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Abstract—Wirelessly interconnected nanorobots, i.e., engi-
neered devices of sizes ranging from one to a few hundred
nanometers, are promising revolutionary diagnostic and ther-
apeutic medical applications that could enhance the treatment of
major diseases. Each nanorobot is usually designed to perform
a set of basic tasks such as sensing and actuation. A dense
wireless network of nano-devices, i.e., a nanonetwork, could
potentially accomplish new and more complex functionalities,
e.g., in-vivo monitoring or adaptive drug-delivery, thus enabling
revolutionary nanomedicine applications.

Several innovative communication paradigms to enable
nanonetworks have been proposed in the last few years, includ-
ing electromagnetic communications in the terahertz band, or
molecular and neural communications. In this paper, we propose
and discuss an alternative approach based on establishing intra-
body opto-ultrasonic communications among nanorobots. Opto-
ultrasonic communications are based on the optoacoustic effect,
which enables the generation of high-frequency acoustic waves
by irradiating the medium with electromagnetic energy in the
optical frequency range. We first discuss the fundamentals of
nanoscale opto-ultrasonic communications in biological tissues,
and then we model the generation, propagation, and detection of
opto-ultrasonic waves.

I. INTRODUCTION

Wirelessly interconnected nanorobots, i.e., devices of sizes
ranging from one to a few hundred nanometers, are a promis-
ing solution for remote and distributed medical diagnosis and
treatment of major diseases [1]. Each nanorobot is usually
designed to perform a set of basic tasks such as sensing and
actuation. A dense wireless interconnection of nanodevices,
i.e., a nanonetwork, could potentially accomplish new and
more complex functionalities, e.g., in-vivo monitoring or adap-
tive drug-delivery, thus enabling revolutionary nano-medicine
applications. Nano-sensors and nano-actuators distributed in
the human body could enable pervasive and reactive contin-
uous in-vivo monitoring. Furthermore, wirelessly controlled
nanorobots may be used to detect and eliminate malicious
agents and cells inside biological tissues, e.g., viruses and
cancer cells, enabling less invasive and less aggressive treat-
ments [2]. Moreover, networked nano-devices could be used
for organ, nervous track, or tissue replacements, i.e., bio-
hybrid implants.

Several innovative communication paradigms have been
proposed during the last few years, including terahertz band
communications [3], or molecular and neural communications
[4], [5]. In this paper, we take a different approach and
investigate and study the use of ultrasonic waves to enable
wireless networking between intra-body nanorobots.

Acoustic waves are known to propagate better than their
radio frequency (RF) counterpart in media composed mainly

of water and have been used successfully for underwater
communications [6], and for ultrasonic imaging [7]. In [8],
[9], we showed that ultrasonic waves have a strong potential
to enable internetworking among devices implanted in the
human body at communication ranges spanning from few µm
to several cm; while in [10] the authors, based on consid-
eration on the physics of ultrasound propagation, investigate
the power requirements for acoustic communications between
nanorobots across various distances and tissues. However, as
of today and to best of our knowledge, no existing studies
have explored the feasibility of ultrasonic wave generation and
detection at the nanoscale for communication purposes.

Ultrasounds are typically generated through piezoelectric
materials that convert electrical energy into mechanical energy
and vice versa; or through the vibration of a thin plate, i.e., a
capacitor, under electrostatic forces. Microelectro-mechanical
system (MEMS) technology enables the fabrication of both
microscopic piezoelectric and electrostatic ultrasonic trans-
ducers [11]. However, microscopic transducers do not satisfy
the size requirements for being embedded into devices with
nanoscopic dimensions. While, to best of our knowledge, no
reports of nanoelectro-mechanical system (NEMS) ultrasonic
transducers have appeared in the literature yet, initial success-
ful attempts at developing nano-ultrasonic transducers based
on the optoacoustic effect [12] have been reported.

The optoacoustic effect refers to the generation of acoustic
waves from the optical excitation of a medium. In optoa-
coustics, acoustic waves can be generated through various
mechanisms, including optical breakdown, vaporization, and
thermoelastic generation. In this paper, we consider the ther-
moelastic mechanism, where the energy irradiated by a laser is
absorbed by the tissue surface or by an intermediate material
causing rapid heating, and thus thermoelastic expansion, which
in turn generates ultrasonic waves. Faster transient heating
generates higher frequency components. For example, optical
pulses a few nanoseconds long can generate ultrasonic pulses
with central frequency and bandwidth in the order of hundreds
of MHz. We refer to ultrasonic waves generated through
optical sources as opto-ultrasonic waves.

