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Abstract. By “listening to photons,” photoacoustics allows the probing of chromosomes in depth beyond the
optical diffusion limit. Here we report the photoacoustic resonance effect induced by multiburst modulated laser
illumination, which is theoretically modeled as a damped mass-string oscillator and a resistor-inductor-capacitor
(RLC) circuit. Through sweeping the frequency of multiburst modulated laser, the photoacoustic resonance
effect is observed experimentally on phantoms and porcine tissues. Experimental results demonstrate different
spectra for each phantom and tissue sample to show significant potential for spectroscopic analysis, fusing
optical absorption and mechanical vibration properties. Unique RLC circuit parameters are extracted to quanti-
tatively characterize phantom and biological tissues. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10

.1117/1.JBO.19.6.067006]
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1 Introduction
The term photoacoustics summarizes thermoelastically gener-
ated acoustic emission due to the absorption of light.1–4 In recent
years, photoacoustic microscopy (PAM) and photoacoustic
tomography (PAT) have been applied to multiscale studies
from subcutaneous vasculature microscopic imaging to
whole-body small-animal imaging in vivo. Both give simultane-
ously high optical contrast and high acoustic resolution, as they
are not limited by optical diffusion.5 Functional PA imaging
has been proposed to detect the wavelength-dependent property
of optical absorbers, which leads to important applications
such as oxygen saturation detection and imaging.6–13 From
the physical perspective, the PA effect is a hybrid physical proc-
ess involving both optical absorption and mechanical vibrations.
Unfortunately, almost all the state-of-art PAM/PAT systems only
exploit the optical absorption feature while ignoring the
mechanical response of the biological tissue. Sensing the
resonance of the biological tissue may result in enhanced endog-
enous contrast. In this work, we report on photoacoustic reso-
nance (PAR) of biological tissues induced by multiburst
modulated laser illumination. PAR spectroscopy may allow
characterization/identification of tissues through their mechani-
cal properties, resonance frequency, and damping factor.

2 Theory of PAR Spectroscopy
A good overview on techniques and modeling is available in two
review articles.1,2 In short, biological tissue illuminated with an
intensity-modulated laser will experience optical energy absorp-
tion, localized heating, and thermal expansion [see Fig. 1(a)].
Modeling a small enough viscid biological tissue as an ideal
point source,14–16 the acoustic pressure emitted, pðtÞ, follows
the expression

∂2

∂t2
pðtÞ þ a2

ξþ 4
3
η

ρ

∂
∂t
pðtÞ þ a2c2pðtÞ ¼ Γ

∂HðtÞ
∂t

; (1)

where a is the propagation phase constant, ρ is the tissue density,
η is the shear viscosity, ξ is the bulk viscosity, and c is the speed
of sound in the tissue. Γ is the Grüneisen constant expressed as
Γ ¼ βc2∕cp, where β is the thermal expansion coefficient and
cp is the constant pressure heat capacity per unit mass. HðtÞ ¼
μaΦðtÞ is the heating function from the laser illumination, where
μa is the optical absorption coefficient of the tissue and ΦðtÞ is
the optical fluence rate. Equation (1) is applicable when the sam-
ple is homogeneous and the light illumination is uniform, which
are well controlled in the phantom experiments below.

Equation (1) is a second-order differential pressure equation
driven by the source term Γ × ∂HðtÞ∕∂t. Therefore, we propose
to rewrite Eq. (1) as a damped mass-string oscillator model17

[see Fig. 1(b)]. Here we introduce the coordinate xðtÞ to describe
the displacement of the mass m of this oscillator, resulting in

∂2

∂t2
xðtÞ þ b

m
∂
∂t
xðtÞ þ k

m
xðtÞ ¼ FðtÞ

m
: (2)

