)

tive sensors, improved hardware robustness, and more energy-efficient control
mechanisms.

In 2012, a transparent tactile stimulator was developed [41], leading to the
creation of E-Vita, a tactile feedback tablet that incorporated both haptic and
visual feedback [42]. The combination of a transparent surface with visual-
tactile stimulation eventually resulted in the commercial product XploreTouch,
developed by Hap2U. The progression of ultrasonic lubrication devices is il-
lustrated in Figure 1.7.

The complex mechanisms behind ultrasonic lubrication are not yet fully
understood. However, two prominent theories have been proposed in the lit-
erature to explain these phenomena: the intermittent contact theory and the
squeeze-film effect.

The squeeze-film effect is based on the formation of a thin air layer that un-
dergoes cyclic compression and decompression between the fingertip and the
oscillating surface at high speeds. This theory suggests that the air film created
by ultrasonic vibrations reduces the contact area between the fingertip and the
surface, leading to a decrease in frictional forces during sliding. [43, 44] inves-
tigated this phenomenon and observed distinct frictional behaviors between
vibrating and non-vibrating surfaces. However, a more detailed study by [45]
indicates that the observed friction reduction cannot be fully explained by the
squeeze-film effect alone, as it does not completely predict friction behavior.

To address this, [45] proposed the intermittent contact theory, which sug-
gests that the interaction between the finger and the vibrating surface is not
continuous. According to this theory, at certain vibration amplitudes, the fin-
ger periodically loses contact with the oscillating surface, reducing the lateral
forces exerted during sliding. This intermittent contact leads to the observed
friction reduction between the fingertip and the surface.

Although the intermittent contact theory has gained partial support within
the scientific community, recent studies have revealed a more complex interac-
tion between both the squeeze-film effect and intermittent contact, suggesting
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that they jointly contribute to active lubrication [46]. [47] proposed that par-
tial squeeze-film levitation modulates the perceived friction on the fingertip.
However, the exact role each mechanism plays in active lubrication remains
unknown, awaiting further exploration and deeper clarification.

The aforementioned devices and technologies all explored transversal ul-
trasonic vibrations i.e out-of-plane vibrations. [48] developed an in-plane vi-
bration based ultrasonic haptic device. It showed better energetic performance
specially at high ultrasonic frequencies for similar perceptions and better ro-
bustness to finger interactions.

1.2.2.3 Net tangential force

The previously discussed prototypes based on friction reduction require a
moving finger (active finger) to induce haptic feedback. Net tangential force
is a solution to generate haptic feedback on a passive finger, because they are
shear forces created on the finger independently of its moving speed or direc-
tion. According to [16] two methods or type of shear forces exists : asymmetric
friction force and a driving force.

Asymmetric friction force In [49], the authors used electromagnetic actuators
to generate a sawtooth displacement at 5 Hz on a plate. Since friction depends
on the relative velocity between the finger and the plate, the sawtooth motion
creates a strong asymmetry in friction: the relative speed is higher when the
plate’s velocity is high. As a result, a net lateral force is produced. However,
this method requires large-amplitude, low-frequency movements, which limits
its practicality for certain applications.

To overcome this limitation, [50] developed a device composed of two ac-
tuators. The first is a piezoelectric actuator responsible for producing active
lubrication through ultrasonic actuation. The second is an electromagnetic
actuator that generates 100 Hz oscillations in the tangential direction. By syn-
chronizing the friction reduction with the oscillations, a shear force is applied
to the user’s finger, producing a tactile sensation. Using a similar method, [51]
replaced ultrasonic lubrication with electrovibration to increase friction during
a specific phase of the oscillation.

For actively generating lateral forces, [52] developed a device that simulta-
neously modulates friction using electrostatic actuation and generates in-plane
ultrasonic oscillations at 30 kHz. The direction and magnitude of the active lat-
eral forces depend on the phase relationship between the in-plane oscillation
and electrovibration.
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Figure 1.8: ring-type structure to generate travelling wave [54]

Figure 1.9: Top view of the LateralpaD structure [55]

driving force It is possible to generate shear forces by using two different
vibration modes on the touch surface. These two modes must be excited si-
multaneously at an intermediate frequency between their respective resonance
frequencies. This excitation allows for the creation of elliptical particle motion,
which produces a driving force. For this purpose, [53] excites two out-of-plane
vibration modes in a finite beam, at an intermediate frequency and with a
phase shift. This results in a traveling wave that generates elliptical motion.
To achieve a better traveling wave ratio, [54] excites two traveling modes on a
ring-type structure as depicted in figure 1.8, which provides an infinite vibra-
tion surface, leading to an improved traveling wave ratio. .

Rather than using two identical vibration modes, [55] employs an out-of-
plane mode, generated by piezoelectric actuators placed on the surface, and an
in-plane vibration mode, created using two stacks of piezoelectric actuators on
each side of the surface, as shown in Figure 1.9 .

To improve the integrability of this technique, which is based on modal su-
perimposition, the L2EP laboratory developed a device in which the actuators
are positioned exclusively on the surface [56], as illustrated in Figure 1.10. The
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Figure 1.10: The device used to generate two different vibration modes
simultaneously [56]

prototype was designed to support the coexistence of two ultrasonic vibration
modes at the same frequency: the first mode corresponds to an out-of-plane
vibration, while the second mode induces an in-plane vibration.

By simultaneously actuating both vibration modes with a controlled phase
shift of π/2, an elliptical motion is generated at the surface. This elliptical
movement enables the modulation of lateral forces, which can be perceived by
the user’s fingertip as tactile feedback.

Since the device is intended for direct interaction with the user’s fingers,
a closed-loop control system was implemented to ensure the maintenance of
the desired phase shift between the two vibration modes. This feedback loop
guarantees the stability and effectiveness of the generated tactile sensations,
regardless of external disturbances or variations in operational conditions.

1.2.3 Surface haptic challenges

Despite the advancement in different haptic technologies, at the except of the
basic normal vibration, none of the methods have made it past the prototype
stage due to several problems.

Although the classic normal vibrations methods is enough for the confir-
mation of control actions, many applications require more than haptics for the
confirmation of actions such as searching and finding the control elements. The

Page 18



1.2. SURFACE HAPTICS TECHNOLOGIES

Figure 1.11: Theoretical framework of haptic processing in automotive user interfaces
[57]

latter is taking an important place in haptic interaction in automotive applica-
tions. [57] defines a theoretical framework for haptic interaction in automotive
interfaces. it consists in a model-based description of the haptic processing in
the case of controlling a car’s function, which describes four discrete phases
(steps) that are crucial in the process. As illustrated in Figure 1.11, haptic in-
teraction begins with an exploration phase initiated by the user’s intention.
This is followed by the detection phase, during which the user distinguishes
interactive surfaces from purely decorative elements. Next is the identification
phase, where the user selects the intended control element. Finally, the inter-
action culminates in the usage phase, during which the user manipulates the
control element and receives confirmation via haptic feedback. More details
about the framework and its guidelines can be found in the paper. Such com-
plex haptic interaction cannot be achieved solely on surfaces haptics based on
normal vibration methods. Friction control and net tangential forces represent
an answer to the complex interaction described in the framework, but their
integration still faces challenges.

The scope of this thesis is surface haptics based on mechanical vibrations
specifically ultrasonic vibrations. We are going to present some of the chal-
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lenges that integration of haptics based on mechanical haptic faces challenges.
While ultrasonic vibration is effective on small-scale interfaces, scaling this

technology to larger areas—aligned with the framework guidelines—introduces
several significant challenges:

• Uniformity of Vibration: Achieving consistent ultrasonic vibration across
a large and complex (non-planar) surface is difficult. Inconsistent vi-
bration amplitudes or frequencies can cause uneven friction modulation,
where some areas perform optimally, while others experience diminished
or even excessive friction.

• Complexity of System Design: Expanding ultrasonic vibration systems
to larger surfaces increases design complexity. Factors such as transducer
placement, control algorithms, and mechanical integration become more
demanding, particularly on irregular or curved surfaces.

• High Energy Consumption: Operating ultrasonic actuators over exten-
sive areas requires substantial energy, making it less suitable for energy-
constrained or mobile applications.

• Increased Vibration Mode Density: Larger surfaces naturally exhibit a
higher density of vibration modes. This complicates the task of selecting
and controlling specific modes for generating targeted effects.

• Difficulty in Mode Selection for Ultra-Shear Forces: In applications re-
quiring the superposition of two vibration modes to generate ultra-shear
forces, the increased mode density makes precise mode selection and
control far more challenging.

Each of these challenges needs to be addressed to successfully implement
ultrasonic friction modulation on larger, more complex surfaces. Moreover, the
integration this haptics based on mechanical vibrations into practical applica-
tions faces significant challenges related to boundary conditions, which affect
the propagation and performance of ultrasonic waves.

Several potential solutions can be identified to address the challenges as-
sociated with vibration-based mechanical systems. These approaches aim to
enhance performance, improve efficiency, and ensure adaptability in diverse
applications. One such approach involves segmented vibration systems, which
divide the surface into smaller, independently controlled regions. This seg-
mentation allows for improved uniformity of vibrations and reduces energy
consumption by targeting only the active areas that require modulation, while
maintaining the boundary conditions respected. Another promising strategy is
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developing surfaces with optimized acoustic properties, to enhance wave prop-
agation and minimize energy losses, thereby increasing the overall efficiency
of the system. Together, these solutions offer a comprehensive framework for
addressing current challenges and advancing the field of vibration-based tech-
nologies.

In this thesis, we aim to address the challenges of vibrations confinement
and boundary conditions by focusing on the first approach: dividing a large
surface into smaller, independently controlled segments.

The next section provides a brief overview of vibration confinement tech-
niques, highlighting key methods and strategies used to control and localize
vibrations within specific regions.

1.3 Overview of vibration confinement techniques

Vibration confinement is not just a goal for haptic applications; it is also a key
challenge in various fields, particularly in vibration damping for structures.
Solutions in this domain aim to limit the spread of vibrations or confine them
to specific areas of a vibrating surface. Vibration localization techniques can be
broadly classified into two categories: passive and active.

Passive localization relies on structural geometry to prevent vibration from
propagating. These methods are typically less adaptable and cannot be ad-
justed once the structure is built. For example, the frequency range of attenu-
ation is fixed and cannot be changed post-construction.

In contrast, active localization uses sensors and actuators to actively con-
trol vibrations. This approach offers greater flexibility, as it can be fine-tuned
and reprogrammed after construction, allowing for adjustment of the vibration
system.

in this section, a small overview of both type of methods, that can be related
to surface haptics, is detailed.

1.3.1 passive methods

As previously mentioned, passive vibration localization techniques rely on ge-
ometry. For this purpose, [58] developed a specific geometry using narrow
plates with a cutoff frequency below which bending waves become non ra-
diate and do not propagate but remain confined around the actuator. This
frequency corresponds to the resonance frequency of the first vibration mode.
Figure 1.12 show the numerical simulation that was conducted on a narrow
plate to analyze its behavior in the frequency domain. The results present the
amplitude response at two distinct locations: the excitation point, denoted as
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Figure 1.12: Numerical solution the narrow plate in the frequency domain [59]

(xs, ys), represented by the light pink curve, and a second point located 30 mm
away along the x-axis, indicated by the dark blue curve. The simulation results
demonstrate that, within the frequency range of 0 to 1.6 kHz, the plate exhibits
non-propagative behavior. Beyond the first cut-off frequency, denoted as f1,
the plate transition into a propagative regime.

By arranging multiple narrow plates in a periodic pattern, a larger haptic
surface can be created with localized vibrations [60].

Another approach to vibration confinement involves using structures known
as "acoustic black holes" (ABH). Named after celestial black holes, which ab-
sorb all light waves, acoustic black holes are designed to dampen mechanical
vibrations (see Figure 1.13b). The design of ABHs draws inspiration from gra-
dient index (GRIN) lenses, originally proposed by Maxwell. GRIN lenses offer
several benefits, including modified refractive properties, reduced aberrations,
and easy integration [61, 62]. Based on these optical lenses, research has ap-
plied similar principles to elastic waves [63, 64]. An acoustic black hole acts as
a mechanical vibration lens by gradually tapering the thickness of a thin plate
while adding a damping layer, as shown in Figure 1.13a [65].

Another explored method is based on metamaterials, specifically periodic,
locally resonant structures. Inspired by optical applications [66], [67] devel-
oped a structure with periodically placed pillars arranged to generate a waveg-
uide. The periodic lattice structure creates a frequency band gap where the
transmission coefficient of the vibration is nearly zero, preventing vibration
propagation outside the waveguide, as shown in Figure 1.14.based on this idea,
[68] developed a waveguide for ultrasonic vibrations to achieve localized hap-
tics that confine vibration at a frequency of 60 kHz.
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Host beam ABH

Damping layer

(a) (b)

Figure 1.13: Acoustic black hole principle. a)ABH schematics .b) Vibration damping
in ABH

Figure 1.14: Acoustic waveguiding by a phononic crystal composed of cylindrical
steel inclusions in water, as presented in [67]. (a) Experimental (solid line) and

numerical (dotted line) transmission of the waveguide. (b) Numerically calculated
displacements at frequency f=275 khz

Page 23



CHAPTER 1. INTRODUCTION

Figure 1.15: The frequency trapping device with it’s synthetic impedance circuit [71]

1.3.2 Active methods

As previously discussed, active methods utilize actuators to actively control,
limit, or confine the propagation of vibrations across a surface. In this context,
[69] proposed a system in which multiple actuators were affixed to a vibrating
surface. The vibration response at specific points on the surface was measured
using a laser Doppler vibrometer. These measurements were performed for
each actuator individually to characterize the system’s dynamic behavior.

Based on the collected data, a transfer function matrix was established,
representing the relationship between the input signals applied to the actuators
and the resulting vibration amplitudes at the observation points. By inverting
this transfer function matrix, it becomes possible to synthesize input signals for
the actuators such that the vibration is concentrated at a specific point while
being minimized elsewhere on the surface. This strategy is commonly referred
to as the inverse filter technique.

Another approach to achieve vibration confinement is through the use of
an active absorber, as demonstrated by [70]. This absorber consists of a piezo-
electric transducer connected to a synthetic shunt resonant circuit, enabling
vibration damping at a tunable frequency. Similarly, [71] applied this prin-
ciple to a beam with multiple piezoelectric actuators affixed to it. By using
synthetic impedance circuits, they tuned the shunt circuit of each actuator
to a different frequency, allowing for the limitation of vibration propagation
based on frequency, as illustrated in Figure 1.15. In addressing the complex
problem of vibration confinement,the aforementioned solutions are tailored to
specific application domains, limiting their broader applicability. This thesis
aims to bridge that gap by developing a methodology that transcends domain-
specific constraints, leveraging the versatility of electrical analogies as a unify-
ing framework. In the next section, the proposed methodology is developed.
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(a)

(b)

Figure 1.16: Vibration propagation in a beam. a) Normal vibration propagation. b)
confined vibration propagation (dashed lines represent the emulated boundary

conditions)

1.4 The Electrical Analogy based vibration confine-
ment concept

Our aim in this thesis is to limit vibration propagation on a surface. To sim-
plify the concept, in this part, we are going to introduce the general idea behind
vibration confinement. When a beam is excited by an actuator (piezoelectric
actuator for example ), the vibration will be through all the surface. To be able
to confine vibration in a part of the beam, we intent to emulate fixed boundary
conditions on the surface to limit the vibrations at the desired frequency, as de-
picted on 1.16b. The emulated boundary conditions are presented with dashed
lines. It means, at a specific frequency, we would have a small beam with fixed-
fixed boundary conditions inside a larger beam with free-free boundary condi-
tions. If the excited within the small boundary conditions , the vibration would
not propagate beyond the emulated clamped-clamped boundary-conditions.

To emulate the boundary conditions, our concept in based on an electrical
analogy of mechanical vibration propagation. The analogy was developed to
overcome the complex calculation to find the wave equations in piezoelectric
materials.In [72], the authors by uses the analogy from electrical network the-
ory and presents an equivalent circuit that can be used for one dimensional
analysis. The electrical analogues since then has been widely used to analy-
ses and investigate vibrations behavior. This method is particularly useful in
case of piezoelectric transducer since they have both mechanical and electri-
cal properties. The technique was named after its author : Mason’s equivalent
circuit.

The aim of this analogy is to facilitate and illustrate the concept on which
the vibration confinement can be based on.

Page 25



CHAPTER 1. INTRODUCTION

Table 1.1: Analogy between mecahnical and electrical physical elements

Mechanical Electrical
Force Voltage
Velocity Current

(a) (b)

Figure 1.17: Mason’s equivalent circuit. a) with piezoelectric force .b) without
piezoelectric force

1.4.1 Mason’s equivalent circuit

In this analogy, the mechanical forces or constraints are represented by voltages
and the vibration amplitude is represented by the current intensities 1.1.

The mason’s equivalent circuit is built upon this analogy, where a part or
section of surface is modeled as a three port electrical circuit. This part or
section is called "Cell". One port represents the electromechanical conversion
using piezoelectric transducer, while the other two ports represents the bound-
ary conditions on each side of the section as depicted in figure1.17a.