The joint use of light beams and ultrasonic waves that char-
acterizes optoacoustics could potentially be the foundation of a
new communication paradigm to enable intra-body networking
at the nanoscale. In fact, EM waves in the optical frequency
range do not propagate easily in tissues; while ultrasonic
waves propagate fairly well in media composed mainly of
water. At the same time, generating and detecting ultrasounds
through pulsed lasers has several advantages with respect to



traditional piezoelectric and capacitive ultrasonic transducers,
i.e., higher miniaturization, higher bandwidth and higher sen-
sitivity [12]. Finally, recent advances in nano-optics have made
the design and fabrication of nanoscopic optical sources, i.e.,
nanolasers, possible [13]. However, photoacoustic generation
of ultrasounds also introduces significant challenges that need
to be addressed to enable the design of transmission schemes
and networking protocols for intra-body nanonetworks.

In this paper, we discuss the fundamentals of nanoscale
opto-ultrasonic communications in biological tissues. In Sec-
tion II we discuss the potential hazards posed by using opto-
ultrasonic communications in the human body. In Section
III, IV, and V, we model opto-ultrasonic wave generation,
propagation, and detection, respectively. Finally, in Section VI
we conclude the paper.

II. OPTO-ULTRASONIC WAVES AND HEALTH CONCERNS

Optical Bioeffects. Opto-ultrasonic waves are generated
through various optoacoustic mechanisms, such as optical
breakdown, vaporization and thermoelastic generation. Optical
breakdown and vaporization present high generation efficiency,
i.e., the ratio between the acoustic energy generated over
the optical energy absorbed, but they require extremely high
laser intensities that may produce detrimental and irreversible
effects in the radiated tissue. Instead, the thermoelastic mecha-
nism has lower generation efficiency, but requires significantly
lower laser intensities compared to the optical breakdown
and vaporization effects. This mechanism is in general more
attractive because of its non-destructive and low-thermal effect
properties.

Since nanorobot communications need to be non-destructive
we focus on thermoelastic generation only. Thus, in the rest
of this paper, we assume that optical excitation energies
are lower than the breakdown and vaporization thresholds.
Moreover, we assume that the excitation energy is lower
than a safety threshold given by the maximum permissible
exposure (MPE) recommendations defined by the American
National Standards Institute (ANSI) [14]. The ANSI standard
defines formulas to determine the repetitive excitation MPE
for different wavelength ranges, pulse repetition frequencies,
and single-pulse durations.

Acoustic Bioeffects. The most well-understood acoustic
effect in biological tissues is heating. During ultrasound prop-
agation, a portion of the energy is absorbed and converted into
heat, which could lead to a temperature increase. As the wave
intensity increases, the temperature rises and if it becomes
higher than 38.5◦C, adverse biological effects may occur.
Another effect caused by ultrasonic wave propagation is cav-
itation, which denotes the behavior of gas bubbles within an
acoustic field. Pressure variations of the ultrasound wave cause
bubbles in the propagation medium to contract and expand.
For large pressure variations, the bubble may collapse, causing
serious biological effects and damaging tissues located in close
proximity. High-frequency and impulsive transmissions can
potentially reduce both heating and cavitation effects.

Ultrasounds have been successfully used for therapeutic and
diagnostic purposes inside the human body since the 1960s
with no detrimental effects. The medical experience of the
last decades has demonstrated that ultrasound is fundamentally

safe, as long as tissues are exposed to acoustic intensities
below 103 pW/µm2 for unfocused ultrasounds [15]. In gen-
eral, detrimental effects have not been observed when the
acoustic energy imparted to the tissue, i.e., the product of
intensity and exposure time, is less than 50 J/cm

2 [15], [8].
Therefore, ultrasounds at low transmission pressure levels,
and consequently low transmission power levels, are known
to not cause any lethal bioeffects. Therefore, opto-ultrasonic
communications can be a safe and reliable alternative to
classical electromagnetic RF communications.

