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From Photoacoustic Effect to Laser-generated
Ultrasound Technology

Ultrasound is a mechanical wave characterized by a frequency beyond
the upper threshold of human hearing (20 kHz) and wavelengths typically
falling within the millimeter to micrometer range. Methods for generating
ultrasonic waves primarily include the piezoelectric method and the
magnetostrictive method. The piezoelectric method represents the most
widely adopted mainstream technology, operating on the principle of
the inverse piezoelectric effect exhibited by piezoelectric crystals such as
piezoelectric ceramics and quartz [1]. When subjected to a high-frequency
alternating electric field, the crystal lattice of the piezoelectric material
undergoes periodic deformation, thereby inducing mechanical vibrations.
These vibrations are subsequently transmitted into the propagation
medium via a coupling layer to form ultrasonic waves. Conversely, the
magnetostrictive method relies on the periodic volumetric changes of
ferromagnetic materials—including nickel alloys and ferrites—under an
applied alternating magnetic field to excite mechanical vibrations [2].

Despite the established advantages of both piezoelectric and magne-
tostrictive approaches in ultrasound generation, devices based on electric
or magnetic actuation generally exhibit limitations such as narrow oper-
ating frequency bands and susceptibility to electromagnetic interference.
In recent years, laser-generated ultrasound (LGUS) devices, which operate
on the photoacoustic effect, have gained increasing attention due to their
unique advantages [3, 4]. As a novel approach for ultrasound generation,
LGUS is governed by the fundamental principle of mutual conversion
between light energy and acoustic energy. The key operational sequence
comprises the absorption of light energy, followed by localized thermoe-
lastic expansion, which ultimately leads to the emission of ultrasonic
waves [5].
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Figure 1.1 The development history from photoacoustic effect to LGUS.

LGUS devices are relatively straightforward to fabricate and possess
notable characteristics including broad bandwidth, elimination of the need
for direct electrical connections, and inherent immunity to electromagnetic
interference [6]. These attributes confer immense promise upon LGUS
within the biomedical field, while simultaneously underscoring its ver-
satility for a broad spectrum of applications across diverse scientific and
industrial sectors, particularly in scenarios demanding noninvasiveness,
high-resolution imaging, or operation in electromagnetically sensitive
environments [7].

To fully understand the technological trajectory of LGUS, it is necessary to
look back at the origins of its fundamental mechanism. The photoacoustic
effect, a distinct physical phenomenon that bridges optical and acoustic
principles, has followed an evolutionary path spanning over a century.
From its discovery in the late 19th century, through cycles of resurgence
and theoretical development in the 20th century, to its active adoption in
areas such as biomedicine in the 21st century, its progression illustrates
both the persistence and complexity of scientific inquiry, as well as the
dynamic potential of cross-disciplinary collaboration [8]. This chapter
will track the chronological development of the photoacoustic effect,
offering a systematic overview of its full historical trajectory (Figure 1.1)
and examining critical innovations, technical evolutions, and expanding
applications across distinct periods.

1.1 Discovery of the Photoacoustic Effect

The latter half of the 19th century was a golden era of rapid advancement in
modern physics. Progress in electromagnetic theory, innovations in optical
technology, and deepening studies in acoustics together established a robust
scientific foundation for the eventual discovery of the photoacoustic effect.
During this period, scientific exploration often grew from a dynamic inter-
play between serendipity and deliberate inquiry. It was within this context
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that the work of Alexander Graham Bell provided the direct catalyst for the
emergence of the photoacoustic phenomenon. Motivated by the discovery
in 1873 of selenium’s photosensitivity—its electrical resistance varies with
light intensity—he conceived the idea of using selenium to transform
optical signals into electrical ones, thereby achieving wireless vocal com-
munication [9]. After his groundbreaking invention of the telephone in
1876, Bell turned his focus to the possibility of transmitting speech using
light [10, 11].