The electromechanical conversion is modeled as a voltage source, which
corresponds to the force generated when a voltage is applied to a piezoelectric
transducer. If no piezoelectric transducer is placed on the section, or if the
actuator is not powered, the voltage source can be removed from the equivalent
circuit, as shown in Figure 1.17b.

The electrical impedances Zt,Zs are in function of the geometry and me-
chanical properties of the cell as follows :

ZT = iZ0tan(
Γl
2
) (1.1)

Zs = iZ0(
1

sin(Γl)
) (1.2)
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(a) (b) (c)

Figure 1.18: Mason’s equivalent circuit boundary conditions : a) clamped-clamped.
b) free-free. c) free-clamped.

where :

Zs0 = A
√

ρCD
31 Γ = ω

√
ρ

CD
31

The different parameters are in function of the considered material and cell
such as :

• A The surface of the cell

• l The thickness of the cell

• ρ the density of the material

• CD
31 the rigidity of the material.

The electrical parameters V1, I1, V2, and I2 depend on the boundary con-
ditions of the system. When the boundary conditions are free, it implies that
there are no constraints, the force is null, which translate to to a short circuit in
the Mason’s model. Conversely, when the boundary conditions are clamped,
there are no vibrations, and the current intensity becomes null, resulting in
an open circuit. The various configurations of these boundary conditions are
illustrated in Figure 1.18.

Moving forward, for the sake of simplifying the representation of our con-
cept, a simplified representation of the cell is used. The representation encap-
sulate the different components of the equivalent circuit under a block repre-
sentation.

This cell representation allows per example to easily represent a beam con-
sisting of multiple sections,each one is represented by a cell as depicted figure
1.20a. In this example the beam presented in 1.16 can be divided into 5 cells.
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Figure 1.19: Cell representation

The boundary conditions are free-free which is represented by the short cir-
cuit at each end of the equivalent representation. Only the middle cell has a
transducer attached to it and thus only this beam has the below input E0. The
equivalent circuit looks like a representation of transmission line in electrical
network. We can use this representation to study the vibration behavior in the
beam i.e find the vibration modes.

(a)

(b)

Figure 1.20: Beam representation using mason’s equivalent circuit. a) A beam
divided into 5 cells. b) the equivalent circuit of the beam

1.4.1.1 Mathematical model of a cell

The mathematical model of a cell is a general representation that does not
account for specific boundary conditions, i.e., the model assumes that both
voltages and currents are nonzero. It is formulated as a matrix-based system
that defines the relationship between current and voltage at key points, specifi-
cally (V1 , I1),( V2 , I2) , and the piezoelectric force term E0 if taken into account.
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Figure 1.21: Mason’equivalent circuit with intermediary variables

To construct this model, we use the cell represented in Figure 1.21. The
circuit includes intermediary current and voltage variables that help determine
the desired model. Following this approach, we can establish the relationship
between (V1 , I1) and (Vs , Ia ) :

Vs = V1 − Zt Ia (1.3)
Ia = Is (1.4)

This system equations can be written on matrix form as follows :[
V1
I1

]
=

[
1 −ZT
0 1

] [
V2
Ia

]
= T1

[
V2
Ia

]
(1.5)

Then following the same method of work we establish the following relations:

[
Vs
Ib

]
=

 1 0

−
1
Zs

1

 [
Vs
Ia

]
= T2

[
Vs
Ia

]
(1.6)

[
V2
I2

]
= T1

[
Vs
Ib

]
(1.7)

Based on (1.5),(1.6),(1.7) can be written as :[
V2
I2

]
= T

[
V1
I1

]
(1.8)

where : T = T1T2T1
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Figure 1.22: The beam equivalent circuit with added filters

The previous model is based on the fact that there is no piezoelectric force.
In case of piezoelectric force the model becomes as follows :[

V2
I2

]
= T

[
V1
I1

]
+ KE0 (1.9)

where K = T1T2B with B =
[
0 1

Zs

]T

This cell model will allow for the calculation of vibration behavior of a
beam represented by multiple cells.

1.4.2 The vibration confinement concept

As illustrated in Figure 1.20a, the analogy of a beam can be modeled as an
electrical transmission line consisting of multiple impedances. At a given fre-
quency, when a piezoelectric force is applied, the presence of current in certain
sections of the transmission line corresponds to vibrations occurring in the
equivalent regions of the beam, represented as discrete cells.

To achieve vibration confinement inside a specific regions of the beam, the
current should be nonzero in designated branches while remaining null in
others. However, due to the natural propagation of vibrations through the
structure, the current—and consequently, the vibration—will generally not be
null at any frequency unless specific modifications are introduced.

In electrical engineering, specialized components known as filters are de-
signed to control the flow of current in circuits. In particular , band rejection
filter show a large impedance (Z = ∞) at a specific resonance frequency. In-
serting such filter in between two cells of a beam (figure 1.22) will cancel the
vibration in the branch, hence confining the vibration in the selected cells.

In the next section, we illustrate this concept and we described the required
to design the confinement.

In order to confine vibration mode in a part of a beam based on electrical
analogy we are using the following three steps.
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Figure 1.23: The three cells circuit with clamped-clamped boundary conditions
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Figure 1.24: Frequency response of the current I′3 of the clamped-clamped 3 cells
beam

1.4.3 Selecting the vibration mode to be confined

In a first step, we simulate the beam mode of the 3 selected cells, where the
vibration confinement should occur, in this simulation, we isolate the selected
cells, imposing clamped-clamped boundary conditions as depicted in figure
1.23.

Using the matrix representation and taking into account the boundary con-
ditions, we simulate a frequency sweep from 10 Hz to 20 kHz. The currents
analogous to the vibrations are calculated when a force is applied with E0 =1 V.
We analyze I′2 (I′2 = I′3 due to symmetry conditions). The current presents sev-
eral curve peaks in the frequency domain which are the resonance frequencies
of the vibration modes. To be efficient, the vibrations should occur at the res-
onance frequency. We select an operating frequency at 25 kHz, corresponding
to the first vibration mode.
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Figure 1.25: Frequency response of the current of the 5 cell beam in free-free
conditions

Since we aim to generate the desired mode in 5-cell beam, we first examine
the vibration modes of this beam under the same excitation applied at the
center of the beam, but with free-free boundary conditions. Using the same
procedure, we calculate the frequency response of the currents. Figure 1.25
illustrates the three currents I3 ,I3 and I5. The currents exhibit identical peaks,
corresponding to vibration modes at different frequencies. This observation
confirms that vibrations propagate through all the cells of the beam. However,
none of these modes match the target vibration mode that we aim to confine.
This outcome is expected, as vibration modes are inherently dependent on the
beam’s length and boundary conditions.

1.4.4 The band-reject filter Design

The band-reject filter is specifically designed so that the resonance frequency
of the mode we aim to confine falls within its rejection bandwidth. This en-
sures that vibration at the selected frequency is attenuated, allowing for the
confinement of the desired mode. The filter consists of an inductance L and
a capacitance C connected in parallel. Based on this configuration, the filter
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impedance can be described as:

Zc =
jLω

1−ω2LC
= j

jGω

1−
(

ω
ω0

)2 (1.10)

The values of L and C are not definitive, they are chosen accordingly to have a
desired resonance frequency and gain.

The frequency response of the filter are shown in 1.26. the impedance of the
filter presents a peak at that same frequency as the desired mode 25 kHz. Since
the impedance at the resonance frequency is high , the current is interrupted
at the filter.
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Figure 1.26: Impedance of the band-rejection filter with a resonance frequency of
25 kHz. a Resistor R =100 MΩ has been introduced to allow the calculation of Zc

1.4.5 Simulation of the beam with filter included

After selecting the desired mode and designing the filter accordingly, we cal-
culate the frequency response of the beam with the filter included, using the
same excitation applied at the middle of the beam. The currents, both be-
fore and after the filter, are computed and presented in Figure 1.27. The
frequency response of the currents reveals several peaks, so several vibration
modes. Upon closer examination, the currents I1 and I2 exhibit similar vibra-
tion modes to those previously calculated in the beam without the filter. In
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addition to these modes, the current I4 displays an additional vibration mode
that corresponds to the selected vibration mode we aimed to confine. This re-
sult shows that the filter, within its rejection bandwidth, successfully emulates
and enforces clamped boundary conditions, effectively confining the desired
vibration mode.
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Figure 1.27: Frequency response of the current of the 5 cell beam in free-free
conditions with the filter

The calculations based on Mason’s equivalent circuit form the foundation
of our theoretical framework for developing vibration confinement techniques.
These calculations demonstrate how the designed filter can emulate and en-
force boundary conditions on specific regions of the system, enabling targeted
control of vibrations. In the following sections, we will showcase how this
theoretical concept was used to develop both passive and active prototypes for
vibration confinement, highlighting their design and practical implementation.

1.4.6 Implementation of the concept

Starting from the electrical analogy concept for vibration confinement , two
prototype for vibration confinement were developed, this thesis. The first one
is based on geometry while the other is based on active strategy .

Passive vibration confinement To develop passive vibration confinement, a
geometry equivalent to a resonant filter with a selective bandwidth can be
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utilized. The selected geometry is a square pillar, which can be integrated into
the vibrating surface to function as a resonant filter. Its application to a beam is
illustrated in Figure 1.28, demonstrating how the concept can be implemented
in a simplified structure. Furthermore, this thesis explores the extension of this
approach to larger surfaces, such as plates, to evaluate its effectiveness in more
complex scenarios. The design and implementation of the prototype will be
detailed in Chapter 2.

Figure 1.28: Example of passive vibration confinement on a beam using pillars.

active vibration confinement To achieve active vibration confinement, a con-
trol system is employed to dynamically manage vibrations within the desired
regions. As explained before, instead of relying on geometry, active methods
use sensors and actuators to monitor and modify the vibration response in real
time. For this purpose, piezoelectric actuators and sensors can be placed on
the vibrating surface to apply targeted forces that counteract or shape the vi-
brations.The force references are calculated by a control law as it’s shown in
Figure 1.29, demonstrating how active control can be used to confine vibrations
to specific areas in a beam. In this thesis, we develop a an active method that
can be used and implemented on a beam . The design and functionality of the
active vibration confinement prototype will be presented in Chapter 3.

Figure 1.29: Example of active vibration confinement on a beam using sensors (in
blue) and actuators(in light grey).

1.5 conclusion

This chapter began by examining various haptic technologies, with a partic-
ular focus on those based on mechanical vibrations. It highlighted the key
challenges these technologies faces, which hinder their widespread adoption
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and integration. Vibration confinement emerged as a potential solution to ad-
dress some of these challenges. To explore this further, we investigated several
approaches to vibration confinement, applicable not only to haptic applications
but also to broader contexts.

We then introduced a theoretical framework for vibration confinement,
rooted in electrical analogies. By leveraging specially designed filters capa-
ble of imposing specific boundary conditions, we demonstrated an effective
strategy for confining vibrations to desired regions. Toward the end of the
chapter, we presented a passive vibration confinement method, which serves
as a practical application of this concept. The design and implementation of
this method will be detailed further in the next chapter.
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Design of passively confined
vibrations

2.1 Introduction

In this chapter, we focus on the practical implementation of the passive vibra-
tion confinement method introduced in the previous chapter. Building on the
theoretical framework, we outline the design and development of a passive
prototype that employs geometries equivalent to resonant filters with selective
bandwidths.

The chapter begins with a discussion of the design methodology, detailing
the chosen structure of the prototype and the step-by-step process used to
create it. Following this, we evaluate the performance of the passive vibration
confinement method by presenting results obtained through both experimental
testing and numerical simulations. These results demonstrate the effectiveness
of the design in confining vibrations.

2.2 Prototype Design and Vibration Confinement Strat-
egy

As illustrated in Figure 2.1.a, the prototype developed in this study is designed
to generate localized vibrations within a defined region of the plate, referred
to as the active zone (outlined in blue), in order to provide targeted haptic
feedback. To suppress vibrations outside this region—particularly on areas
where no lubrication or tactile stimulation is desired—pillars are strategically
positioned on the opposite side of the passive surfaces (outlined in green).

As discussed in the previous chapter, these pillars function as resonant
mechanical filters. Under appropriate design conditions, they are capable of
attenuating the propagation of vibration modes. The primary aim is to ensure
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Figure 2.1: (a) Schematic of the studied prototype. The active vibration zone is
outlined in blue. (b) Representation of the pillar and the periodic unit cell.

that, within the operating frequency band used for friction modulation, vibra-
tions are effectively confined to the active zone, thereby minimizing unwanted
vibrations in the passive areas.

The objective is to use the pillars to replicate a clamped boundary condi-
tion at the interface between the active and passive zones. If the added pillars
exhibit a bending vibration mode at the same frequency as the targeted con-
fined mode within the active zone, an energy transfer occurs between these
two modes, a phenomenon known as mode conversion. This energy exchange
restricts vibration propagation beyond the designated region. By carefully se-
lecting the geometric parameters of the pillars, it is possible to optimize this
effect, effectively confining vibrations within the active zone for the selected
mode [73].

The design of this system is complex and does not have simple straightfor-
ward analytical solutions. Therefore, a design method where the dimensions
of the active zone and the pillars are considered separately . This method
consists of three key steps:

• Defining the active zone: The first step involves isolating the active zone
from the passive areas. In this step , the two boundary interfaces be-
tween these regions are treated as clamped. The haptic application re-
quires some constraints such as : the vibration mode with a frequency
higher than 25 kHz so that it can be ultrasonic with a half-half-wavelength
smaller than the width of a finger estimated at 20 mm [74].

• Determining the pillar dimensions: For effective energy transfer, one of
the pillar’s bending mode resonance frequencies (considered in isolation)
must coincide with the selected mode frequency of the active zone. To
maximize this transfer while minimizing the pillar size, we focus on the
first bending mode.
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To facilitate the manufacturing process, the pillars in this study are de-
signed with a square prismatic shape, resulting in two identical modal
deformations along each symmetry axis.

Beyond geometric considerations, the pillar is modeled with clamped-
free boundary conditions, assuming that displacements are imposed at
the interface between the pillar and the surface. Additionally, studies
on the coupling of beam resonators to a surface have shown that the
resonance frequencies of the connected beam closely approximate those
of a clamped-free beam, though they consistently appear slightly lower .

• Establishing the placement of the pillars: the performance and effec-
tiveness of vibration confinement depend on the periodic arrangement of
the pillars—specifically, the distance between adjacent pillars, referred to
as the periodicity. This periodicity is characterized by two distinct pa-
rameters corresponding to the spacing along the x-axis and y-axis of the
plane.

To simplify the design process and reduce the number of influencing
variables, a symmetric periodic cell is chosen. In this configuration, the
spacing between pillars is identical in both directions (p in figure 2.1),
ensuring uniform periodicity across the structure.

In addition to the periodicity, another critical parameter that significantly
influences vibration confinement is the number of pillar rows surround-
ing the active zone. If too few rows are implemented, the attenuation
of propagating vibrations may be insufficient, allowing energy to leak
into the passive areas. Conversely, increasing the number of rows im-
proves the attenuation of propagating vibration modes by reinforcing the
periodic structure and creating a more effective barrier especially at the
desired frequency.

Once the prototype is fully defined, piezoelectric ceramics are strategically
positioned at the antinodes of the selected vibration mode. Ideally, each ce-
ramic element spans a subdomain bounded by nodal lines to ensure maximum
coupling with the targeted mode while minimizing energy transfer to adjacent,
undesired modes [75]. To further enhance electromechanical efficiency, the po-
larization direction of each ceramic is aligned with the local strain field.

However, practical constraints arise from the geometry and standard di-
mensions of commercially available ceramics, which may prevent precise spa-
tial alignment with the modal antinodes. Moreover, due to the proximity of
neighboring modes with similar spatial profiles, spatial selectivity alone is in-
sufficient to ensure mode isolation. To address this, the excitation frequency is
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carefully tuned to match the resonance frequency of the targeted mode. This
frequency-based selectivity enhances energy transfer into the desired mode
and suppresses the activation of competing modes. Prior to conducting numer-
ical simulations, we begin with analytical calculations based on Euler-Bernoulli
beam theory. This method offers an initial design that can be verified and re-
fined later through finite element numerical simulations.

2.3 Preliminary Analytic Design

Analytical pre-design constitutes an essential preliminary step prior to finite
element simulations. It provides order-of magnitude estimations and explicit
relationships between geometric parameters, material properties, and system
performance, relying on simplified yet insightful assumptions. These analyt-
ical models not only guide the initial dimensioning process but also enhance
physical understanding of the problem and offer a benchmark for identifying
potential numerical inaccuracies. Once the analytical framework is established,
finite element analysis (FEA) can be employed to refine the design by relaxing
initial assumptions, incorporating complex boundary conditions, and enabling
performance optimization.