III. OPTO-ULTRASONIC WAVE GENERATION

Thermoelastic Generation Model. Assume a stationary
and non-viscous soft-tissue with negligible thermal conductiv-
ity, as well as the linear acoustic approximation and absence of
absorption. Under these conditions, if sound speed and density
are constant in space, the acoustic pressure as a function of
time t and of the three-dimensional space vector r, P (r, t)
[Pa], obeys the acoustic wave equation [16],

∂2P (r, t)

∂t2
− c2∇2P (r, t) = Γ

∂H(r, t)

∂t
, (1)

where c [m/s] is the speed of sound, Γ = βc2

Cp
is the dimen-

sionless Grüneisen coefficient, which measures the conversion
efficiency from optical energy to pressure, β [K−1] is the
thermal volume expansion coefficient, Cp [J kg−1K−1] is the
specific heat capacity of the medium, and H(r, t) [J m−3s−1]
is the heat energy absorbed by the tissue per unit time and unit
volume. If we assume the source to be stationary, the heating
component can be written as H(r, t) = EaG(r)T (t), where
T (t) [s−1] and G(r) [m−3] represent the temporal profile
and the radial profile of the heat source, respectively, and are
related to the radiating source, i.e., the beam diameter and
the duration of the pulses. The term Ea [J] represents the
total energy absorbed by the tissue. If the excitation is caused
by a very short optical pulse, the absorbed heat becomes
H(r, t) = EaG(r)δ(t), where δ(t) is the Dirac function. A
solution to (1), under the very-short excitation assumption,
represents the evolution of the pressure field in time and space
for an ideal instantaneous radiation. The solution for a finite,
hence real, pulse can be found by calculating the convolution
between the ideal solution and the temporal laser pulse profile
[17]. Specifically, let us assume a spherical Gaussian radial
and temporal profile for the source. Under this assumption the
radial profile G(r) depends only on the radial component of
the vector r, i.e., its Euclidean norm, that we denote as r.
Under far-field condition (r � R), we obtain the following
generated pressure field [18]

P (r, t) = − βEa
2(2π)3/2Cpr

t− τ
τ3e

e−
1
2 ( t−ττe )

2

, (2)

where R is the radius of the source sphere, τl is the char-
acteristic width of the temporal profile1, τ = r

c , τa = R
c

and τe =
√
τ2a + τ2l is the effective characteristic width of

the optoacoustic temporal profile. According to this model,
τe depends on both the duration of the optical pulse and

1Half the pulse duration between the 1/e-points of the temporal amplitude
distribution.
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Fig. 1. Normalized temporal profile and normalized spectrum of the
generated opto-ultrasonic pulse for different characteristic widths of the
temporal profile τl and with sphere radius R = 500 nm.

on the width of the optical beam. We also observe that
the amplitude of the generated pulse depends linearly on
the thermal expansion coefficient β and on the total energy
absorbed Ea. The optical excitation source must be tuned
based on these observations to operate at desired frequency
and acoustic intensity ranges.

Opto-Ultrasonic Frequency Spectrum. We now show how
the opto-ultrasonic signal frequency spectrum depends on the
optical pulse duration and on the optical beam width. By
Fourier-transforming (2), we obtain the amplitude spectrum
of the generated signal [18]

|P (r, f)| = βEa
2Cpr

fe−2(πτef)
2

. (3)

Figure 1 shows the normalized temporal profile and the
normalized spectrum of the generated opto-ultrasonic pulse
when varying the optical pulse duration, i.e., for different
characteristic widths of the temporal profile τl, assuming a
sphere radius R of 500 nm, corresponding to the radiating
surface of a potential nanolaser. We observe that shorter optical
pulses have higher central frequency and a larger bandwidth.
For example, with a 5ns-long optical pulse, we obtain an opto-
ultrasonic signal with central frequency of 150MHz and about
170MHz of −3dB bandwidth. In Fig. 2, the central frequency
and the −3dB bandwidth of the generated opto-acoustic signal
is plotted as a function of τl, for three different values of the
sphere radius R. We observe that, according to the sphere
dimensions, when τl < τa, both the central frequency and the
−3dB bandwidth are strongly dependent on the sphere radius,
but less dependent on the optical pulse duration. Instead,
when the pulse duration becomes such that τl > τa, the
opto-ultrasonic signal spectrum becomes independent of the
beam radius and it only depends on the optical pulse duration.
Therefore, for a given beam radius R, which depends on the
nanorobot dimensions and the size of the optical source, there
is a maximum frequency limit that cannot be overcome even
by further reducing the optical pulse duration. For example,
for a 500 nm-radius optical beam, the maximum achievable
central frequency is about 500 MHz.
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Fig. 2. Central frequency and −3 dB bandwidth of the generated opto-
acoustic signal as a function of τl for three different values of the sphere
radius R.