After two years of experimental effort, Bell and his assistant Charles
Sumner Tainter succeeded in June 1880 in transmitting wireless voice com-
munication over a distance of approximately 213 meters. Their apparatus,
named the “photophone,” consisted of a transmitter and a receiver [11].
In operation, sound waves induced vibrations in a glass mirror, thereby
modulating the intensity of the reflected light. A selenium cell then con-
verted this modulated optical signal back into an electrical signal, which
was ultimately transformed into audible sound via a telephone receiver
circuit. Widely recognized as the world’s first practical wireless communi-
cation device, this invention also laid essential technical groundwork for
the subsequent advancement of optical communications [12–14].

Of particular note is a serendipitous discovery made during the research
on the photophone: when a solid material was irradiated with a rapidly inter-
rupted beam of light, sound waves were generated at the same frequency as
the light modulation [11]. Bell described this phenomenon in a letter to his
father, and this observation represents the earliest recognized form of what
is now known as the photoacoustic effect.

1.2 The Emergence of Photoacoustic Technology

Following Bell’s discovery of the photoacoustic phenomenon, a consider-
able number of scientists dedicated themselves to exploring its fundamental
mechanisms. In 1881, Lord Rayleigh introduced the “solid vibration
theory,” proposing that intermittent illumination induced non-uniform
heating in diaphragms or plate-like structures within objects, resulting
in vibrations that generated sound. This theory garnered endorsement
from Bell [13, 14]. Concurrently, based on their experimental investiga-
tions, Mercadier and Preece advanced the “gas expansion theory,” which
attributed the origin of sound to the periodic expansion and contraction
of air in contact with heated objects [15–17]. Subsequent contributions by
Röntgen and Tyndall independently corroborated and further developed
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the gas expansion theory [18, 19]. Experimental evidence confirmed that
the phenomenon also manifested in gases and vapors: Röntgen exam-
ined the photoacoustic effect in coal gas and ammonia, while Tyndall
systematically studied various gases and vapors, even proposing that the
effect held potential for detecting trace amounts of combustible gases in
mining environments [19]. Bell further showcased the “spectrophone,” an
instrument capable of reflecting a sample’s absorption spectrum, thereby
establishing new pathways for spectral analysis [14]. However, constrained
by limitations such as the lack of detection methods capable of precise
quantification, research into the photoacoustic effect entered a phase of
stagnation. It was not until the period spanning the 1930s to the 1960s that
the effect underwent its first substantial revival, notably within the domain
of gas analysis.

In the 1930s, Veingerov built upon the earlier work of Röntgen and
Tyndall in the study of gas-phase photoacoustic effects [20], particu-
larly emphasizing Tyndall’s concept of “utilizing this effect for trace gas
detection.” In 1938, he introduced a photoacoustic gas analysis method:
employing a capacitive microphone as the detector and a Nernst glower as
a high-intensity blackbody infrared source, then he successfully measured
the concentration of CO2 in a nitrogen (N2) matrix [21]. This achievement
marked the formal transition of the photoacoustic effect from theoretical
exploration to practical application. Over the subsequent years, related
technologies progressed rapidly and eventually reached the stage of com-
mercialization [22]. As the range of applications broadened, the theoretical
framework of the photoacoustic effect continued to be refined. Beyond
its use in gas concentration analysis, it was also applied to investigate
gas vibrational relaxation rates and molecular energy transfer processes
[23–26]. By the mid-20th century, however, the dominance of photoacoustic
methods in gas analysis was supplanted by gas chromatography, owing to
the latter’s superior detection sensitivity.

The year 1960 marked a pivotal moment with the invention of the laser,
which profoundly revolutionized the field of optics and, in turn, reinvig-
orated the research momentum behind the photoacoustic effect [27].
Lasers, characterized by their unique advantages—including high
power, exceptional spectral purity, superior stability, and outstanding
repeatability—provided an effective solution to the intrinsic limitations of
conventional light sources in photoacoustic studies, such as inadequate
energy output and suboptimal spectral properties.