The designs of the pillar and the active zone are based on complemen-
tary physics-based analytical models aimed at isolating and controlling their
respective vibrational behaviors. The pillar geometry is determined using
Euler-Bernoulli beam theory to ensure that the first bending mode resonates
at the desired target frequency. In contrast, the active zone is modeled using
Kirchhoff-Love plate theory. A kinematically admissible displacement field is
assumed in the form of a separable function F(x, y) = f (x).g(y), where f (x)
enforces pinned boundary conditions at the interface. Substituting this ansatz
into the governing plate equations enables the identification and confinement
of specific vibration modes. Together, these analytical models provide a struc-
tured pre-design framework that guides the subsequent finite element method
(FEM) simulations used for refinement and validation.

2.3.1 Euler-Bernoulli Beam Theory

The Euler-Bernoulli beam theory, also known as the classical beam theory or
engineer’s beam theory [76], is a fundamental theory used to describe the
behavior of beams under bending loads. Bending refers to the deformation
of a structural element (e.g., a beam or plate) under transverse loads, causing
curvature along its length.
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The theory simplifies the analysis of beam deflections, stresses, and strains
by making several assumptions about the beam’s geometry, material proper-
ties, and loading conditions. The key assumptions of this theory are [77] :

1. Plane Sections Remain Plane: Cross-sections of the beam remain flat
and perpendicular to the neutral axis after deformation.

2. Small Deflections: The deflections of the beam under loading are small
compared to the beam’s length, allowing linear approximations for de-
formation.

3. Elastic Material: The material of the beam is assumed to follow Hooke’s
Law, meaning the material behaves elastically, and stress is proportional
to strain.

4. No Shear Deformation: The beam deforms only through bending, ne-
glecting shear deformation.

5. Constant Young’s Modulus and moment of inertia: The Young’s Mod-
ulus of the material and the moment of inertia are constant along the
length of the beam.

6. Neutral Line : Neutral Line: The neutral line refers to the material
layer within the cross-section of a beam that experiences zero longitu-
dinal strain during bending. In symmetrically loaded and homogeneous
beams, this line coincides with the centroidal axis. It remains unstressed
and unstretched, separating the compressed and tensioned regions of the
beam under bending deformation.

Based on these assumptions, the governing differential equation for the
transverse vibration of a homogeneous beam with constant section is:

EI
d4w(x, t)

dx4 + ρA
∂2w(x, t)

∂t2 = 0 (2.1)

where:

• w(x, t) is the transverse displacement as a function of position x and time
t,

• E is the Young’s modulus,

• I is the second moment of area of the beam’s cross-section,

• ρ is the density of the material,
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• A is the cross-sectional area.

This equation governs the dynamic response of the beam, with its behavior
being intrinsically linked to its geometry, material properties, and—critically—its
boundary conditions. The analysis is carried out in two sequential phases.
First, the associated eigenvalue problem is solved to determine the system’s
natural frequencies. Second, the corresponding spatial mode shapes are de-
rived, providing insight into the deformation patterns associated with each
resonant frequency.

2.3.1.1 Natural frequencies of a beam

To determine the natural frequencies and normal modes for the beam , we
employ separation of variable , thus we let the general solution:

w(x, t) = ϕ(x)T(t) (2.2)

Substituting this into the governing equation (2.1) gives:

a2

ϕ(x)
d4ϕ(x)

dx4 =
1

T(t)
d2T(t)

dt2 , a2 = − EI
ρA

(2.3)

Since the left-hand side depends only on the space variable x and the right-
hand side depends only on the time variable t, both must equal a constant, say
λ:

a2

ϕ(x)
d4ϕ(x)

dx4 = λ,
1

T(t)
d2T(t)

dt2 = λ (2.4)

Thus , for T we have :

T(t) = A cos(ωt) + B sin(ωt) (2.5)

where ω2 = λ is the natural angular frequency.
The general solution to the beam vibration equation can be represented in

various forms. For homogeneous beams with constant cross-sectional proper-
ties, the spatial component of the displacement field, denoted by ϕ(x), is most
conveniently expressed as:

ϕ(x) = C1 sin(βx) + C2 cos(βx) + C3 sinh(βx) + C4 cosh(βx) (2.6)

where β4 = ω2/a2.
While the general form of the solution does not inherently satisfy boundary

conditions, our pillar is modeled as a clamped-free (cantilever) beam. To de-
termine the natural frequencies and corresponding mode shapes, these specific
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Clamped end

Free end

L

h

Figure 2.2: Representation of a cantilevered beam.

boundary conditions are explicitly applied to the general solution. This process
yields a discrete set of admissible solutions—each associated with a particular
resonance frequency—that satisfy both the governing differential equation and
the physical constraints at the beam’s boundaries.

The corresponding boundary conditions as represented in 2.2 are expressed
as follows:

Clamped end (x=0): Free end (x=L):

ϕ(0) = 0, EI
d2ϕ

dx2 (L) = 0,

dϕ

dx
(0) = 0 EI

d3ϕ

dx3 (L) = 0

Using the solution from (2.6), we get the following equation:

cos(βl) cosh(βl) = −1 (2.7)

where β denotes the eigenvalue. The roots for this equation are :

β1l = 1.87510, β2l = 4.69409, β3l = 7.85473, for i > 3 βi = (2i− 1)
π

2
(2.8)

where n is the vibration mode order.
Once determined, these solutions establish a direct relationship between the

resonance frequencies and the geometric and material properties of the beam,
typically expressed through the characteristic equation:

fn =
(βnl)2

2π

√
EI

ρAl4 (2.9)
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Taking into account the geometry of our active zone and pillars, that is
rectangular cuboid, we write :

A = bh

I =
1

12
bh3 (2.10)

by replacing (2.10) in (2.9), we have:

fn =
(βnl)2

2π
h

√
E

12ρ
(2.11)

Equation (2.3.1.1) establishes a relationship between the beam’s geometric
parameters (length and height) and βn, which is inherently linked to the order
of the vibration mode. Based on this equation, preliminary calculations can be
performed to guide the design of the pillars, ensuring that their dimensions
align with the desired vibration mode and frequency.

2.3.2 Thin plate vibration theory

Thin Plate Theory models the vibration behavior of slender, flat structures
by applying the Kirchhoff–Love kinematic assumptions. This framework is
particularly valid when the plate thickness hh is much smaller than its in-plane
dimensions, i.e., h << plate length and width as represented in Figure 2.3. It
simplifies the governing equations based on the following core idealizations:

• Geometric Simplification: Transverse shear deformations are neglected,
reducing the three-dimensional elasticity problem to a two-dimensional
one. This is justified when the plate is sufficiently thin.

• Linearized Dynamics: Small-amplitude vibrations allow the use of lin-
ear strain–displacement relationships, thereby enabling the application of
modal superposition principles.

• Material Continuity: While the theory is general enough to incorporate
heterogeneous or anisotropic materials (such as laminated composites),
we restrict the analysis to homogeneous and isotropic materials, char-
acterized by constant Young’s modulus E, Poisson’s ratio µ, and mass
density ρ, for analytical clarity and tractability.

To extract the vibration modes, a separable displacement field of the form

w(x, y, t) = F(x, y).T(t) (2.12)
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Figure 2.3: Schematic of a rectangular plate showing in-plane dimensions L, l and
thickness h.

is assumed. The spatial component F(x, y) captures the mode shape, while
T(t) describes the temporal dynamics. Although this ansatz imposes restric-
tions, it remains valid under separable boundary conditions. In our case, the
active zone geometry—with clamped interfaces and free lateral edges—satisfies
these conditions, justifying the use of this modal decomposition.

The transverse bending vibration of the plate is governed by the Kirchhoff-
Love equation, expressed in terms of the out-of-plane displacement w(x, y, t):

ρh
∂2w
∂t2 + D∇4w− σ(x, y, t) = 0 (2.13)

where:

∇4 ≡ ∂4

∂x4 + 2
∂4

∂x2∂y2 +
∂4

∂y4 (biharmonic operator),

D =
Eh3

12(1− ν2)
(flexural rigidity),

σ(x, y, t) : external in-plane stresses .

The pursuit of spatially confined vibration modes leads us to consider(0, N)
modal configurations, where the mode shape exhibits no nodal lines along the
yy-direction while maintaining N nodal lines along x. This particular choice
offers dual advantages: the x-wise uniformity ensures consistent vibration am-
plitude across the contact surface, while the xx-direction wavelength λx ≈ Lx

N
can be tuned to match the fingertip’s characteristic dimensions (typically 10-20
mm) through appropriate selection of N.

To engineer such modes, we construct an ansatz derived from the general
solution for rectangular plates with separable boundary conditions. The spatial
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component of the (0, N) mode takes the form [77]:

w(x, y, t) = X(x)Y(y) T(t) (2.14)

To enforce nodal lines at the boundary between active and passive zones, the
ansatz function is constructed by incorporating the first-mode solution of a
simply supported beam: :

Y(y) = sin
(π

l
y
)

(2.15)

where l is the plate width in the x–direction. The sine function is chosen
to satisfy the boundary conditions in x, such as those corresponding to simply
supported edges:

Y(0) = 0 Y(l) = 0 (2.16)

Thus the spatial component become :

w(x, y, t) = X(x) T(t) sin
(π

l
y
)

, (2.17)

Substituting the assumed form (2.17) into Eq. (2.13) and separating vari-
ables, we obtain an ordinary differential equation (ODE) for the x–dependent
function:

∂4X(x)
∂x4 − 2

(π

l

)2 ∂2X(x)
∂x2 +

[(π

l

)4
− λ

D

]
X(x) = 0, (2.18)

where λ is a constant.
While the yy-dependent component of the ansatz (2.15) ensures that the

displacement is zero on the line separating the passive and active area of the
display, the xx-directional behavior must accommodate free-edge boundary
conditions to match the plate’s physical constraints. For this, we adopt the
modal solution of a free-free Euler-Bernoulli beam, which inherently satisfies:

Free-edge BCs:
d2X
dx2

∣∣∣∣
x=0,L

=
d3X
dx3

∣∣∣∣
x=0,L

= 0. (2.19)

given by:

X(x) = A
[
cosh(kx)− cos(kx)

]
+ B

[
sinh(kx)− sin(kx)

]
(2.20)

where k is the wavenumber along y. Enforcing the free-edge conditions yields
the characteristic equation:

cosh(kL) cos(kL) = 1. (2.21)
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This equation governs the permissible wave-numbers k for the system’s res-
onant modes. Its solutions are well-documented for free-free beams, providing
explicit kL values for mode-shape determination.

Substituting the spatial solution (2.20) into the plate equation (2.18) yields
the eigenvalue relation:

λ = D
[(π

l

)4
+ 2

(π

l

)2
k2 + k4

]
. (2.22)

where λ couples the spatial and temporal dynamics. The time-dependent
component T(t) then obeys:

∂2T(t)
∂t2 +

λ

ρ h
T(t) = 0, (2.23)

which describes a simple harmonic oscillator with angular frequency

ω =

√
λ

ρ h
. (2.24)

Substituting Eq. (2.22) into Eq. (2.24), we obtain the resonance frequency ex-
pression:

f =
1

2π

√
D
ρ h

[(π

l

)4
+ 2

(π

l

)2
k2 + k4

]
. (2.25)

This expression directly links the geometric parameters (length l, thickness
h) and material properties (E, ρ) to the wavenumber k, which is determined by
the mode order N through the boundary conditions.

Once the theoretical foundations underlying the analytical design have been
established, we proceed to the detailed design of both the active zone and the
resonant pillars.

2.3.3 Design

The relationship between resonance frequency and the target vibration mode
order is influenced by multiple interdependent parameters. To reduce com-
plexity, we impose the following fixed constraints:

• Shared material properties: Both the active zone and the pillars are de-
signed using the same Young’s modulus (E) and the mass density (ρ).

• Common geometric constraint: A constant plate thickness of h = 2, mm
is assumed across all components.

the Remaining parameters are optimized independently for each design case.

Page 47



CHAPTER 2. DESIGN OF PASSIVELY CONFINED VIBRATIONS

Active zone design : For the active zone, the objective is to generate a vibra-
tion mode with a half-wavelength below 20 mm, while maintaining a sufficient
length (115.5 mm) to accommodate natural finger exploration during user in-
teraction. With the material properties and plate thickness fixed at h = 2 mm,
the width is set to l = 20 mm to match the dimensions of the available piezo-
electric ceramics—allowing for one ceramic per antinode.

To obtain the target spatial resolution, we select a vibration mode with
eight nodes along the length under free-free boundary conditions. This modal
configuration results in a resonance frequency of fa = 32 kHz, which aligns
with our confinement and haptic feedback design objectives.

Pillar design : The pillar, featuring a square base, is dimensioned to ensure
that its first bending mode under clamped-free boundary conditions resonates
at the target frequency of the active zone, namely 32 kHz. Based on this reso-
nance criterion and the fixed material and geometric parameters, the required
pillar height is determined to be 7.1 mm.

The analytically derived dimensions are validated and refined via finite el-
ement method (FEM) simulations, ensuring accurate prediction of resonance
frequencies and mode shapes. This step accounts for manufacturing tolerances
and secondary effects neglected in the semi-analytical model.

2.4 Finite element simulation

The finite element analysis serves two critical roles: (1) refining the resonance
frequency predicted by the simplified analytical model, and (2) validating vi-
bration confinement. While the semi-analytical approach provides initial di-
mensioning with an expected ±5% frequency error, the FEM simulation—free
from Kirchhoff-Love plate assumptions—delivers precise modal analysis.

We first compute the active zone’s resonance using a 3D FEM model that
accounts for shear deformation and edge effects. This corrected frequency then
guides pillar tuning through a second FEM study, ensuring perfect matching
between the pillar’s first clamped-free bending mode and the operational fre-
quency.

All simulations were carried out using Salome-Meca/Code-Aster, assum-
ing linear elastic, homogeneous, and isotropic material behavior. The structure
was modeled in pure aluminum, with material properties given in Table 2.1.
This two-stage verification, combining numerical analysis and experimental
prototyping, ensures a consistent link between the design phase and the final
prototype.
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Table 2.1: Mechanical properties of Aluminum

Aluminum Properties

Young’s Modulus E 70 GPa
Density ρ 2.7 kg L−1

possion ration 0.34

2.4.1 Analytical design validation

We start by designing and simulating both the active zone and the pillars.

Active zone simulation: Our preliminary design, developed to meet the
required specifications, defines the active zone as a plate with dimensions
115.5 mm × 20 mm × 2 mm.A modal Finite Element Method (FEM) analysis
was carried out to identify the vibration modes of the structure. The model
was constructed using a tetrahedral mesh and applied boundary conditions
corresponding to clamped edges along the yy-direction and free edges along
the xx-direction. This configuration replicates the physical constraints of the
prototype and enables accurate characterization of its modal behavior. The
simulation revealed multiple vibration modes, one of which occurs at 38 kHz.
The corresponding mode shape, illustrated in Figure 2.4a, exhibits eight nodes
with a half-wavelength of approximately 13 mm, aligning with the design ob-
jectives.

However, a 6 kHz discrepancy was observed between the FEM results and
the analytical calculations. This difference can be attributed to the assumed
mode shape along the x-axis, which deviates from a purely sinusoidal func-
tion, as shown in Figure 2.4c. Nevertheless, the displacement along the y-axis
confirms that the vibration mode adheres to the free-free boundary conditions,
validating the overall design approach (Figure 2.4b).

A 6 kHz frequency offset (20%) occurs due to mismatched x-axis bound-
ary conditions (analytical: simply-supported; FEM: near clamped). However,
the y-axis response maintains free-free characteristics as modeled (Figure 2.4b),
and x-direction mode shapes show qualitative agreement (Figure 2.4c). While
this confirms that the approach captures key physics, exact frequency predic-
tion requires boundary condition alignment. However, real-world performance
stems from energy transfer between plate and pillar modes, not idealized edge
conditions. Thus, refining the ansatz is unnecessary since, in practice collective
resonators behavior (pillars) outweighs individual boundary effects.
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Figure 2.4: FEM simulation of the active zone at 38 kHz
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Figure 2.5: First bending mode of the pillar at 38 kHz. Displacement is scaled up for
visualization.

the pillar zone simulation: On the other hand, regarding the pillar design,
the primary objective is to ensure that its first vibration mode coincides with
the frequency of the selected mode of the active zone. Under these constraints,
we must update our analytical design to match the 38 kHz. The new analytical
design process led to a pillar with dimensions 2 mm× 2 mm× 6.5 mm.

Subsequent finite element method (FEM) simulations were conducted. The
results showed that the first bending mode of the pillar occurred at 35 kHz.
Fine tuning the design to match the desired resonance frequency lead to a
pillar of 2 mm× 2 mm× 6.3 mm.

Figure 2.5 illustrates the mode shape of this first vibration mode. For clarity,
the pillar is shown with its base, though the simulation itself was performed
on the pillar alone, applying a clamped boundary condition at its bottom face
to represent its attachment to the plate.

Since both components of the final prototype have been independently sim-
ulated and validated, the next step involves performing finite element method
(FEM) simulations on the complete assembly. These simulations aim to evalu-
ate the global behavior of the final prototype, specifically analyzing the effects
of different periodicity conditions and pillar arrangements on the vibration
confinement performance.