IV. OPTO-ULTRASONIC WAVE PROPAGATION IN TISSUES

Attenuation. Two main mechanisms contribute to ultra-
sound attenuation in tissues, i.e., absorption and scattering.
An initial pressure P0 decays at a distance r according to [19]

P (r) = P0e
−αr, (4)

where α (in [Np cm−1]) is an amplitude attenuation coefficient
that captures all the effects that cause dissipation of energy
from the ultrasonic wave. Parameter α depends on the carrier
frequency through α = af b, where f represents the carrier
frequency (in MHz) and a (in [Np cm−1 MHz−b]) and b
are attenuation parameters characterizing the tissue [8]. In
biological tissues, and for frequencies in the range of few
MHz, b is approximately equal to 1. When the frequency range
is higher than 10MHz, b has values close to 2, as in pure water.
Therefore, the attenuation coefficient increases quadratically
with frequency [10].

By multiplying (3) by the frequency-dependent sound ab-
sorption in (4), we obtain

|P (r, f)| = βEa
2Cpr

fe−[2(πτef)
2+rafb]. (5)

If we assume to operate at frequencies greater than 10 MHz,
where b = 2, we can Fourier-invert (5) and obtain the opto-
ultrasonic field P (r, t) in the presence of absorption. As a
result, P (r, t) is still described by (2), with the exception that
the effective time constant is now τ ′e(r) =

√
τ2a + τ2l + ra

2π2 .
However, for short-range communications, i.e., ra < τe, the
absorption effect in (4) is relatively small when compared with
the pressure decrease caused by the spreading of the acoustic
wave. Under this condition, the initial pressure P0 decreases
in an inversely proportional way with respect to the distance
r from the source [18].

Propagation Delay. The propagation speed of acoustic
waves in biological tissues is approximately 1500 m/s, with
a small variation of less than 10% in most soft tissues, as
compared to 2×108 m/s [20] for RF waves. However, for the
relatively short communication ranges considered, i.e., in the



order of a few hundreds of µm, the propagation delay is in
the order of tens of nanoseconds. Moreover, since the internal
body temperature is subject to relatively small variations, i.e.,
a few ◦C, the temperature dependence of the speed of sound
can be usually neglected for ultrasonic propagation in tissues.

Reflections and Scattering. The human body is com-
posed of different organs and tissues with different sizes,
densities and sound speeds. Therefore, it can be modeled
as an environment with pervasive presence of reflectors and
scatterers. The direction and magnitude of the reflected wave
depend on the orientation of the boundary surface and on
the acoustic impedance of the tissues, Z, measured in Rayl
[kg s−1 m−2] [8]. Scattered reflections occur when an acous-
tic wave encounters an object that is relatively small with
respect to its wavelength or a tissue with an irregular surface.
Consequently, the received signal is obtained as the sum of
numerous attenuated, possibly distorted, and delayed versions
of the transmitted signal.

Operating Frequency. Several key aspects need to be
considered to determine an optimal operating frequency for
intra-body opto-ultrasonic communications. Specifically, (i)
the attenuation coefficient increases with frequency; (ii) the
beam spread of the generated ultrasonic waves is inversely
proportional to the ratio of the diameter of the radiating
element and the wavelength [8]; (iii) the ultrasonic power
efficiency, defined as the fraction of excitation power that
produces acoustic radiation (and is not dissipated against
viscous forces), increases with frequency [10]; finally, (iv) the
maximum achievable frequency of the optoacoustic source is
limited by its size, as discussed in Section III. Therefore, one
needs to operate at frequencies corresponding to the desired
compromise between beam directivity and ultrasonic power
efficiency, and that are at the same time compatible with the
source dimension and the maximum tolerable attenuation.

In [8] we observed that, given the limited attenuation
effect due to absorption in short-range communications, the
operating frequency may be as high as 1 GHz. In [10], the
authors observed that for a 500 nm-radius nanorobot the
transmission efficiency, i.e., the fraction of emitted power that
reaches a distance of 100 µm, which depends on both the
attenuation and the ultrasonic power efficiency, has a maxi-
mum around 150 MHz. Finally, as reported in Section III, the
maximum achievable central frequency for a 500 nm-radium
opto-ultrasonic source is approximately 500 MHz. Therefore,
in accordance with our previous results in [8], we expect
that nanorobots communicating over short-range distances,
i.e., less than a mm, will be able to successfully operate at
frequencies in the order of a few hundreds of MHz.

V. OPTO-ULTRASONIC WAVE DETECTION

Optical detection of ultrasounds is based on measuring the
variations induced by the acoustic field on a target optical field.
Specifically, by using an optical resonator, an arrangement
of mirrors that creates a standing wave cavity resonator for
light waves [21], the interaction between the optical and
acoustic fields takes place in a resonant cavity. As a result,
the incident beam goes through several reflections in the
resonant cavity, each time producing a reflected signal, i.e.,
a signal emitted in the direction opposite to the incident

beam direction, whose intensity depends on the optical path
length within the resonator. The displacement produced by the
incident acoustic wave changes the cavity length, and hence
modulates the intensity of the reflected signal [22].