In Eq. (2), k is the spring constant and b is the damping coef-
ficient. Without losing generality, we assume that the driving
force term follows a cosine wave FðtÞ∕m ¼ f0 cosðωtÞ; the
steady-state displacement is given by

xðtÞ ¼ A cosðωt − θÞ; (3)

where θ is the phase shift between the displacement and the
driving force, and A is the magnitude expressed as
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The maximum displacement will be reached at the resonance
frequency ω0.
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Converting the damped mass-string oscillator model back
into the PA pressure equation [Eq. (1)], we expect that the
magnitude of PA signal will be largest at its resonance
frequency. We term this condition PAR. From the equivalence
of Eqs. (1) and (2), we obtain
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and then the resonance frequency of biological tissue is
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with a quality factor of
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Similarly, the PAR effect can also be modeled as a resistor-
inductor-capacitor (RLC) circuit as shown in Fig. 1(c), follow-
ing the second-order differential equation
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Then the parameters could be mapped from the mechanical
oscillator to the RLC circuit.
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m
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m
: (10)

Nowwe have modeled the PAR effect as both the mass-string
oscillator and the RLC circuit model. It is observed that tissues
with different mechanical properties, such as acoustic velocity
and viscosity, etc., will exhibit different resonance frequencies
and quality factors. Therefore, by sweeping the frequency of a
multiburst modulated laser beam, the PA response of different
tissues could be maximized when the frequency hits their unique
resonance frequencies. This technique is named PAR spectros-
copy. Moreover, different kinds of biological tissues may be
modeled by parallel and/or serial circuits to obtain an effective
impedance and phase.

3 Experimental Results
The experimental setup for PAR effect and PAR spectroscopy
studies is shown in Fig. 2(a): a continuous-wave (CW) laser
(RD532-100G4, Laser-rich Ltd., Xi’an, Shaanxi, China) with
1-W average power and 532-nm wavelength is used to provide
the light source, which is focused by a condenser lens (LB1471,
Thorlabs, Newton, New Jersey) and fed into an acousto-optic
modulator (AOM) (R23080-1-.85-LTD, Gooch & Housego,
Ilminster Somerset, United Kingdom) for intensity modulation
controlled by a function generator (33250A, Agilent, Santa
Clara, California). The function generator provides multiburst
waveform with its frequency swept for spectrum analysis. A
beam splitter and a photodiode (DET10A, Thorlabs) are used
to monitor the input laser power for calibration purposes.
The laser beam is weakly focused by a condenser lens (4-cm
focal length) onto the center of biological tissue placed in
de-ionized water with a spot of ∼2 mmdiameter. The tissue
samples are wrapped by a very thin polyethylene film for iso-
lation to avoid water dilution. The wrapped tissue samples are
attached to the bottom of the water tank using double-faced
adhesive tape to avoid tissue movement. The photoacoustic sig-
nal is collected by a wideband ultrasound transducer placed
1 cm away from the sample with 2.25-MHz central frequency
(fractional bandwidth: 60%, V323-SU, Olympus, Tokyo, Japan)
mounted on an X-Y stage for position adjustment, followed by
an ultrasound preamplifier (Model 5662, Olympus). A digital
oscilloscope (HDO4000, 12-bit, Lecroy, Chestnut Ridge,
New York) is used to record the PA signal at 500-MHz sampling
rate. The photograph of the experimental setup is shown in
Fig. 2(b), as well as a typical modulated laser light pattern
appended in Fig. 2(c). The intensities of the modulated laser out-
put are relatively constant around 0.2 W in the frequency range
of 50 to 150 kHz, indicating the AOM modulation efficiency to
be ∼20%.

To prove the PAR effect and the feasibility of the proposed
PAR spectroscopy, three agar phantoms with different agar con-
centrations (1, 2, and 3%) are prepared to simulate tissues with
different mechanical properties, such as viscosity and acoustic
impedance, which are made into slices of 3-mm thickness. By
sweeping the multiburst modulation frequency of the laser
source from 50 to 150 kHz with steps of 2 kHz, the peak-
to-peak amplitude of the PA signal is calculated and recorded
at every frequency point to construct the PAR spectrum. The
resonance frequency ω0 and −3-dB bandwidth Δf could be
obtained by the frequency where amplitude reaches maximum
and the frequency difference where the amplitude drops by
−3 dB, respectively. Then the quality factor Q could be