2.4.2 Prototype Simulations

The final FEM simulation evaluates pillar spacing (4–12 mm, spanning λ/4
to λ relative to the 13 mm antinode spacing in y) and row count (1–3 rows)
to achieve vibration confinement. While classical metamaterial designs rely
on Floquet-Bloch theory—which assumes infinite periodicity—our finite plate
necessitates an empirical approach as an analytic approach lead to untractable
mathematical modeling.
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In this simulation, pillar rows are positioned on each side of a plate at a dis-
tance of 20 mm, corresponding to the width of the active zone. The plate itself
has the same length as the active zone, 115.5 mm. Additionally, the boundary
conditions of the large plate are set to be free along all its edges, ensuring an
accurate representation of its vibrational behavior.

In this simulation, pillar rows are positioned symmetrically on each side of
the plate at a distance of 20 mm, which corresponds to the width of the active
zone. The plate itself has the same length as the active zone, 115.5 mm. Fur-
thermore, the boundary conditions of the larger plate are set to be free along
all its edges to ensure an accurate representation of its vibrational behavior.

Initially, simulations were performed with a single row of pillars placed
on each side of the active zone. The plate was dimensioned just sufficiently
to accommodate this configuration, serving as a preliminary test of vibration
confinement. In a second phase, the plate size was progressively increased
to evaluate the confinement performance in a more realistic application con-
text—specifically, the ability to restrict vibrations within a localized region of
a larger surface. This approach enables a systematic assessment of the de-
signed structure’s effectiveness in limiting vibrational propagation beyond the
targeted confinement area.

2.4.2.1 Simulation with one row

Considering a single row of pillars, modal analysis using finite element method
(FEM) simulations was conducted to assess the influence of periodicity on vi-
bration confinement. The periodicity parameter, p, was systematically varied
from 4 mm to 12 mm to thoroughly examine its impact on the propagation and
attenuation of vibrational modes.

The modal analysis confirmed the existence of the desired vibration mode
across multiple periodicity scenarios, where we can clearly notice the desired
vibration mode being confined . However, this mode appeared consistently at
a lower frequency than initially expected, with the deviation varying according
to periodicity. The reasons behind this discrepancy will be further investigated
in a subsequent section.

Figure 2.6 illustrates the desired vibration mode for a periodicity of 4 mm.
It clearly shows the mode being effectively confined between the pillar rows.
However this vibration mode was found at 32 kHz. At the resonance frequency,
pillar displacement is primarily observed along the x and y directions. This ob-
servation supports our hypothesis regarding mode coupling between the active
zone and the pillars, highlighting the effectiveness of the designed structure in
achieving vibration confinement.

For next simulation test, we opted of a periodicity of 4 mm. Since our
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Figure 2.6: FEM simulation result with periodicity of 4 mm
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Figure 2.7: One row large surface

primary objective is to confine vibrations within a larger plate structure, the
plate size was increased by adding additional surface area on each side of the
active zone, specifically by a width of 8 mm on each side. Subsequent FEM
simulations revealed that a single row of pillars was insufficient to effectively
confine the targeted vibration mode. As illustrated in Figure 2.7, the mode
shape clearly shows vibrations propagating beyond the intended confinement
region, indicating the inadequacy of a single row of pillars in providing ef-
fective vibration isolation. These results highlight the potential necessity of
incorporating multiple rows of pillars to achieve better confinement of vibra-
tions, particularly when dealing with larger passive areas.

.

2.4.3 simulation with multiple rows

To systematically assess the limits of vibration confinement, the plate’s lat-
eral dimensions were incrementally extended beyond the active zone—from
an additional 5 mm (Figure 2.8) up to 25 mm (Figure 2.9). For the 5 mm exten-
sion, the existing two pillar rows (one per side) effectively confined vibrations
within the designated region. However, at 25 mm, confinement deteriorated
significantly, with the vibrational energy leaking beyond the pillar boundaries.

To validate the hypothesis that increasing the number of pillar rows en-
hances confinement, a third row was added on each side, and the 25 mm con-
figuration was re-simulated (Figure 2.10).

The updated results demonstrated restored confinement, with vibrations
tightly localized within the pillar-defined zone. These findings confirm that as
the passive zone dimensions scale up, a proportional increase in pillar rows is
required to preserve vibration isolation and energy trapping performance.
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Figure 2.8: Two rows small passive surface

Figure 2.9: two rows large passive surface

Figure 2.10: Three rows large passive surface
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Figure 2.11: The periodic structure. a) 3× 3 example. b) Brillouin zone

2.5 Investigation of the periodicity effect

The periodicity of pillars critically influences both resonance frequency and
wave propagation characteristics. To quantify this relationship, we analyze the
dispersion diagram—a fundamental tool in periodic media (e.g., metamateri-
als)—which plots frequency versus wavenumber. Derived from Bloch-Floquet
theory, these diagrams reveal forbidden frequency bands (bandgaps) where vi-
brations cannot propagate, enabling predictive design of confinement efficacy
for arbitrary pillar arrangements.

2.5.1 Evaluating the dispersion diagram

To compute the dispersion diagram, we examine the behavior of a single unit
cell of the pillar structure, corresponding to the gray zone depicted in Fig-
ure 2.11.a also called Brillouin zone. The unit cell is modeled under the assump-
tion of perfect periodicity with a periodicity length p, and an infinite repetition
of this pattern is considered. This periodic analysis allows us to identify the
relationship between frequency and wave vector, thereby revealing the band
structure of the system.

The system behavior , assuming the material is linear elastic and homoge-
neous with isotropic properties, is governed by the the local dynamic equilib-
rium [78]:

ρ
∂2w
∂t2 = ∇ ·

[
C
(
∇w + (∇w)T

)]
, (2.26)

where ρ is the mass density, w is the displacement field, and C is the stiff-
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ness tensor describing the material’s elastic properties.
The frequency response of periodic systems can be efficiently analyzed by

studying a single unit cell with Bloch-periodic boundary conditions, which en-
force phase continuity across adjacent cells for a given wave vector k. Crucially,
symmetry allows restricting the analysis to the irreducible Brillouin zone (IBZ)
(Figure 2.11) – a minimal subset of the full Brillouin zone that captures all
unique dispersion behavior.

For rectangular lattices, the IBZ is defined by high-symmetry points:

• Γ : Zone center (kx = ky = 0)

• X : Edge midpoint along kx (ky = 0)

• M : Corner (kx = ky = π/p)

The standard Γ → X → M → Γ path (Fig. 1.9b) maps the complete disper-
sion diagram, revealing bandgaps – frequency ranges where wave propagation
is prohibited due to destructive interference in the periodic lattice.

The Floquet-Bloch’s theorem states that the displacement field w is of the
wave equation is governed by the following equation [78] :

w(⃗r + a⃗i) = w(⃗r) e j⃗k·⃗ai , (2.27)

where:

• r⃗ is the position vector within the unit cell.

• a⃗i are the lattice vectors defining the periodicity in the x and y directions.

• k⃗ = (kx, ky, 0) is the Bloch-Floquet wave-vector in reciprocal space.

• j is the imaginary unit (j =
√
−1).

The dispersion diagram is obtained by solving the eigenvalue problem as-
sociated with the unit cell, while sweeping the wave vector along the boundary
of the irreducible Brillouin zone (IBZ), specifically following the path ΓX, XM,
and MΓ. This approach allows the characterization of wave propagation within
the periodic structure and the identification of frequency band gaps.

Given the geometric and material complexity of the unit cell, an analytical
solution to the eigenvalue problem is generally intractable. Therefore, numeri-
cal methods, specifically finite element simulations, are employed to accurately
compute the dispersion relations. These simulations provide the eigenfrequen-
cies for each wave vector along the IBZ path, forming the dispersion diagram
of the periodic structure.
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Figure 2.12: Dispersion diagram of the periodic cell. The blue area represents the
band gap.

The dispersion diagram of the periodic unit cell is presented in Figure 2.12.
It displays several branches, each corresponding to a distinct vibrational mode.
Notably, the diagram reveals the presence of a frequency range where no
branch appears—highlighted in blue—extending across the entire Brillouin
zone. This range is referred to as a complete band gap, meaning that any in-
cident wave, regardless of its propagation direction, will be reflected or re-
fracted within this frequency band. In the current case, the complete band gap
lies between 152 kHz and 166 kHz.

In this diagram, the resonance frequencies associated with the natural vi-
bration modes ( standing wave) of the unit cell can be identified at specific
points in the Brillouin zone. These typically occur when the wave vector
reaches the high-symmetry point M. For instance, due to geometric symmetry,
the first two bending modes are marked in the diagram by black dots. These
bending modes correspond to a resonance frequency of 32 kHz.

Based on the dispersion diagram, we observe that the first vibration mode
of the unit cell aligns closely with the frequency of the desired vibration mode.
This observation can be explained by the principle of mode conversion, which
underlies our prototype’s design. Specifically, the transverse vibration mode
of the active zone couples effectively with the bending vibration mode of the
pillars at their interface. Consequently, energy from the active zone vibration
mode is efficiently transferred into the pillar vibration mode, resulting in ef-
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Figure 2.13: the plate simulation with mode confinement. The black squares indicate
the locations of the actuators, while the red squares mark the positions of the sensors.

fective confinement of vibrations within the designated region
Our dispersion analysis reveals a paradigm shift from conventional phononic

crystals-based prototypes. Phononic crystals rely primarily on frequency band
gaps, within which elastic wave propagation is completely prohibited. Con-
sequently, any incident wave at a frequency within this band gap is either
reflected or significantly attenuated, resulting in vibration isolation and the
potential for localized energy confinement. In such structures, the wavelength
associated with the confined vibrations directly depends on the periodicity of
the crystal lattice.

In contrast, our prototype leverages mode conversion, actively transferring
energy from the transverse vibration mode of the active zone into the pillar
bending modes. This mechanism does not solely rely on the existence of a
frequency band gap but rather utilizes the resonance matching between the
pillar and the active zone to achieve effective confinement.

2.6 Experimental validation

Based on the outcomes of multiple FEM studies, an experimental prototype
was developed. It comprises three rows of pillars with a periodicity of 4 mm,
without any additional passive surface. Prior to fabrication via 3D printing
(Figure 2.13), a dedicated FEM model was constructed using the manufac-
turer’s material data for Al-Alloy AlSi7Mg0,6. Piezoelectric actuators with di-
mensions 12 mm×3 mm×0.3 mm were incorporated into the model and posi-
tioned at the antinodes of the targeted vibration mode. The corresponding
simulation results are presented in Figure 2.14.

To validate vibration confinement, the surface velocity field of the prototype
will be measured using a Laser Doppler Vibrometer (LDV). Since confinement
can only be assessed at resonance, the actuation frequency must match that
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Figure 2.14: Experimental Prototype with piezoelectric ceramics.

Figure 2.15: Frequency response of the prototype

of the selected vibration mode. To identify this frequency, a sweep was per-
formed using a sinusoidal signal modulated linearly from 28 kHz to 35 kHz.
The excitation was applied using a dynamic signal analyzer (SR785, Stanford
Research). Figure 2.15 shows the response of a piezoelectric sensor during this
test.

The spectrum displays a peak around 31 kHz, confirming the presence of a
mode at this frequency. LDV measurements at this frequency confirm that the
desired vibration mode is effectively confined, as evidenced by the measured
normal velocity field shown in Fig. 2.16.

Since the vibration mode is now effectively confined, the next step involves
implementing a closed-loop control system to actively increase its responsive-
ness, thus expanding the generated stimulus’s bandwidth. By broadening the
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Figure 2.16: Mapping of the confined vibration mode

bandwidth, we enhance the system’s ability to generate vibration patterns con-
taining richer frequency content. This improvement allows the creation of more
versatile and realistic tactile sensations, which are essential for advanced haptic
applications.

Besides our objective to broaden the spectrum of achievable vibration pat-
terns, we also aim to actively control the confined vibration mode. This will
enable us to assess whether the adjacent placement of resonating pillars has
any significant impact on the effectiveness and precision of vibration mode
control. Such analysis is critical to ensure the robustness of the control strat-
egy when pillars are placed closely together within the structure.

2.7 Modeling and control of vibration modes

2.7.1 Dynamic model of a vibration mode

Application of a voltage v across a piezoelectric transducer induces internal
stresses via the inverse piezoelectric effect. These stresses lead to mechanical
deformations of the material, resulting in the generation of an elastic wave that
propagates through the structure.

By applying modal decomposition, the dynamic of a single vibrating mode
can be described by a spring-mass-damper model [79]. this behavior can be
represented by the following ordinary differential equation :

ẅn + 2ξnωnẇn + ω2
nw = gnv (2.28)

where w, ξ, ωn, g, and v represent, respectively, the modal displacement mea-
sured by the sensor, the modal damping factor, the resonance frequency of the
mode, the piezoelectric conversion gain, and the supply voltage.
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Figure 2.17: Phasor representation of the vibration amplitude W in the rotating
reference frame at time t, illustrating its magnitude and phase.)

We rewrite this equation as follows introducing different parameters (from
now on, we omit the n index unless needed to avoid ambiguity) :

Mẅ + Dẇ + Kw = Nv (2.29)

with the displacement, M the modal mass, K the modal stiffness, D the modal
damping and N the converting factor.

This model describes the instantaneous evolution of the vibration. How-
ever, since the actuator is driven by a sinusoidal excitation and the system is
assumed to be linear, it is more relevant to characterize the vibration using
its phasor representation. For this purpose, the model is reformulated in a
rotating reference frame, equivalent to a modulation-demodulation approach.

2.7.1.1 rotating frame modeling

Assuming the vibration is harmonic in time, it can be expressed using a com-
plex notation as:

w(t) = ℜ
{

Wejωt
}

(2.30)

where W is the complex amplitude, encoding both the magnitude and
phase of the vibration relative to a reference to be defined later. ω is the
angular frequency, and ℜ{·} denotes the real part.

The voltage v can be represented similarly using complex notation. We
define V as the complex amplitude of the voltage. Figure2.17 illustrates the
position of the complex variable W at a given time t.

The vectors attached to the complex amplitudes rotate during operation. It
is therefore simpler to project them onto a rotating reference frame to get a
steady-state fixed vector. So we obtain:
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w =
(
Wd + jWq

)
ejωt (2.31)

V =
(
Vd + jVq

)
ejωt (2.32)

we define a rotating reference frame (d, q), such as the d-axis is aligned with
ejωt. It is more convenient to analyze the dynamics of the vibrational velocity
amplitude rather than the displacement amplitude, therefore we define the
speed u(t) = ẇ and its complex representation :

u =
(
Ud + jUq

)
ejωt (2.33)

Furthermore, given the device’s normally high quality factor, various simpli-
fying assumptions might be made :

• The frequency is slowly varying, so the derivatives of ω are negligible :
dω
dt ≈ 0 .

• The dynamic of the vibration amplitude is slow compared with the deriva-
tive of the vibration: Ẅd

ω2 ≪Wd.

By substituting equations (2.31), (2.32) and (2.33) into (2.29), and applying
the assumptions, the system reduces to:(

M +
K
ω2

)
U̇d + DUd +

(
K
ω
−Mω

)
Uq = NVd (2.34)

(
M +

K
ω2

)
U̇q + DUq −

(
K
ω
−Mω

)
Ud = NVq (2.35)

These equations describe the vibration dynamics in the rotating reference
frame. The terms±

( K
ω −Mω

)
Ud/q represent gyroscopic coupling between the

direct (d) and quadrature (q) components. These gyroscopic terms account for
Coriolis-like effects arising from the frame rotation, which introduce coupling
forces proportional to the angular velocity ω and the rate of change of the
orthogonal component. This coupling plays a key role in the dynamics of the
system, especially out of resonance.

Assuming a high quality factor for the piezoelectric transducer, the excita-
tion frequencyω is close to the resonance frequency ω0. We thus define a small
detuning δω such that the first order approximations : M + Kω2 ≈ 2M and
K
ω −Mω = 2Mδω. Equations (2.34) and (2.35) then become :

2MU̇d + DUd − 2MδωUq = NVd (2.36)
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2MU̇q + DUq + 2MδωUd = NVq (2.37)

The resulting model in the rotating frame reveals that the voltage compo-
nent along each axis directly controls the vibration velocity on that same axis.
Additionally, it highlights a coupling between the two axes analogous to that
observed in electrical machines. Furthermore, the vibration dynamics along
the dd-axis are shown to be symmetric to those along the qq-axis.

2.7.2 Vibrations Control

Considering the terms 2MδωUd and −2MδωUq as disturbances, they vanish at
the resonance frequency ω0. Otherwise, these disturbances must be compen-
sated by the control system. Given the similar dynamics along both axes, we
focus on the control design for a single axis. Applying the Laplace transform,
equation (2.36) becomes:

Ud

Vd
= F(s) =

G
τs + 1

(2.38)

With G = N
D and τ = 2 M

D .