An optical resonator can be modeled as a Fabry-Pérot
interferometer, also known as an etalon [23]. Given an incident
light intensity I0 [W m−2], the reflected beam intensity is
the complementary of the transmitted beam intensity, i.e.,
Ir + It = I0, and can be expressed as

Ir = I0

(
1− 1

1 +K sin2(Φ/2)

)
. (6)

The quantity Φ [rad] is the round trip phase shift and is
expressed as Φ = 4πnLν

c , where L [m] is the resonator length,
n is the index of refraction of the etalon material, c [m/s]
is the speed of light, and ν [Hz] is the optical frequency.
The coefficient K is given by K = 4R

(1−R)2 , where R is the
reflectivity of the resonator mirrors.

Receiver Sensitivity. Using a first order approximation, for
a small change in length δL, i.e., a small ultrasonic pressure
reaching the receiver surface, the reflected light intensity
variation is given by [22]

δIR = I0
9

2
√

3

(
FcδL
λ

)
, (7)

where F is the cavity finesse, defined as F = π
2

√
K. We

can observe that a higher finesse results in higher ultrasonic
detection sensitivity. Finally, the receiver acoustic sensitivity,
i.e., the minimum pressure detectable by the receiver, can be
expressed as [22]

Sr =

√
4qB

27SI0

(
λ

Fn

)
Y

L
, (8)

where S [A/W] is the optical detector sensitivity, q [C] is the
electron charge, and B [Hz] is the detection bandwidth of the
photodetector. Y [Pa] represents the Young’s modulus of the
etalon, which establishes the relationship between the etalon
deformation and the corresponding pressure. We observe that
the sensitivity of the receiver increases with higher finesse or
with longer cavity. Moreover, the finesse depends only on the
mirror reflectivity, and not on the cavity length. Therefore, the
receiver sensitivity can be adjusted by independently tuning
either the finesse or the cavity length. Another advantage is
that the sensitivity does not depend on the dimension of the
active area, defined by the diameter of the probing optical
beam. Therefore, very small aperture and wideband ultrasound
receivers still have high sensitivity, thus overcoming the limita-
tions of piezoelectric transducers, whose sensitivity decreases
with the element size [24].

Receiver Bandwidth. The receiver bandwidth is determined
by the frequency response of the cavity, which is obtained by
considering the distribution of stress across the thickness of
the cavity caused by an incident acoustic wave [25],

|C(f)| ∝ 1

f

∣∣∣(ei 2πfc L − 1
)

+R1

(
1− e−i

2πf
c L
)∣∣∣∣∣∣1−R1R2e−i

2πf
c 2L

∣∣∣ , (9)
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Fig. 3. Normalized frequency response of an etalon-based opto-ultrasonic
detector.

where L is the thickness of the cavity, and c is the speed
of sound in the etalon material. R0 and R1 represent the
acoustic reflection coefficient due to the acoustic impedance
mismatch between the external medium, e.g., a biological
tissue, and the etalon material, and between the etalon material
and the backing material, respectively. The acoustic reflection
coefficient depends on the acoustic impedances of the two
materials in the interface, Z1 and Z2, as R = Z1−Z2

Z1+Z2
.

Figure 3 shows the normalized frequency response of the
etalon-based opto-ultrasonic detector for three different cavity
lengths, assuming the external tissue to be skeletal muscle, the
backing material to be glass, and the cavity material to be SU-8
photoresist, a polymer commonly used in the microelectronics
industry [25]. We observe that, by reducing the cavity length,
the frequency response of the opto-ultrasonic detector shifts
towards higher frequencies, thus offering significantly larger
bandwidth. For example, by reducing the cavity length of the
detector from 2µm to 500nm, the −3dB bandwidth increases
from approximately 400 MHz to more than 1 GHz.

VI. CONCLUSIONS

We explored some fundamental aspects of nanoscale opto-
ultrasonic communications in biological tissues. We first dis-
cussed the potential hazards of using opto-ultrasonic commu-
nications in the human body. Then, we modeled the generation,
propagation, and detection of opto-ultrasonic waves. Finally,
we discussed tradeoffs such as the choice of an optimal
transmission frequency and dependence of the bandwidth on
the optical source size and on the optical excitation duration.
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