Fig. 1 (a) Diagram of photoacoustic effect induced by laser illumina-
tion. (b) The equivalent mass-string damped oscillator model driven
by force F . (c) Equivalent resistor-inductor-capacitor circuit model.
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quantified by Q ¼ ω0∕Δf. Utilizing an ultrasound transducer
with a flat frequency response in the covered band, the spectra
of the three phantoms are shown in Fig. 3(a), where a clear res-
onance is found in each phantom, demonstrating the PAR effect.
In addition, phantoms with higher agar concentration (higher
viscosity) exhibit lower resonance frequency, which matches
with the prediction from Eq. (7). The waveforms of the PA sig-
nals from phantom 3 at resonance (75 kHz) and nonresonance
(130 kHz) are shown in Fig. 3(b), where the PA signal at

resonance has increasingly larger amplitude (>0.8 mV) and sig-
nificantly narrower bandwidth of <20 kHz (high Q) than the PA
signal at nonresonance with amplitude <0.4 mV and bandwidth
>200 kHz (low Q), as expected.

To further verify the feasibility of PAR spectroscopy for tis-
sue characterization, three kinds of porcine tissues (muscle, fat,
liver) are prepared in slices to be tested by the PAR spectroscopy
by sweeping the multiburst modulation frequency from 50 to
300 kHz. Figure 3(c) shows that the liver has the lowest

Fig. 2 (a) Diagram of the experimental setup for the observation of photoacoustic resonance effect and
spectroscopy. ConL, condenser lens; AOM, acousto-optic modulator; BS, beam splitter; PD, photodiode;
US, ultrasound transducer. (b) The photograph of the experimental setup. (c) A typical modulated laser
light pattern.

Fig. 3 (a) The photoacoustic resonance (PAR) spectroscopy for three phantoms with different agar den-
sities to simulate the different mechanical properties. (b) Waveforms of photoacoustic signal at reso-
nance and nonresonance. (c) PAR spectroscopy for three different biological tissues characterized
by their resonance frequencies and Q factors.
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resonance frequency due to its highest viscosity, while muscle
has the highest resonance frequency with smallest viscosity,
which is matched well with previously reported data.18

Repeated experiments (10 times) lead to variations and are
stated as error bars in Fig. 3. The variations may be caused
by different sample positioning variation, geometry variation
of the samples, nonuniform heating of the samples, and ultra-
sound detection distance fluctuation. Nevertheless PAR spec-
troscopy provides distinguishable mechanical resonance
properties for different biological tissues, showing the potential
to achieve a new kind of spectroscopic imaging. It is worth not-
ing that the PA generation efficiency is generally proportional to
the modulation frequency of the CW laser excitation, which
could be the main reason of the asymmetric response around
the resonance frequency in Figs. 3(a) and 3(c). Within a rela-
tively narrow bandwidth around the resonance frequency for
PAR spectroscopy, the PA amplitude almost does not change
with the modulation frequency. Therefore, this variation of
PA generation efficiency caused by the modulation frequency
may induce some distortion on the PAR spectroscopy (e.g.,
asymmetric spectrum response); however, it will not influence
the characterization capability of PAR spectroscopy, where the
resonance frequency and quality factor could be extracted from
the asymmetric PAR spectrum.

Next we will extract the RLC circuit parameters and imped-
ance from the resonance frequency and quality factor shown in
the spectra shown in Figs. 3(a) and 3(c). Based on Eqs. (6) and
(10), L ¼ 1∕Γ, where the Grüneisen factor Γ is normally sup-
posed to be constant for all the samples, so here the inductance is
chosen to be 1 H for normalization. Then according to the res-
onance frequency ω0 and quality factorQ exacted from the PAR
spectrums, R, L, and C can be calculated from the extracted ω0

andQ with the following equations by substituting Eq. (10) into
Eqs. (6) to (9):

R ¼ ω0L
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Q2 − 1

p
; C ¼ 2Q2

ω2
0Lð2Q2 þ 1Þ ; L ¼ 1:

(11)