Controller design Taking into account the first order system in Eq.(2.38), we
chose a PI controller, such as :

C(s) = Kp +
Ki

s
(2.39)

The control scheme is presented in 2.18. We chose the controller parameters
in order to compensate the pole that (2.38) presented , and to ensure a desired
closed loop time response defined as td = 3τd; we have then :

Ki =
1

τd × G
Kp = τd × Ki (2.40)

In order to use the controller defined, the identification of the parameters
is presented.

2.7.2.1 Modal parameters identification

In order to identify the system τ and G, we consider the steady state. In this
condition, the derivatives of Ud and Uq are null. Assuming that Vd = V and
Vq = 0 and using equations (2.36) and (2.37), it can be shown that [80]:

Uq +

(
Ud −

NV
2D

)2

=

(
NV
2D

)2

(2.41)
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Figure 2.18: Close loop of the vibrations component on the d-axis

Hence, when sweeping the frequency upward through the expected resonance,
the vector UU describes a circle centered at

(NV
2D , 0

)
with radius proportional to

NV
2D

The value of V is known, however this method don’t allow for the separate
identification of the values of N or D. however since our purpose is to identify
the dynamic parameters τ and G. for that there is relationship between the
circle parameters and these dynamic parameters.

For the identification one parameters is used and that’s the radius R =
NV
2D

.
we can establish based on the circle diameter and the gain are related as such ;

2R
V

=
N
D

= G (2.42)

Moreover we can establish that the bandwidth of the system ωBP is related to
the radius as follows :

ωBP = 2R (2.43)

From this we can deduce the time constant τ :

τ =
2M
D

=
2

ωBP
=

1
R

(2.44)

2.8 Electronics Hardware

The control of the haptic device is achieved thanks to an Stm32f446 Digital
Signal Processor (DSP).It is used to synthesize and measure ultrasonic sinu-
soidal signals via its analog-to-digital converter (ADC) inputs and generates
an output voltage through its digital-to-analog converter (DAC). The gener-
ated voltage is then amplified by a linear amplifier (NF Corporation HSA4052).
The control implemented in this device is similar to the one described in [81]
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Figure 2.19: Closed loop control scheme in rotating frame

which involves two asynchronous process. A fast process, Direct Digital Syn-
thesis (DDS), at a frequency of 250 kHz (Ts = 4 µm), generates the voltage ref-
erence that is then amplified to supply the actuators. the voltage is generated
considering only the real part of the voltage described in (2.32):

v(tk) = Vd cos (ωtk)−Vq sin (ωtk) (2.45)

where tk = kTs and k is the sample number.
The DSP also calculates the d-q component of the vibrations as follows :

Ud =
1

Ns

Ns−1

∑
i=0

w(ti) cos(ωti) (2.46)

Uq =
1

Ns

Ns−1

∑
i=0

w(ti) sin(ωti) (2.47)

.
where Ns is the number of samples per period of oscillation.
The slower process, operating at 5 kHz, generates the voltage reference for

the amplifier. The closed-loop control scheme coordinating both processes is
shown in Figure 2.19.

2.8.1 Experimental validation

Experimental validation of the control is conducted in two stages: first, mode
identification to confirm the targeted vibration mode, followed by the imple-
mentation and testing of the closed-loop control.
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Figure 2.20: Frequency sweep result. In red: experimental measurement; in blue:
identified model.

2.8.2 Modal Parameter Identification

To accurately identify the dynamic parameters related to velocity, a frequency
sweep was performed to characterize the frequency response of the confined
vibration mode. Analysis of the response indicates that the adjacent resonating
pillars exert minimal influence on the mode’s dynamic behavior, suggesting
that their presence does not significantly alter the inherent vibration character-
istics.

Using equation (2.41), the dynamic parameters were then identified. The
estimated parameters are given in table ??.

Figure 2.20 compares the measured frequency response with the model
prediction based on these parameters, showing good agreement. However,
the experimental curve exhibits fluctuations in gain and phase, likely due to
dimensional variations among the pillars stemming from manufacturing toler-
ances.

With the mode parameters identified, the control design and its experimen-
tal validation can proceed.

2.8.3 Control Validation

Based on the parameters, the controller was synthesized. PI (Proportional-
Integral) regulator was chosen to achieve a response time at 95% of 2 ms ,
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Figure 2.21: System step response. In blue: Ud; in red: Uq.

which is fast enough to ensure high fidelity for textures that can be generated
by the prototype.

Figure 2.21 shows the step response for a non-zero direct reference and a
zero quadrature reference (Ud = 4500, Uq = 0). The velocities follow their
references without overshoot or steady-state error. Based on this , we can
validate that despite the dispersion in the pillar dimensions, the PI controller
can effectively control the mode vibration with the prescribed dynamic.

2.9 Conclusion

In this chapter, a systematic methodology for designing passively confined
vibrations was presented. This method leverages the principle of mode con-
version between a primary vibrating surface (plate) and periodically arranged
resonating pillars attached to it. Under specific conditions, flexural vibrations
occurring on the surface are effectively attenuated by coupling with the bend-
ing modes of the pillars, thereby imposing nodes on the plate and limiting
vibration propagation. Specifically, the resonance frequency of the desired vi-
bration mode must closely match the first bending resonance frequency of the
pillars to ensure efficient energy transfer and confinement.

After successfully demonstrating vibration confinement, a closed-loop con-
trol strategy was implemented to evaluate the influence of the resonating pil-
lars on the dynamic control of the vibration mode. The results of this con-
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trolled experiment indicated that the presence of the pillars had negligible
impact on the effectiveness of vibration control, confirming the robustness and
compatibility of the passive confinement strategy with active vibration control
methods.
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3
Design of actively confined vi-
brations

3.1 introduction

In this chapter, we explore the concept of active vibration confinement, where a
control system is employed to dynamically manage vibrations within specified
regions.

Unlike traditional methods that rely on geometric design, active techniques
leverage sensors and actuators to monitor and modify the vibration response
in real-time. Specifically, piezoelectric actuators and sensors are strategically
placed on the vibrating surface to apply targeted forces that counteract or
shape the vibrations. The force references required for this process are de-
termined by a control law. In this chapter, we present two complementary
strategies for achieving active vibration confinement. The first approach draws
inspiration from the passive confinement mechanism described in Section2.2,
in which resonant elastic pillars were used to locally attenuate vibration. Here,
these pillars are functionally replicated using piezoelectric actuators, enabling
dynamic and tunable control over the confinement zone. In the second ap-
proach, we expand on the actuator/sensor paradigm by exploiting a distributed
network of collocated piezoelectric elements. This configuration enables the
real-time shaping of vibrational energy along a beam, allowing not only con-
finement but also the synthesis of custom vibration patterns. Together, these
methods provide a framework for spatially controlling vibrations in flexible
structures through active means.
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ko do

mo

x

y(t)

wo(t)

w1(x, t) for x < 0
w2(x, t) for x ≥ 0

Infinite beam

Oscillator

Propagation direction

Figure 3.1: Schematic of the traveling-wave confinement problem in an infinite beam
using an oscillator.

3.2 Active pillars

3.2.1 General principle

In the passive vibration confinement strategy, the pillars are designed as reso-
nant beams, with their lengths specifically tailored such that their first bending
mode resonates at the desired frequency of the confined vibration mode. In
this chapter, we synthesize this resonant behavior actively by replacing the
passive pillars with actuators. At each actuator location—corresponding to a
former pillar position—we measure the local vibration velocity u. Based on
this measurement, we compute the force f that the actuator must generate in
order to emulate the dynamic response of a resonant pillar at the target fre-
quency. The key advantage of this approach is its adaptability: the active pillar
can replicate the desired resonant behavior across a wide range of frequen-
cies and positions. This is achieved by dynamically modifying the relation
between the actuator’s applied force and the measured velocity. Consequently,
the active confinement system offers greater flexibility and can accommodate
varying excitation conditions without requiring physical redesign or re-tuning
of the structure.
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3.2.2 Developing Pillar-Inspired Control Laws for Wave Con-
finement

To highlight the control strategy, we rely on a simplified model of the interac-
tion between a pillar and the structure as depicted in figure 3.1. We consider an
infinite beam in which a flexural progressive wave propagates from x → −∞
to x → +∞. At x = 0, a harmonic oscillator is fixed and moves vertically
under the wave’s effect. However, rotation imposed by a perfect fixed support
is neglected. Indeed, given the pillars’ small size, rotational inertia effects are
second-order. Due to the discontinuity introduced by the oscillator, the dis-
placement field is decomposed: for x < 0 the wave w1(x, t) consists of the
superposition of the incident and reflected waves, for x ≥ 0 the wave w2(x, t)
results from the remaining transmitted energy. For the calculation, the incident
wave is the input and is arbitrarily set to Wp.

We first determine the force exerted by the beam on the oscillator. The
displacement of the mass measured in the earth-fixed reference frame is:

y(t) = Y eiωt . (3.1)

Continuity of the displacement field at x = 0 imposes:

w1(0, t) = w2(0, t) = wo(t). (3.2)

The oscillator’s equilibrium is given by:

moÿ + do

(
ẏ− ẇo

)
+ ko

(
y− wo

)
= 0 (3.3)

where mo, do, ko are respectively the mass, damping, and stiffness of the oscil-
lator, and where wo(t) = w2(0, t) is set.

The force applied by the beam on the oscillator is given by:

Fp→o = −(iωdo + ko)
(

y− wo

)
, (3.4)

and since from Eq. (3.3), we have:

y− wo =
moω2wo

ko −moω2 + doω
, (3.5)

we finally establish:

Fp→o(ω) = −(iωdo + ko)

(
moω2

ko −moω2 + doω

)
wo . (3.6)
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Since we wish to restore the oscillator’s resonant behavior through control, we

consider Fp←o(ωo) = −Fp→o(ωo), with ωo =
√

ko
mo

the oscillator’s resonance
frequency. After substitution into (3.5) and simplifications:

Fp←o(ωo) =

(
1− i

1
2ξo

)
moω2

o wo(t) , (3.7)

and assuming a weakly damped oscillator (ξo ≪ 1), it becomes:

Fp←o(ωo) ≈ −i
1

2ξo
moω2

o wo(t) . (3.8)

This can be rewritten in terms of velocity (denoted uo = iωowo(t) for consis-
tency with previous sections):

Fp←o(ωo) ≈ −
1

2ξo
moωouo(t) . (3.9)

Thus, the oscillator at resonance generates a force proportional to velocity and
in phase opposition.

Second, we seek a condition for perfect confinement, which in the model
corresponds to canceling displacement in the beam’s right part, at least suf-
ficiently far from x = 0. We solve by superposition. The general equation,
considering a point force at x = 0, is:

ρAd2w(x, t)
dt2 + EI ∂4w(x, t)

∂x4 = F(t)δ(x) (3.10)

with A the beam’s cross-sectional area and I its second moment of area on
one hand, and E, ρ the material’s stiffness and density on the other.

First, the progressive wave for rightward propagation (from negative to
positive x) is given by:

wp(x, t) = Wp eiβx−iωt (3.11)

where β is the wavenumber and ω the angular frequency, satisfying the dis-
persion relation β4 = ρA

EIω2. It should be noted that this wave corresponds to
the solution with no force applied so it is implicit that the inertia effect due
to the oscillator’s mass mo is neglected. This induces that the frequency of the
propagating wave are less or equal to the oscillator resonant frequency.
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For the forced solution, the general solution is:

w(x, t) =
(

C1 eiβx +C2 e−iβx +C3 eβx +C4 eβx
)

eiωt (3.12)

but different solutions must be sought per domain as indicated earlier.
The problem simplifies by considering that for x < 0 only an incident wave

(heading toward x = 0) matters, and the evanescent wave must vanish as
x → −∞. Moreover, the problem is symmetric, so the solution must be too.
Thus, we seek the displacement field due to forcing by F e−iωt in the form:

w f (x, t) =

w2 f
(x, t) = A eiβx +B e−βx for x ≥ 0

w1 f
(x, t) = C e−iβx +D eβx for x < 0

. (3.13)

The displacement field continuity conditions are:

w2 f
(0, t) = w1 f

(x, t)

∂w2 f
(x, t)

∂x

∣∣∣∣∣
x=0

=
∂w1 f

(x, t)

∂x

∣∣∣∣∣
x=0

,
(3.14)

and for equilibrium we require:

EI
∂2w2 f

(x, t)

∂x2

∣∣∣∣∣
x=0

= EI
∂2w1 f

(x, t)

∂x2

∣∣∣∣∣
x=0

EI
∂w2 f

(x, t)

∂x

∣∣∣∣∣
x=0

= F(t)
∂w1 f

(x, t)

∂x

∣∣∣∣∣
x=0

.

(3.15)

with F(t) a force applied to the beam at x = 0 After solving, the constants are
determined:

A = C = i
F

4β3EI and B = D = − F
4β3EI (3.16)

hence:

w f (x, t) =


w2 f

(x, t) =
F

4β3EI

(
i eiβx− e−βx

)
e−iωt for x ≥ 0

w1 f
(x, t) =

F
4β3EI

(
i e−iβx− eβx

)
e−iωt for x ≥ 0

(3.17)

Finally, the solution with a progressive wave injected from the left is given by
w(x, t) = wp(x, t) + w f (x, t), hence it writes:

w(x, t) =


w1(x, t) =

[(
Wp + i

F
4β3EI

)
eiβx− F

4β3EI e−βx
]

e−iωt

w2(x, t) =
(

Wp e−iβx +i
F

4β3EI i e−iβx− F
4β3EI eβx

)
e−iωt

(3.18)
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Figure 3.2: Confinement example using Eq. (3.20)’s optimal force for Wp = 1: the
wave is stationary and attenuates on the right. The evanescent wave’s presence is

clear for x > 0

To determine the force value for optimal confinement, we impose zero far-field
displacement for x > 0:

w2(x, t) = 0 for βx ≫ 1⇒ F = −i4EIβ3Wp . (3.19)

This imposes the left far field:

w1(x, t) = i2Wp sin(βx) e−iωt , (3.20)

which is a standing wave. Thus, there exists a force for which the reflected
wave (imposed by the force) exactly compensates the incident wave. However,
applying the force necessarily generates displacement beyond x = 0 as illus-
trated in Figure 3.2.

It now remains to equate the arbitrary harmonic force used to establish the
forced solution with the force applied by the oscillator to the beam, assuming
that the frequency of the incident wave coincides exactly with the resonance
frequency of the oscillator. Observing that the amplitude imposed on the os-
cillator at x = 0 is wo = −Wp, and exploiting relation (3.9), we derive the
approximate condition:

moω2
o

2ξ
= 4EIβ3 ⇒ ξ =

1
2

(
mo

ρA

) 3
4
(

ko

EI

) 1
4

, (3.21)
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Modulation Beam Model Demodulation
−Kω

Kω

F W

Fd

FqWq
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Figure 3.3: Vibration confinement scheme based on the electrical analogy: the block
"beam model" simulate the dynamic of a pillar which is implemented in the rotating

frame.

where we used the dispersion relation for resonance ωo =
√

ko
mo

=
√

EI
ρAβ2.

This demonstrates the difficulty of achieving optimal confinement with a sin-
gle force, as tuning the structure’s resonances requires an additional dissipa-
tion condition, while damping is fixed by material choice for pillars.

The theoretical analysis reveals that a control law emulating pillar dynamics
requires a precise gain (ξ) for optimal confinement (Eq. 3.21). This stringent
condition – dependent on fixed material properties and inertial parameters –
poses implementation challenges. Notably, this could explain why numerical
simulations demonstrated that multiple pillar rows are necessary: distributed
force application provides robustness against sensitivity to the critical ξ value.
Motivated by Eq. 3.8, we therefore implement a simplified control law:

F = Kuo (3.22)

This approach maintains some physical relevance while being practical.
Reformulated in a rotating reference frame for implementation simplicity,

the control law becomes:
Fd = KUd

Fq = KUq
(3.23)

with Ud and Uq denoting in-phase and quadrature modal velocity components.
This structure theoretically enables frequency-independent confinement,provided

that the control gain is sufficiently high to effectively attenuate the vibration re-
sponse. We verify this principle through simulations quantifying performance
limits and stability robustness.

3.2.3 Simulation of the control law

To evaluate the effectiveness of the proposed active confinement strategy, we
consider a free-free beam modeled via Euler-Bernoulli theory. The dynamic
response is simulated using a time-domain Green’s function formulation for
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harmonic excitation [82], which analytically determines displacement fields in-
duced by concentrated forces at discrete positions. This framework, integrated
with our control strategy, enables analysis of controlled dynamics when exci-
tation and confinement points are spatially separated. The simulation is done
for free-free boundary conditions, and the locations of the force are chosen rel-
atively close to antinodes of the vibration at 3 kHz. This ensures that the force
can act on the vibration for two scenarios detailed later.

It is important to emphasize that this simulation represents an illustrative
case study rather than a comprehensive parametric investigation. The primary
objective is to demonstrate the feasibility of the approach and highlight its key
characteristics, not to exhaustively explore all possible configurations or oper-
ational conditions.