The emergence of laser technology catalyzed the first major resurgence
in photoacoustic gas analysis. In 1968, Kerr and Atwood pioneered the
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development of a laser-based absorption spectrophone for gas analysis [28].
Their experimental setup utilized a pulsed ruby laser and a modulated
continuous-wave CO2 laser as respective light sources, with acoustic signals
being captured by a capacitive microphone. This approach enabled highly
sensitive measurements of gas absorption characteristics. Equipped with
distinct advantages such as ultrahigh sensitivity, excellent selectivity,
and rapid response capabilities, laser-driven photoacoustic gas analysis
technology demonstrated significant application potential across diverse
fields including environmental monitoring, industrial process control, and
atmospheric science research.

The advancement of laser technology in photoacoustic gas analysis
coincided with a renewed scientific focus on the photoacoustic effect in
solid materials. This resurgence can be largely credited to researchers at Bell
Laboratories. Motivated by the remarkable sensitivity achieved in gas-phase
photoacoustic detection, they initiated comprehensive investigations
into the solid-state photoacoustic phenomenon in the early 1970s. In 1973,
Rosencwaig successfully demonstrated photoacoustic spectra across a range
of materials, extended the technique’s applicability to the spectroscopic
analysis of biological specimens, and contributed significantly to refining
the theoretical understanding of the photoacoustic effect in solids [29, 30].

1.3 Photoacoustic Technology in Biomedical
Applications

1.3.1 Photoacoustic Imaging Technology

In the 1980s, the photoacoustic effect began to progressively make its way
into the biomedical field. Due to the strong optical scattering properties
of biological tissues, conventional optical imaging techniques faced severe
limitations in terms of penetration depth and spatial resolution. In contrast,
photoacoustic imaging detects ultrasound waves, which experience sig-
nificantly lower scattering and attenuation in biological tissues compared
to light. This allows the technique to achieve deep-tissue imaging while
preserving high resolution [31, 32]. This distinct advantage endowed the
photoacoustic effect with tremendous application potential in biomedicine.

As early as 1964, Amar et al. conducted a pioneering experiment in which
they observed laser pulse-induced elastic waves in the eyes of living rabbits
for the first time. They employed a ruby laser to generate a pulse train with
an average energy of 50 mJ and a pulse width of 1 microsecond, directing
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the laser onto the rabbits’ retinas. A barium titanate-based ultrasound
detector was placed on the rabbits’ occipital bone, successfully capturing
acoustic signals that had propagated through the brain and skull. The
experiment confirmed that these acoustic signals corresponded to elastic
waves within the ultrasonic frequency range, rather than shock waves, with
a dominant frequency of approximately 40 kHz [33]. This study is widely
regarded as the first attempt at biomedical photoacoustic imaging. Subse-
quently, researchers started exploring the application of the photoacoustic
effect in the analysis of biological tissues. With the rapid advancement of
laser technology, ultrasound detection methods, and data acquisition and
processing systems, research on the photoacoustic effect entered a mature
phase, and its focus fully shifted toward the biomedical field, sparking a
revolution in biomedical imaging.

Since the late 1990s, photoacoustic imaging technology has entered
a golden era of comprehensive development. Photoacoustic tomography
(PAT) and photoacoustic microscopy (PAM) have emerged as the two core
technical branches, continuously achieving breakthroughs in key perfor-
mance metrics such as spatial resolution, penetration depth, and imaging
speed [31].

Photoacoustic tomography (PAT) is primarily oriented toward deep-tissue
imaging, achieving penetration depths of up to several centimeters (typi-
cally 1–5 cm in biological tissues) with submillimeter spatial resolution [34].
By comprehensively scanning the sample to collect photoacoustic signals
from different positions, the technology reconstructs three-dimensional
structural images using algorithms such as back-projection or iterative
reconstruction. Furthermore, PAT can provide rich functional information:
for example, based on the differences in absorption spectra of endogenous
absorbers such as hemoglobin, oxyhemoglobin, and melanin, it enables
quantitative measurement of physiological parameters such as tissue
oxygen saturation and hemoglobin concentration. This offers important
support for the early diagnosis of diseases. In contrast, photoacoustic
microscopy (PAM) is mainly focused on microscopic imaging, achieving
submicron-level spatial resolution but with a relatively shallow penetration
depth (usually several hundred micrometers). By combining the high
resolution of optical microscopy with the deep-penetration capability of
ultrasound detection, PAM can visualize microstructures in biological
tissues, such as capillary networks and cellular morphology [35].

Alongside the widespread adoption of photoacoustic imaging, its the-
oretical foundation has been continuously refined. Researchers have
conducted more in-depth investigations into the physical mechanisms of
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the photoacoustic effect and established more precise mathematical models
that account for complex factors such as tissue heterogeneity, optical
scattering, and heat conduction. These advancements provide more reliable
theoretical support for image reconstruction and quantitative analysis [36].

1.3.2 Laser-Generated Ultrasound Technology

In the evolutionary trajectory of photoacoustic imaging technology,
researchers have made a critical observation: the bandwidth of photoacous-
tic signals generated via the photoacoustic effect is substantially broader
than that of ultrasonic signals produced through the inverse piezoelectric
effect [37]. This pivotal characteristic has unlocked new possibilities for the
application of ultrasound technology in biomedicine—greater bandwidth
enables higher temporal and spatial resolution, allowing for the visual-
ization of finer structural details and dynamic changes within biological
tissues, which holds irreplaceable value in contexts such as high-precision
imaging and functional monitoring.

Building upon this foundational insight, LGUS technology has progres-
sively matured. It inherits the core energy conversion logic of the photoa-
coustic effect, while achieving innovations in technical implementation.
Unlike the passive mode of conventional photoacoustic imaging, which
relies on the intrinsic optical absorption of biological tissues (e.g. endoge-
nous absorbers such as hemoglobin and melanin), LGUS technology
actively regulates the entire energy conversion process through the use
of artificially engineered photoacoustic composite materials. By rationally
designing the composition and structure of such materials, it becomes
possible to precisely modulate key stages including optical absorption,
heat conduction, and acoustic radiation, thereby achieving the genera-
tion of broadband, high-amplitude ultrasonic signals [38]. Furthermore,
the inherent electrode-free design of LGUS provides natural immunity to
electromagnetic interference (EMI), while its potential for miniaturization
and flexibility—realizable through techniques such as thin-film deposition
and optical fiber integration—makes it exceptionally well-suited to the var-
ied demands of precision medicine for advanced ultrasound solutions [7].

In the realm of basic research, LGUS serves as a significant interdis-
ciplinary platform bridging biomedical engineering, materials science,
acoustics, and related disciplines. Its core conversion mechanism involves
multiphysics-coupled processes such as optical absorption, thermal conduc-
tion, and elastic wave dynamics; in-depth investigation of this mechanism
contributes to revealing fundamental principles of multiscale energy
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conversion. Simultaneously, the design and optimization of photoacoustic
composite materials have stimulated technological advances in areas such
as functional nanomaterials and polymer composites [38]. In biomed-
ical applications, high-resolution imaging systems based on LGUS are
anticipated to enable accurate detection of pathological structures such as
vascular plaques [3]. Its capacity for precise ultrasonic modulation may also
provide a single-neuron-level tool for neuroscience research, opening new
pathways for the treatment of neurological disorders including Parkinson’s
disease and epilepsy [39]. Moreover, LGUS technology demonstrates
considerable potential in fields such as minimally invasive surgery and
targeted drug delivery, promising to drive the evolution of clinical diagnosis
and treatment toward more precise, less invasive, and safer paradigms
[6, 40, 41]. Therefore, advancing research on LGUS technology holds not
only significant scientific and theoretical value but also notable potential
for clinical translation and socioeconomic impact.

Subsequent chapters of this book will conduct systematic and in-depth
thematic exploration of LGUS technology. First, the theoretical foundations
and technical principles of LGUS will be comprehensively reviewed,
summarizing key advances in physical modeling and mechanistic under-
standing. Next, focus will be placed on the structural designs and material
systems of LGUS devices, highlighting pivotal directions for technological
breakthroughs. Finally, practical application scenarios and implementation
strategies of LGUS in domains such as biomedical imaging and precision
therapy will be elaborated upon, with the aim of providing comprehensive
technical support and academic reference to further academic investigation
and industrial development of LGUS technology.
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