We adapt the control law (3.23) to express force-displacement relationships.
Under the harmonic oscillator approximation (valid under modal projection),
the control forces in the demodulated frame are:

Fd = −ω1KWq = K′Wq

Fq = ω1KWd = K′Wd
(3.24)

Vibration excitation is applied at the beam’s centerline, while confinement
forces act symmetrically about this point (Figure 3.4). To illustrate the confine-
ment behavior, simulations were conducted for two specific scenarios: first,
with 3 kHz excitation and two different control gain values (K), demonstrating
the influence of gain magnitude on performance; second, with 5 kHz excitation
to examine frequency-dependent effects. In both cases, the excitation ampli-
tude remained fixed at 1 N to ensure consistent comparisons.

These limited scenarios serve to validate basic operational principles and
reveal potential implementation challenges. The study does not explore critical
parameters like control point spacing or location optimization, and conclusions
should be interpreted as indicative rather than comprehensive.

First, we present results for an excitation at 3 kHz, where the system re-
sponse is analyzed under two distinct control gain values K′, allowing us
to assess the influence of the gain magnitude on confinement performance.
Subsequently, the simulation is repeated for an excitation at 5 kHz, providing
insight into the behavior of the system at a higher frequency and enabling
comparison across different conditions.

In all simulation scenarios, the excitation force applied to induce vibrations
is set to a constant amplitude of 1 N. This ensures consistency across different
test cases and allows for a fair comparison of the resulting vibration confine-
ment performance.
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Confinement zone

Excitation

Control

Figure 3.4: Schematic of the simulated beam : the excitation is applied at the center of
the beam (black dot), and forces are applied at the orange dot to confine the vibration

in the region they delimit.

Simulation results

An initial evaluation of the vibration confinement strategy was conducted at
3 kHz. In this configuration, excitation forces were applied uniformly in the
same direction across the designated control (confinement) points, as illus-
trated in Figure 3.5a. The corresponding results, presented in Figure 3.5b,
indicate a successful attenuation of the vibration amplitude beyond the con-
trol points—by approximately a factor of three. Furthermore, it is observed
that nodal lines precisely emerge at the locations where control forces were
applied. This confirms that the strategy effectively imposes spatial constraints
on the vibration field.

In subsequent simulations, control forces were configured as opposing force
couples at adjacent confinement points to generate pure bending moments.
This arrangement realistically models piezoelectric transducer behavior, where
antiparallel surface forces create counteracting moments at patch boundaries
(Fig. 3.6a). By inducing controlled curvature reversals, this moment-dominated
approach more effectively impedes vibrational wave propagation through lo-
calized impedance mismatches.

The simulation results, presented in Figure 3.6b, demonstrate a notable im-
provement in confinement performance when using opposing-direction control
forces. Within the target tactile interaction zone, active confinement boosted vi-
bration amplitude from 2 µm (uncontrolled) to 6 µm (controlled)—a threefold
increase demonstrating successful energy focusing. This amplification is fur-
ther evidenced by a sixfold amplitude ratio across the confinement boundary,
confirming effective suppression of peripheral energy leakage. The combined
effect could enhance haptic signals through energy concentration where users
interact, while simultaneously improving system efficiency by minimizing dis-
sipation across non-functional surfaces.

During our tests, various gain values were evaluated to determine the con-
ditions necessary for achieving effective vibration confinement. It was ob-
served that a high gain- on the order of 1 × 108 - was required to produce
the desired confinement behavior. The results obtained using this gain are
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Figure 3.5: Control strategy mimicking the effect of pillars rows: a) Forces
distribution used to approximate the effect of pillars; b) Modulus of the vibration

velocity at 3 kHz with opposite control forces

shown in Figure 3.7a, where the vibration amplitude is effectively suppressed
outside the targeted region.

Conversely, when the gain was reduced to 1 × 107, the confinement per-
formance degraded significantly. As illustrated in Figure 3.7b, vibrations were
no longer effectively confined, indicating that the gain magnitude directly in-
fluences the control system’s ability to attenuate vibration propagation. These
observations emphasize the high dependence of vibration confinement effec-
tiveness on the gain value. An additional test conducted at a higher frequency
using the same gain value (1 × 108) further reveals that the effectiveness of
the confinement strategy also depends on the excitation frequency. This is ex-
pected because the actuator locations non longer respect the requirement to
apply forces around antinodes. As shown in Figure 3.8, the confinement fails
at this frequency, indicating that a the high gain need to be adapted to the
wavelength, hence the frequency. in order to guarantee effective confinement
across all frequencies.
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Figure 3.6: Control strategy mimicking the effect of ceramic patches: a) Forces
distribution used to approximate the effect of piezoelectric patches which act as
localized moments; b) Modulus of the vibration velocity at 3 kHz with opposite

control forces

3.2.4 Challenges to implement this method

During the simulation results multiple challenges have been spotted that re-
strict the practical application and implementation of this method such as :

• High gain requirement: The method demonstrates a strong reliance on
high gain values—on the order of 108—to achieve effective vibration con-
finement. While the simulations only display the steady-state response,
the transient dynamics where displacements can reach micrometer scales,
potentially generating forces exceeding 100 N. Such large gains are highly
susceptible to external disturbances and sensor noise, posing significant
challenges for practical implementation.

• Sensitivity to gain variation: The confinement effectiveness is highly
sensitive to the selected gain value. Even minor deviations from the op-
timal gain lead to a substantial degradation in performance, limiting the
robustness of the approach.

• Frequency dependence: The method exhibits a marked dependence on
the excitation frequency. This implies that the gain must be adapted to the
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(b) Confinement for a feedback gain K′ = 1× 107

Figure 3.7: Comparison of confinement control for different feedback gains at 3 kHz
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Figure 3.8: Simulation results at 5 kHz
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operational frequency range. In practice, this could require even higher
gains for certain frequencies, further compounding the implementation
challenges mentioned above.

These constraints significantly limit the robustness and scalability of the con-
trol strategy, particularly in noisy environments –which is characteristic of
our application due to the low vibration amplitudes– or when dealing with
broadband or time-varying excitations. In light of these limitations, we decide
to explore an alternative control approach capable of delivering reliable and
adaptive vibration confinement under realistic operational conditions.

3.3 Confinement by sensor/actuator framework

The initial control strategy exhibited limitations in achieving robust vibration
confinement. Converting the proportional control to a proportional-integral
(PI) architecture within the rotating reference frame –mathematically equiva-
lent to a proportional-resonant (PR) controller [83]– provides theoretically infi-
nite gain at the modulation frequency. However, this introduces critical stabil-
ity challenges in non-collocated configurations. The inherent −π/2 phase lag
characteristic of integral controllers combines with structural phase responses
near other modes, degrading phase margin. Furthermore, high-frequency
feedthrough effects, where unattenuated dynamics bypass the controller’s band-
width [79], create additional destabilizing pathways. Under high-gain condi-
tions, the aggregate phase shift approaches −π at critical frequencies, creating
instabilities through unintended positive feedback loops. This dual challenge
of phase degradation and high-frequency feedthrough presents fundamental
implementation barriers for non-collocated confinement systems.

Given these limitations, it is necessary to propose a robust method for active
vibration confinement. This method leverages a distributed network between
a number of actuators na and a number sensors nc, while explicitly accounting
for the dynamic coupling interactions among them. By doing so, it enables
real-time control over vibration propagation and facilitates the spatial localiza-
tion of vibrational energy particularly around the sensors.

Beyond simple confinement, this architecture offers the potential to dynam-
ically generate a variety of spatial vibration patterns without requiring modifi-
cations to the control framework. Such adaptability is essential for applications
like surface haptics, where the ability to reconfigure feedback profiles on de-
mand enhances both functionality and user experience.

To streamline the development and analysis process, we constrain the prop-
agation of vibrations to a single spatial dimension by modeling the structure
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as a beam. Piezoelectric ceramics are employed as the actuation and sensing
elements, arranged in a collocated configuration where each sensor shares the
same physical location as an actuator nc = na = N. This setup is particu-
larly advantageous, as it supports accurate measurement and control of local
vibration fields, thereby enhancing the precision of the confinement mecha-
nism. This is also motivated by Preumont’s fundamental observation that non-
collocated configurations inherently exhibit non-minimum phase behavior due
to right half-plane zeros [79]. Such zeros migrate into the operational band-
width precisely when spatial separation exists between actuation and sensing
points. By implementing colocated control in our system, we deliberately avoid
these complications—ensuring minimum-phase characteristics within our tar-
get bandwidth and preserving adequate phase margins for stable operation.
The newly proposed control architecture is grounded in the modal super-
position principle, which serves as the theoretical foundation for analyzing
and controlling the system’s dynamic response. Before detailing the control
scheme, we begin with a brief introduction to modal superposition. This ap-
proach assumes that the response of a linear elastic system can be expressed
as a weighted sum of its natural vibration modes. By projecting the system
dynamics onto its modal basis, the complex coupled spatial-temporal behav-
ior is transformed into a set of decoupled ordinary differential equations, each
representing an independent mode. This simplification facilitate the analysis
and design of our control law.

3.3.1 Modal Superposition

In linear elastodynamics, the free vibration problem—governed solely by initial
displacement and velocity fields without external loading—admits infinitely
many solutions. Each solution corresponds to an eigenpair consisting of a nat-
ural frequency ωm and an associated mode shape ϕm(x), where x denotes the
spatial coordinate vector and m ∈ N. These eigenpairs satisfy the homoge-
neous boundary-value problem, with mode shapes defined up to an arbitrary
scaling constant.

Mathematically, these mode shapes form a complete orthogonal basis for
the solution space satisfying the kinematic constraints [84]. Consequently, the
dynamic response to arbitrary mechanical loading can be expressed through
modal superposition:

w(x, t) =
∞

∑
m=1

wm(t)ϕm(x), (3.25)

where wm(t) are the time-dependent generalized coordinates representing modal
participation factors.
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Physically, this decomposition separates the spatial distribution of vibration
energy (ϕm) from its temporal evolution (wm), reducing complex distributed
systems to assemblies of single-degree-of-freedom oscillators [77]. This frame-
work provides the theoretical foundation for our subsequent analysis of vi-
bration confinement in beam structures. It should be noted, that for a given
admissible displacement field, one can calculate the coordinates wm(t) from
the inner product:

wm(t) =
∫∫∫

Ω
ϕm(t)Tw(x, t)dΩ, (3.26)

where Ω is the domain occupied by the structure. The normalization is arbi-
trary, and a common choice is to normalize to have unitary modal masses. The
mass-normalized modes ϕ̂j(x) verify:∫∫∫

Ω
ρ(x)ϕ̂j(x)

Tϕ̂j(x)dΩ = 1

where ρ is the density. Using the projection of the wave propagation equation
on the mass-normalized mode shapes reveals that each modal amplitude wm(t)
satisfies the following ordinary differential equation for :

ẅm(t) + 2ξmωmẇm(t) + ω2
mwm(t) = fm(t) . (3.27)

This projection eliminates spatial dependencies, yielding independent oscilla-
tor equations. Here, ξm is the modal damping ratio, ωm is the natural fre-
quency, and fm(t) is the modal force.

Note: This normalization is chosen for the purpose of the example. In
practice, different normalizations, such as a unitary maximum amplitude, are
used and for each mode a modal mass Mj, a modal damping Dj and a modal
stiffness Kj appear in the right hand side of the dynamic equation (3.27). □

For this simplified case study, we consider a beam (uni-dimensional domain
Ω → [0, L]) with N actuators at positions xk. The forces are supposed to be
ideally concentrated at the actuator locations and normal to the beam. We
can express the relevant component as the distribution of forces normal to the
beam:

F(x, t) =
N

∑
j=1

Fj(t)δ(x− xj) (3.28)

where δ is the Dirac distribution. The modal force applied to the mode m is
given by the projection on ϕ̂m:

fm(t) =
∫∫∫

Ω

N

∑
k=1

Fj(t)δ(x− xj)ϕ̂m(x)dΩ , (3.29)
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which leads to:

fm(t) =
N

∑
j=1

ϕ̂m(xj)Fj(t) . (3.30)

This formulation demonstrates that force coupling to mode m is governed
by the mode shape amplitude at actuator locations. Crucially, this spatial de-
pendence means modes with nodal lines at actuator positions (ϕ̂m(xj) = 0)
cannot be excited, while higher-order modes experience progressively weaker
excitation. With finite actuators, the system exhibits inherent spectral selectiv-
ity—only modes with significant ϕ̂m(xk) magnitude at these specific locations
can be effectively controlled. This spatial filtering represents a fundamental
constraint in discrete-actuator vibration confinement systems.

For each actuator, the force is generated using the piezoelectric effect, and
is therefore proportional to the voltage across the patches which we assumed
to be independent, thus:

Fj(t) = K f Vj(t) (3.31)

where K f is a coefficient depending on the piezoelectric material and the ge-
ometry of the patches (supposed to be the same for all actuators here).
Applying the Laplace transform to (3.27) while incorporating (3.30) yields the
modal participation of the mode m:

Wm(s) =
N

∑
j=1

ϕ̂m(xj)
K f Vj(s)

s2 + 2ξmωms + ω2
m

. (3.32)

with Wm(s) = L[wm(t)] the Laplace transform of wm(t)

Note: This concentrated force model represents a simplified case study
for fundamental validation. Practical implementations would account for dis-
tributed actuator effects and spatial filtering.

Due to reversibility of the piezoelectric patches and the colocalisation, the
displacement measured by the sensor at position xk (k ∈ {1, . . . , N}) and due
to the mode m is expressed as:

Wkm(s) = K f ϕ̂m(xk)Wm(s) = K2
f ϕ̂m(xk)

N

∑
j=1

ϕ̂m(xj)
K f Vj(s)

s2 + 2ξmωms + ω2
m

. (3.33)

Despite the notation, Wkm(s) is a voltage, and should be understood as the
contribution of the mode m too the measured voltage on sensor k. This re-
construction exhibits some limitations: modes with nodes at xk (ϕk(xl) = 0)
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remain undetectable, and higher-order modes become progressively unresolv-
able. Actually, since sensors are colocated with actuators in our configuration,
this spatial filtering creates identical constraints for both sensing and actua-
tion—modes unobservable are simultaneously uncontrollable. This limitation
defines the fundamental modal subspace accessible to colocated confinement
strategies.

Finally, the voltage on sensor k results from the contribution of all excited
modes, which we can write using the decomposition property as:

Wk(s) =
∞

∑
m=1

Wkm(s) =
∞

∑
m=1

K2
f ϕ̂m(xk)

N

∑
j=1

ϕ̂m(xj)
K f Vj(s)

s2 + 2ξmωms + ω2
m

. (3.34)

Now, since the infinite sum is guaranted to converge as a consequence of the
decomposition theorem, the expression can be rearranged:

Wk(s) =
N

∑
j=1

[
K2

f

∞

∑
m=1

ϕ̂m(xk)ϕ̂m(xj)

s2 + 2ξmωms + ω2
m

]
Vj . (3.35)

3.3.2 Control strategy

The previous theoretical developments are expressed as the scalar product of a
row vector, whose components correspond to the transmittance between sensor
k and the voltage Vi(s) applied to actuator i:

W k(s) = T (s)jV (s)

where the relevant expressions can be directly identified from Eq. (3.35). Con-
catenating the W k(s) into a column vector, the set of measurements caused by
the voltages applied V (s) are in matrix form:

W (s) = T (s)V (s) (3.36)

The objective of the control is to impose a velocity field concentrated in a spe-
cific region of the beam, thereby reproducing a confinement effect similar to
the passive solution using pillars. This requires individualized actuator con-
trol based on the complete set of measurements from the sensing ceramics.
It is therefore necessary to determine the relationship between the measured
signals and the voltages in order to design the feedback loops. Since the ap-
plication involves a single-frequency vibration (denoted Ω), Eq. (3.36) can be
exploited for this purpose. At a given frequency, the components of matrix T
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Figure 3.9: Control strategy

are constant complex numbers. The actuator voltages Vican thus be obtained
by inverting Eq. (3.36):

V (Ω) = T (Ω)−1W (Ω) (3.37)

This implies that the matrix T(Ω) must be invertible. A first condition can
therefore be established regarding the frequency Ω. Indeed, it is known that
when lightly damped structures are excited at a resonance frequency, the vi-
bration is dominated by the corresponding mode (for example ϕ̂m). Thus, in
this case we have:

Wk(s) ≈ K2
f ϕ̂m(xk)

N

∑
j=1

ϕ̂m(xi)

ω2
m −Ω2 + 2iξmωmΩ

Vj pour Ω ≈ ωm

This shows that the rows of the matrix T differ only by a multiplicative factor,
meaning that it is not invertible. Physically, this implies that the energy is
mainly injected into the dominant mode, making it impossible to sense and
actuate the other modes. It is therefore necessary to operate at a frequency
that does not excite a mode resonance.
However, even if this condition is met, poor conditioning may still occur if the
transmittance coefficients are too similar.

3.3.3 Simulation-based validation of the method

A simulation was conducted on a beam of length 100 mm, with six actuators
evenly distributed along its length. Each actuator was paired with a co-located
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sensor positioned at the same location, enabling simultaneous actuation and
measurement at discrete points along the beam (cf. Figure 3.9). Moreover the
beam was in clamped-clamped boundary conditions. The beam configuration
resulted in the modal response presented in Figure 3.10.

10
1

10
2

10
3

10
4

f(Hz)

10
-8

10
-6

10
-4

a
m

p
lit

u
d
e

Figure 3.10: Modal response of the simulated beam

The proposed methodology was implemented on the simulated beam model
to evaluate its effectiveness. Specifically, the ability to limit vibration propaga-
tion around each actuator was tested to assess the performance of the spatial
confinement strategy. By applying the computed driving voltages, the result-
ing vibration fields were analyzed to verify whether confinement was achieved
in the vicinity of each actuator, thus demonstrating the method’s capability to
locally control vibrational energy.

Three vibration confinement tests were conducted to validate the proposed
control strategy. In the first test, the goal was to confine vibrations to the left
side of the beam, as shown in Figure 3.11. The second test targeted the central
region (Figure 3.13), and the third aimed to localize vibrations on the right side
(Figure 3.12).

The simulation results validate the proposed control architecture for achiev-
ing vibration confinement in regions surrounding the actuator/sensor posi-
tions. Notably, the actuators located at the boundaries of the selected confine-
ment zone apply higher forces compared to those within the confined region.
This behavior highlights the role of peripheral actuators in counteracting vi-
brational energy leakage and maintaining spatial confinement. Since the simu-
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Figure 3.11: Result of simulation of the vibration confinement on the left
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Figure 3.12: Result of simulation of the vibration confinement in the middle
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Figure 3.13: Result of simulation of the vibration confinement on the right

lations validate the effectiveness of the proposed control architecture, we pro-
ceeded with the development of an experimental prototype to further assess
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and validate the control strategy under real-world conditions.

3.4 Experimental validation of the sensors-actuators
framework

Building on simulation validation, an experimental prototype was realized to
evaluate three critical aspects under physical constraints: real-world confine-
ment efficacy and practical implementation barriers.

3.4.1 Experimental Setup

Mechanical Setup
The experimental setup consists of a uniform steel beam with dimensions

150 mm×20 mm×1 mm, subjected to fixed-fixed boundary conditions. The
choice of clamped-clamped boundary conditions was made primarily to achieve
larger vibration amplitudes and, importantly, to ensure consistency in bound-
ary conditions throughout all experimental tests. In contrast, maintaining
consistent boundary conditions is typically challenging with free-free config-
urations. On the surface of one side of the beam, 6 piezoelectric ceramics
actuators, each with dimensions of 12 mm×12 mm×0.3 mm were glued in a
manner that ensured they were equidistantly spaced along the length of the
beam. To act as sensors, 12 piezoelectric ceramics, each with dimensions of
12 mm×3 mm×0.3 mm, were placed as pairs on either side of the actuators, as
depicted in Fig.3.14. The precise placement of these ceramics is critical for the
uniform distribution of the induced strain when the actuators are subjected to
electrical stimuli.

Electrical Hardware
A custom power electronics system drives the piezoelectric actuators. The

system employs analog-to-digital converters (ADCs) to measure sinusoidal sig-
nals and pulse-width modulation (PWM) outputs to generate excitation sig-
nals. Control implementation is handled by an STM32F446 digital signal pro-
cessor (DSP).

Since this strategy assumes constant-frequency excitation, we apply the
control in the rotating frame as proposed in Chapter 2. The control involves
two asynchronous process. A fast process, Direct Digital Synthesis (DDS), at
a frequency of 40 kHz (Ts= 25 µm), generates the voltage reference that is then
applied to supply the actuators using PWM. The voltage is generated consid-
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Figure 3.14: Picture of the prototype showing the placement of actuators and sensors

ering only the real part of the voltage described in:

v(tk) = Vd cos (ωtk)−Vq sin (ωtk) (3.38)

where tk = kTs and k is the sample number.
The DSP also calculates the d-q component of the vibrations as follows :

Wd =
1

Ns

Ns−1

∑
i=0

w(ti) cos(ωti) (3.39)

Wq =
1

Ns

Ns−1

∑
i=0

w(ti) sin(ωti) (3.40)

.
where Ns is the number of samples per period of oscillation. In contrast

to the fixed-frequency implementation in the preceding chapter, the slower
control process now operates synchronously with the application excitation
frequency. This modification aligns process dynamics directly with the target
operational vibration range of 100 Hz to 4000 Hz, optimizing computational
resource allocation for low-frequency haptic feedback applications.

In addition to the DSP, the control board integrates a dedicated driving
circuit. This circuit comprises six identical MOSFET-based half-bridges, each
serving as a DC-AC converter for the independent actuation of the six piezo-
electric transducers. As illustrated in Figure 3.15, each half-bridge consists of
two MOSFET switches and a corresponding gate driver.

The power stage is designed with consideration for the capacitive behavior
of the piezoelectric elements, generating a sinusoidal voltage centered around
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Figure 3.15: Half bridge structure

a DC offset of Vbus/2. The actuation signal is produced via pulse-width modu-
lation (PWM), with the PWM signals synthesized by the DSP. This architecture
allows for operation over a wide frequency range, supporting flexible and effi-
cient control of the piezoelectric actuators.

A second order low-pass filter is added at the output of the inverter. The
components of the low pass filter L f , R f were chosen, considering the piezo-
electric actuators blocked capacitance Cp. The resulting low pass filter transfer
function can be expressed as :

F(s) =
1

L f (Cp)s2 + R f (Cp)s + 1
(3.41)

The cutoff angular frequency of the filter, given by ω f = 1
2π
√

LpCp
, is se-

lected to be higher than the operating frequency and lower than the PWM
frequency. The complete schematics of the electronic architecture is presented
in 3.16.

3.4.2 Characterization of the setup

Before validating the vibration confinement strategy, it is essential to first char-
acterize the frequency response of the beam. This step is crucial for identify-
ing suitable actuation frequencies at which the control law can be effectively
applied. As previously established, active vibration confinement cannot be im-
plemented at the natural frequencies of the beam’s vibration modes, due to the
dominance of a single mode that impedes spatial selectivity. Instead, the con-
trol must be applied at intermediate frequencies between modal resonances,
where the system response is distributed among multiple modes, enabling ef-
fective confinement.

The experimental frequency response of the setup (Figure 3.17) was ob-
tained by performing a sine sweep excitation spanning 100 Hz to 4500 Hz on
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(a) The experimental electronic setup

(b) Electronic schematics

Figure 3.16: The electronic setup

one of the actuators while recording the responses from all sensors. The result-
ing frequency response reveals the presence of several distinct vibration modes,
as expected, but also it is observed that the low frequencies are attenuated. A
comparison of the ADC input capacitance with the blocked capacitance of the
piezoelectric ceramics revealed an impedance mismatch, causing derivative be-
havior that corrupted low-frequency measurements. As a result, the operating
frequency was limited to 2 kHz–2.5 kHz.

Before presenting the experimental results, we begin by outlining two ma-
jor limitations of the proposed control architecture that were identified during
preliminary testing. Furthermore, we propose a methodology for evaluating
these limitations where possible. This analysis is essential for identifying po-
tential areas of improvement and guiding future developments.
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Figure 3.17: Frequency response of the experimental setup

3.4.3 Limitation of the experimental setup

Preliminary tests and experimental observations revealed two major limita-
tions in the implementation of our control architecture:

• Low signal-to-noise ratio due to weak vibration amplitudes.

• Degeneracy of the transmitance matrix T at specific excitation frequen-
cies.

High signal to noise ratio

The small amplitude of vibrations leads to low sensor signal levels, particu-
larly evident in the frequency response for excitation frequencies below 2 kHz.
Under these conditions, the signal-to-noise ratio becomes critically low, mak-
ing the measurements highly vulnerable to noise interference. Furthermore,
the weak signal amplitudes exacerbate susceptibility to crosstalk phenomena
between adjacent piezoelectric sensors. As a result, the electrical signals mea-
sured by the sensors may not accurately represent the actual mechanical vibra-
tions. This undermines the reliability of the sensing process and, consequently,
the effectiveness of the feedback-based control strategy.
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Control Authority Degeneracy in the Transmittance Matrix

The Equation (3.36) at a given can be developed as follows
W1
W2

...
WN

 =


T11 T12 . . . T1N
T21 T22 . . . T2N

...
... . . . ...

TN1 TN1 . . . TNN




V1
V2
...

VN

 (3.42)

The fundamental objective remains independent vibration amplitude control
at each location through coordinated actuation. Physically, a line of the matrix
T encodes how the vibrations generated by the set of actuators is converted to
a measurement. When the measurements become similar, e.g at the vicinity of
a resonance, T conditionning decreases, indicating a degeneracy of the matrix.
This mathematical condition reveals physical limitations in achieving localized
vibration control, as degenerate actuator pairs cannot be driven to produce
distinct amplitude distributions at their respective sensor positions.
Therefore, it is necessary to evaluate the condition of the matrix at a given
frequency.

Orthogonality Matrix The coupling matrix T is first normalized as follows:

Tnorm =
TT H

∥T ∥2
(3.43)

where T H is the hermitian transpose of T .
This normalized matrix is expressed row-wise as:

Tnorm =

T1
...

TN

 (3.44)

Each row Tj represents the normalized interaction vector for sensor j. The
orthogonality matrix ORT is then constructed by computing the dot product
between every pair of rows (including self-products):

ORT =

O11 · · · O1N
... . . . ...

ON1 · · · ONN

 (3.45)

Each entry Oij ranges between 0 and 1. A value of Oij ≈ 1 indicates strong
similarity or coupling between sensors i and j, while Oij ≈ 0 implies near
orthogonality, i.e., negligible coupling.
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3.4. EXPERIMENTAL VALIDATION OF THE SENSORS-ACTUATORS
FRAMEWORK

(a) Orthogonality matrix at 2.4 kHz (b) Orthogonality matrix at 2.2 kHz

Figure 3.18: Orthogonality matrices

Figure 3.18a illustrates the orthogonality matrix at 2.4 kHz, which is nearly
diagonal, confirming weak coupling among sensors. Conversely, Figure 3.18b
reveals a dense matrix structure at 2.2 kHz, indicative of strong coupling, as
expected near a modal resonance.

Interpretation Through Examples To further interpret the orthogonality ma-
trix, we analyze two representative cases:

• The first case corresponds to matrix T identified at 2.4 kHz, associated
with an experimental condition validated later in this chapter.

• The second case is derived from T identified at 2.2 kHz, which aligns
with a resonance frequency—where decoupling via matrix inversion is
known to fail.

Coupling Evaluation Criterion

To quantify the global degree of sensor coupling, we define a scalar criterion η
as follows:

η =
∥ERR∥2

N − 1
, where ERR = 1−ORT (3.46)

Here, ERR represents the deviation from perfect orthogonality. A value of
η close to 1 indicates minimal coupling, whereas η ≈ 0 reflects strong coupling
among sensors.

Applying this metric to the two previously described cases yields:

η2400 = 0.46 η2200 = 0.0092
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Figure 3.19: Vibration mode at 2.2 kHz used to calibrate the sensors

These values confirm the low degeneracy of the transmission matrix at cer-
tain frequencies. 2.4 kHz and the severe coupling at 2.2 kHz, validating the
limitations of matrix inversion in the presence of modal resonance.

All experimental vibration results were measured using a laser Doppler
vibrometer (LDV), with data acquired along the centerline of the beam. A
spatial resolution of 3 mm was used, providing 50 measurement points along
the total beam length of 150 mm.

3.4.4 Sensors Calibration

Before applying our control architecture to achieve vibration confinement, it
is necessary to first calibrate the sensors, as they only provide measurements
in the form of voltages generated by the piezoelectric elements during vibra-
tion. To perform this calibration, we excite the structure to generate a standing
wave, corresponding to one of its natural vibration modes. A standing wave
was used to avoid phase change as in a travelling wave. However, due to the
effects of the measurement chain—including potential delays introduced by
the electronics—the measured phase may be altered. Additionally, calibration
is needed to establish the relationship between the measured voltage and the
actual vibration amplitude at each sensor location.

Figure 3.19 illustrates the vibration measured by LDV laser of the vibration
mode used for this calibration. This mode, which occurs just below our oper-
ational frequency, exhibits six anti nodes—matching the number of sensors in
our setup. The objective is to calibrate the sensor voltages against the vibra-
tion amplitude at the center of each sensor. It is evident from the figure that
the sensor locations are positioned very close to the center of each anti node,
providing a suitable condition for accurate calibration. Multiple vibration am-
plitudes where used in order to calibrate measurement and ensure linearity.
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3.5. VIBRATION PROPAGATION WITHOUT THE CONTROL
ARCHITECTURE

0 1 2 3 4 5 6 7

DSP measurement (ua)

0

1

2

3

4

5

la
s
e

r 
m

e
a

s
u

re
m

e
n

t(
 m

) 

Sensor 1

0 1 2 3 4 5 6 7

DSP measurement (ua)

0

2

4

6

8

10

la
s
e

r 
m

e
a

s
u

re
m

e
n

t(
 m

) 

Sensor 2

0 1 2 3 4 5 6 7

DSP measurement (ua)

0

1

2

3

4

5

la
s
e

r 
m

e
a
s
u
re

m
e

n
t(

 m
) 

Sensor 3

0 1 2 3 4 5 6 7

DSP measurement (ua)

0

1

2

3

4

5

la
s
e

r 
m

e
a
s
u
re

m
e

n
t(

 m
) 

Sensor 4

0 1 2 3 4 5 6 7

DSP measurement (ua)

0

1

2

3

4

la
s
e

r 
m

e
a
s
u
re

m
e

n
t(

 m
) 

Sensor 5

0 1 2 3 4 5 6 7

DSP measurement (ua)

0

1

2

3

4

5

la
s
e

r 
m

e
a
s
u
re

m
e

n
t(

 m
) 

Sensor 6

Figure 3.20: Comparison of Vibration Amplitude Measurements: DSP and Laser

Figure 3.20 demonstrates that the amplitude of the measured vibration is
linearly correlated with the voltage values acquired by the DSP via its ADC.
This linear relationship validates the proportionality assumption between sen-
sor voltage and vibration amplitude. In Figure 3.21, the demodulated measure-
ments done by the DSP Wd and Wq (red), and the demodulated displacement
obtained using the laser vibrometer (blue) are depicted. A consistent phase
shift is observed in the measurements, likely introduced by the signal condi-
tioning chain. Both the phase shift and the gain ratio are accounted for during
the sensor calibration process, ensuring that the measured signals accurately
reflect the mechanical behavior of the system.

3.5 Vibration propagation without the control archi-
tecture

Before applying the control architecture, the natural propagation of vibrations
when exciting a single actuator is assessed. This step ensures that, in the
absence of control, vibrational energy is not inherently confined and spreads
across the structure as expected. Figure 3.22 illustrates the vibration response
of the beam when only the actuator located on the left side is excited. As
shown, the vibration propagates throughout the entire surface of the beam,
confirming that no natural confinement occurs and establishing a baseline for
evaluating the effectiveness of the proposed control strategy.
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Figure 3.21: Phase shift between vibration measurement of the DSP and
measurement by laser
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Figure 3.22: Vibration propagation without control: solid blue line — laser
measurement;red circles — sensor positions.
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3.6. VIBRATION CONFINEMENT RESULTS

3.6 Vibration confinement results

To validate our control architecture ability to confine vibration around an actu-
ator/sensor, we aimed to recreate the same deformation as the one we tried in
simulation part. The vibration confinement was tested in 3 cases of vibration
confinement one at the left 3.23 , middle 3.24 and right 3.25 of the the beam.

Figures 3.23b, 3.24b, and 3.25b show that, under the proposed control strat-
egy, the displacements measured by the sensors closely follow their respective
reference signals. Quantitative measurements along the beam further confirm
successful vibration confinement: in all test cases, amplitudes within the tar-
get zone exceed those in peripheral regions by a factor of 3–4. These results
demonstrate both spatial energy focusing—beneficial for enhancing haptic per-
ception—and suppression of parasitic vibrations, which are key requirements
for scalable, large-area interfaces.

In particular, for the case where confinement is targeted at the center of the
beam, the results demonstrate the most effective confinement: the vibration
amplitude at the desired sensor region is nearly four times greater than the
maximum amplitude observed at any other location on the structure. More-
over, when vibration confinement is applied at the edges of the beam, the
results show a gradual attenuation of the vibration amplitude outside the tar-
geted region. Although the confinement is slightly less pronounced than in the
central case, the vibrations remain effectively concentrated within the intended
area.

Moreover, in contrast to the simulation results, the experimental observa-
tions reveal that the voltages (and thus the forces) applied by the actuators
located within the intended confinement region are greater than those applied
by the other actuators. However, it is still evident that the actuators positioned
closer to the confinement boundaries contribute more significantly than those
farther away. This highlights the critical role of boundary actuators in rein-
forcing confinement by counteracting vibrational leakage beyond the targeted
zone.

Since we have validated that the proposed control scheme successfully en-
ables vibration confinement, we now extend its application to the generation
of different vibration patterns on the structure. The flexibility of the control
architecture allows for the precise shaping of vibrational energy, enabling the
synthesis of diverse spatial distributions tailored to the needs of specific ap-
plications. In this experimental study, we focus on the generation of travel-
ing waves—a class of dynamic patterns characterized by spatial and temporal
phase shifts. Traveling waves are particularly valuable in applications rang-
ing from haptics and tactile displays to ultrasonic manipulation and structural
health monitoring, where directional control over vibration propagation can
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(a) Vibration propagation without control: solid blue line — laser measurement;red
circles — sensor positions..
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Figure 3.23: Vibration confinement test on the left side of the beam
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(a) Vibration propagation without control: solid blue line — laser measurement;red
circles — sensor positions.
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Figure 3.24: Vibration confinement test in the middle of the beam
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(a) Vibration propagation without control: solid blue line — laser measurement;red
circles — sensor positions.
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Figure 3.25: Vibration confinement test on the right side of the beam
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facilitate user interaction, object transport, or localized excitation.

3.7 Generating traveling wave

Generating traveling waves is important in several fields beyond haptics. Un-
like standing waves, which confine vibrational energy to fixed positions, travel-
ing waves facilitate the transport of energy and momentum across a structure.
This dynamic behavior is essential for enabling functions such as peristaltic
pumping, where a sequence of propagating waves drives fluid flow in soft
or flexible channels [85, 86]. Similarly, in granular and powder transport sys-
tems, traveling waves can be used to mobilize and control particulate materials
without direct mechanical contact [87, 88]. In the field of haptics, traveling
waves are particularly advantageous for generating shear forces that produce
directional tactile cues on the skin [53, 54], offering a more immersive and
controllable user experience. Thus, the ability to synthesize traveling waves
expands the range of functional applications for vibration control and manip-
ulation across both industrial and interactive domains.

Reference signals for traveling wave generation In a traveling wave, the
displacement is a function of time and position, with:

w(x, t) = Asin
(

ωt− 2π
x
λ

)
(3.47)

where λ is the wavelength. In a perfectly homogeneous medium, there is a
relationship between λ and ω given byλ = 2πc

ω , where c is the sound speed in
the medium. As a result, the displacement of the sensors located on the beam
should undergo a displacement as follows:

W(j) = Asin(ωt− 2π
xs(j)

λ
) j ∈ {1 . . . 6} (3.48)

where the location of the jth is denoted xs(j). Consequently, the six displace-
ments have the same amplitude but have a phase shift corresponding to its
position.

Traveling wave ratio To evaluate the efficiency of the method, we calculate
the Traveling Wave Ratio (TWR). It is defined as the complement of the Standing
Wave Ratio (SWR), which quantifies the severity of standing wave patterns.

The Standing Wave Ratio is defined as:

SWR =
Amax − Amin

Amax + Amin
(3.49)
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where Amax is the maximum amplitude across the beam, and Amin is the
minimum amplitude.

This ratio can be interpreted as follows:

• SWR = 0: Pure traveling wave (no reflection)

• SWR = 1: Pure standing wave (total reflection)

• 0 < SWR < 1: Mixed wave, with partial reflections forming standing
wave patterns

Accordingly, the Traveling Wave Ratio is defined as:

TWR = 1− SWR (3.50)

Its interpretation is the complement of SWR:

• TWR = 0: Pure standing wave

• TWR = 1: Pure traveling wave

• 0 < TWR < 1: Partial traveling wave, with some standing wave compo-
nents

Experimental Results of Traveling Waves In order to generate various trav-
eling wave patterns, we applied Equation (3.49), systematically varying the
parameter k in the range from 10.5 to 13.9. This allowed us to investigate the
effect of wavelength tuning on the resulting vibration profiles and to identify
the values of k that produce the most efficient traveling wave behavior.

For each value of k, the Traveling Wave Ratio (TWR) was computed, as
illustrated in Figure 3.26. The results indicate that the optimal performance
was achieved for λ = 6.6 cm, where the TWR reached a value of 0.58. This
means that in this configuration, approximately 60% of the total vibrational
energy corresponds to a traveling wave component, highlighting a significant
improvement in directional wave generation through proper wavelength tun-
ing.

To visually evaluate the traveling wave behavior, Figures 3.27, 3.28, and 3.29
illustrate the vibration profiles corresponding to λ = 5.9 , 6.6,7.4 cm, respec-
tively. Each figure presents the displacement measured by the laser vibrome-
ter, enabling direct observation of the resulting waveforms for different spatial
phase configurations.

From these figures, it is evident that the case corresponding to λ = 6.6
exhibits the most prominent traveling wave behavior. In this scenario, the
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Figure 3.27: Traveling wave behavior at λ = 5.9
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Figure 3.28: Traveling wave behavior at λ = 6.6

vibration pattern shows clearly defined and smoothly propagating diagonal
anti-nodes over time—an indication of effective wave propagation. This con-
trasts with the other cases (λ = 5.9 andλ = 7.4), where the waveforms appear
more stationary or distorted, suggesting a mixture of standing and traveling
wave components. The visual coherence at λ = 6.6 supports the previously
reported TWR maximum, highlighting this configuration as the most effective
for generating a traveling wave.

Furthermore, even in the best-performing case (λ = 7.4), the figures reveal
opportunities for improvement, as the resulting traveling wave is not perfectly
formed. This suggests that the TWR could be increased further—potentially
approaching unity—with enhancements to the experimental setup. One av-
enue for improvement lies in the use of smaller actuators and sensors, which
could provide better spatial resolution and coupling, thus enabling finer con-
trol over the wave shape. Additionally, improving the calibration process is
crucial; for instance, the current measurement resolution of 3 mm corresponds
to a phase shift of approximately 20 to 30 degrees, which may introduce sig-
nificant errors in the resulting waveform. Enhancing both hardware precision
and calibration accuracy may therefore yield higher-fidelity traveling waves.
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Figure 3.29: Traveling wave behavior atλ = 7.4

3.8 conclusion

In this chapter, we introduced and analyzed two control strategies aimed at
achieving spatial confinement of vibrational energy in flexible structures. The
first approach is rooted in an analogy with electrical resonant filters and demon-
strated the ability to suppress vibrational propagation at specific frequencies
using high-gain feedback control. However, simulations revealed critical limi-
tations, notably the dependency on extremely high gain values and the result-
ing challenges with robustness, sensitivity to frequency variations, and practi-
cal implementation constraints.

To address these issues, a second, more comprehensive control architecture
was developed based on modal superposition theory. This method models
the structure as a superposition of its natural vibration modes, enabling the
formulation of a spatial decoupling strategy through the inversion of an ac-
tuator–sensor interaction matrix. By targeting off-resonance frequencies and
applying individualized control loops to each sensor/actuator pair, this archi-
tecture allows for the real-time confinement and dynamic shaping of vibration
fields.

The theoretical formulation was validated via both analytical simulations
and experimental implementation. Numerical results demonstrated successful
confinement of vibrational energy around target regions, with higher actuation
observed at the boundaries of the confinement zones to prevent energy leak-
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age. Experimental validation confirmed these findings, though performance
was impacted by low signal-to-noise ratios and degeneracy of the transmis-
sion matrix at certain frequencies. These effects were characterized using an
orthogonality matrix and quantified by a scalar coupling metric, guiding the
selection of operational frequencies.

Additionally, the flexibility of the proposed control architecture was lever-
aged to generate traveling waves—an important capability for applications in
haptics and particle transport. By tuning the spatial phase reference to match
the natural wavelength of the structure, a traveling wave ratio (TWR) of up
to 0.58 was achieved, indicating substantial success in generating directional
wave propagation.

Overall, this chapter establishes a robust foundation for active vibration
confinement and spatial vibration pattern synthesis. While challenges remain
— particularly in improving hardware resolution and noise robustness—the
proposed control strategy demonstrates strong potential for practical applica-
tions in precision vibration control and advanced haptic interfaces.
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General Conclusion

This thesis aimed to advance the field of ultrasonic surface haptics (USF) by
developing and validating methods for localizing and controlling ultrasonic
vibrations on smart surfaces. The central objective was to enable localized
tactile feedback without compromising scalability, energy efficiency, or signal
clarity—challenges that currently limit the widespread integration of USF into
consumer and industrial applications.

To achieve this, the work developed a vibration confinement strategy based
on mechanical electrical analogy. Based on that, two complementary approaches
to vibration confinement were explored: passive confinement using mechanical
resonators and active confinement using sensor-actuator networks and con-
trol algorithms. These approaches were developed independently, validated
through simulations, and implemented in experimental prototypes.

The first contribution of this thesis was the design and validation of a pas-
sive method for vibration confinement using resonant mechanical pillars in-
tegrated into the surface structure. By tuning the resonant frequency of the
pillars to match a targeted vibration mode of the active zone, energy transfer
between the plate and the pillars was optimized. This interaction attenuates
wave propagation and confines vibration within a specific region.

Finite Element Method (FEM) simulations validated the influence of geo-
metrical and material parameters, such as pillar height, periodicity, and place-
ment. The study further investigated the minimum number of pillar rows
required to effectively contain the vibration field. Experimental results con-
firmed the viability of this method and demonstrated clear mode confinement
with little energy leakage beyond the resonator boundaries.

One key insight was that passive confinement via mode conversion offers
a low-energy, robust solution for applications requiring consistent tactile ef-
fects. However, it remains frequency-specific and lacks flexibility for dynamic
reconfiguration or broadband operation.
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General Conclusion

To overcome the limitations of the passive approach, the second major
contribution of this work introduced an active vibration confinement strat-
egy. Based on modal superposition and sensor-actuator feedback, this method
allows the dynamic shaping of the vibration field using real-time control.

The control architecture was first developed and validated through simu-
lation. The proposed control strategy allowed the generation of user-defined
vibration patterns, such as localization around specific actuators or the forma-
tion of traveling waves.

A full experimental prototype was designed, including custom driving elec-
tronics and a DSP-based control system. The experimental setup demonstrated
the ability to confine and manipulate vibrations in real time. Various configu-
rations showed how actuation amplitude and phase could be tailored to match
desired spatial profiles, including traveling waves with controlled wavelength.

Despite its promising results, the active method also exposed several practi-
cal limitations. Control performance was highly dependent on signal-to-noise
ratio, vulnerable to sensor crosstalk, and sensitive to calibration accuracy. In
addition, the approach exhibited marked sensitivity to actuator coupling and
to the choice of operating frequency. Finally, the achieved vibration amplitudes
remained too low for the intended haptic application.

Building upon the findings and insights developed throughout this thesis,
several promising directions emerge for future research in the domain of vibra-
tion confinement for the generation of ultrasonic surface friction (USF). These
research avenues offer opportunities to propose innovative strategies and make
novel contributions to the field.

One particularly compelling direction involves the development of a hybrid
confinement strategy that combines both passive and active methods. Such an
approach would leverage the mechanical robustness and inherent stability of
passive resonators while incorporating the flexibility and adaptability offered
by active control. This synergy could lead to confinement systems that are
both reconfigurable and resilient, capable of maintaining performance across
varying environmental and operational conditions.

Another area worth exploring is the design of passive confinement struc-
tures with broadband characteristics—i.e., capable of attenuating vibration
modes over a wide frequency range. Integrating such a system with an ac-
tive control layer could result in a confinement architecture that preserves
boundary conditions mechanically while dynamically adapting the excitation
patterns. This combination could enable active confinement across a broad
frequency band, a critical requirement for applications where the operating
frequency may vary or where multiple haptic effects need to coexist.

Finally, whether through active, passive, or hybrid strategies, future re-
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search could also aim to generate and control multiple sets of vibration modes
or traveling waves simultaneously. This would make it possible to create and
modulate localized ultrasonic shear forces on extended surfaces, thus enhanc-
ing spatial resolution and tactile richness. Achieving this goal would mark a
significant advancement in the design of scalable and programmable haptic
interfaces for next-generation interactive technologies.,
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Titre: Conception d’ondes mécaniques localisées contrôlées : application à
l’haptique

Mots clés: Contrôle de vibration, Piézoélectricité, Haptique , Métamatéri-
aux

Résumé: Menés dans le cadre du
projet pluridisciplinaire HASAMé,
ces travaux visent à dépasser les
limites des technologies haptiques
de surface actuelles, notamment
en matière de mise à l’échelle,
d’efficacité énergétique et de pré-
cision spatiale des effets tactiles.
L’objectif central est de générer une
friction ultrasonore localisée, per-
mettant aux utilisateurs de percevoir
des retours tactiles — textures, bou-
tons ou indications directionnelles
— directement sur des interfaces
tactiles. Pour ce faire, des approches
de confinement passif et actif sont
étudiées. Le confinement passif ex-
ploite les propriétés géométriques
et matérielles de structures péri-
odiques — telles que des piliers
mécaniques — afin de créer des
zones vibratoires localisées par at-
ténuation d’ondes et conversion de
modes. Ces structures sont conçues
et analysées au moyen de mod-
élisations analytiques fondées sur
les théories des poutres et des
plaques, ainsi que par des simula-
tions par éléments finis ; des pro-
totypes expérimentaux valident leur
efficacité. À l’inverse, le confine-
ment actif est réalisé au moyen de
réseaux d’actionneurs et de capteurs
piézoélectriques intégrés à la sur-
face. Des stratégies de contrôle
sont développées par superposition
modale et mises en œuvre dans
un repère tournant, ce qui permet

de façonner le champ vibratoire en
temps réel. Cette approche au-
torise non seulement le confinement,
mais aussi la génération d’ondes
progressives, essentielles pour in-
duire des forces de cisaillement di-
rectionnelles perçues par le bout du
doigt de l’utilisateur. Une contri-
bution majeure de cette thèse ré-
side dans l’introduction d’un cadre
de modélisation fondé sur l’analogie
électrique, s’appuyant sur le circuit
équivalent de Mason, qui modélise
chaque section de la surface vibrante
comme une cellule électrique à trois
ports. Cette méthodologie con-
stitue un outil souple pour l’analyse
et la conception de systèmes hap-
tiques complexes à contrôle dis-
tribué. Les résultats expérimentaux,
obtenus avec des cartes électron-
iques conçues sur mesure et une vi-
brométrie laser, confirment les pré-
dictions théoriques en montrant un
confinement précis des vibrations et
un contrôle efficace des réponses
tactiles. Dans l’ensemble, ces
travaux proposent un cadre complet
— couvrant modélisation, contrôle,
réalisation expérimentale et évalua-
tion centrée sur l’utilisateur — pour
le développement d’interfaces hap-
tiques de nouvelle génération, ou-
vrant la voie à des surfaces intelli-
gentes et réactives applicables aux
commandes automobiles, aux dis-
positifs médicaux et à l’électronique
grand public interactive.



Title: Design of controlled localized mechanical waves: application to hap-
tics

Keywords: Vibration control, Piezoelectricity, Haptics, Metamaterials

Abstract: Conducted within the
framework of the multidisciplinary
HASAMé project, the work aims to
overcome the limitations of current
surface haptic technologies, particu-
larly regarding scalability, energy ef-
ficiency, and the spatial precision of
tactile effects. The central objective
is to generate localized ultrasonic
friction, allowing users to perceive
tactile feedback such as textures,
buttons, or directional cues directly
on touch interfaces. To achieve this,
both passive and active confinement
approaches are investigated. Passive
confinement leverages the geometric
and material properties of periodic
structures—such as mechanical pil-
lars—to create localized vibrational
zones through wave attenuation and
mode conversion. These struc-
tures are designed and analyzed us-
ing analytical modeling based on
beam and plate theories, as well
as finite element simulations, with
experimental prototypes validating
their effectiveness. On the other
hand, active confinement is real-
ized through networks of piezoelec-
tric actuators and sensors integrated
into the surface. Control strate-
gies are developed using modal su-
perposition and implemented in a
rotating reference frame, enabling

real-time shaping of the vibration
field. This approach allows not
only confinement but also the gen-
eration of traveling waves, which
are crucial for inducing directional
shear forces perceived by the user’s
fingertip. A significant contribu-
tion of this thesis is the introduc-
tion of an electrical-analogy-based
modeling framework using Mason’s
equivalent circuit, which treats each
section of the vibrating surface as
a three-port electrical cell. The
methodology provides a flexible tool
for analyzing and designing com-
plex haptic systems with distributed
control. Experimental results ob-
tained with custom-designed elec-
tronic boards and laser vibrom-
etry confirm the theoretical pre-
dictions, showing precise confine-
ment of vibration and efficient con-
trol of tactile responses. Overall,
this work provides a comprehen-
sive framework—spanning mod-
eling, control, experimental im-
plementation, and human-centered
evaluation—for the development of
next-generation haptic interfaces. It
opens the way for intelligent, re-
sponsive surfaces applicable to au-
tomotive controls, medical devices,
and interactive consumer electron-
ics.
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