Based on Eq. (11), the circuit complex impedance Z ¼ Rþ
jω0Lþ 1∕jω0C can be calculated. Now the different phantoms
and porcine tissues have been quantitatively characterized by the
equivalent RLC circuit parameters. It is worth noting that for
different phantoms and tissue samples, the absolute values of
real part and imaginary part of the circuit impedance are chang-
ing in opposite ways, i.e., when the real part is decreasing, the

imaginary part is increasing, and vice versa. Therefore, similar
to the recently proposed concept of phasoscopy,19 we can
employ the phase tan φ ¼ ImðZÞ∕ReðZÞ of the circuit imped-
ance as for PAR spectroscopy characterization. As described
above, R, L, C, ω0, Q, Z, and tan φ of the phantoms and tissues
are listed in Table 1. The mechanical properties of the samples
could be readily derived from Eqs. (7) and (8) by substituting the
quantified resonance frequency ω0 and quality factor Q with
some calibration in advance. Furthermore, the extracted phase
can be derived from Eqs. (6) to (10) as
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If we choose negative a with jaj ≪ 1, then Eq. (12) can be
approximated as

tan φ ≈ −
1
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4
Λ3

�
≈ −

1

2
Λ: (13)

Equation (13) reveals that the proposed spectroscopy indica-
tor tan φ is the ratio between viscosity parameter, ξþ 4∕3η,
and acoustic impedance, ρc, fusing the viscosity imaging and
ultrasound imaging to achieve an improved contrast.

4 Discussion and Conclusion
The advantage of the proposed PAR spectroscopy is threefold.
First, from the physical perspective, compared with conven-
tional PA approaches exploring the optical absorption property
of biological tissues only, the proposed PAR spectroscopy based
on the PAR effect is revealing both optical absorption and
mechanical resonance properties, which is intrinsically an
endogenous dual-contrast characterization approach. In addi-
tion, separation of the two kinds of contrasts is also feasible:
PA mechanical resonance spectrum in terms of resonance fre-
quency (ω0) and quality factor (Q) is related with mechanical
property only (viscosity, mechanical impedance), and does
not depend on optical absorption property. On the other
hand, optical absorption contrast could also be readily obtained
by utilizing single-pulse modulation of the CW laser source,
which is similar to pulsed laser illumination without resonating

Table 1 Resistor-inductor-capacitor circuit parameters of three phantoms and porcine tissues.

Sample ω0 (kHz) Q R (kΩ) C (pF) L (H) Z ðΩÞ tan φjω¼ω0

Phantom 1 90 0.5 71.59 93.787 1 7.159 × 104 þ jωð0.1188Þ 0.1825

Phantom 2 85 1.1 67.61 105.14 1 6.761 × 104 þ jωð0.2140Þ 0.3482

Phantom 3 73 1.5 58.07 142.55 1 5.807 × 104 þ jωð0.4203Þ 0.7961

Muscle 160 1.4 127.27 29.675 1 1.2727 × 105 þ jωð0.1575Þ 0.2476

Fat 130 1.2 103.41 44.951 1 1.0341 × 105 þ jωð0.4438Þ 0.8584

Liver 110 1.0 87.50 62.783 1 8.750 × 104 þ jωð0.6018Þ 1.3756
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the biological tissue. Second, from the performance perspective,
utilizing the PAR effect, the PA signal of the object could be
maximized at its resonance frequency to enhance the SNR
within a narrow bandwidth around the resonance frequency
of the PAR spectrum, where the PA generation efficiency varia-
tion has negligible influence. In addition, the narrowband char-
acteristic of the PA signal at resonance allows subsequent
narrowband amplification and detection using lock-in amplifier
with much higher sensitivity than conventional wideband PA
signals induced by single-pulse lasers.20,21 Third, from the appli-
cation perspective, potential applications of PAR spectroscopy
will extend the conventional PAM/PAT applications. The pro-
posed PAR spectroscopy is also capable of revealing the
mechanical resonance properties related with viscosity and
acoustic impedance, which are also important indicators of bio-
logical tissue and other materials.22,23 In brief, the PAR effect
and spectroscopy proposed in this paper are a marriage of opti-
cal absorption and mechanical resonance effects, going beyond
conventional pulsed-laser PA approaches by providing endog-
enous dual-contrast performance.

Compared with the conventional ultrasound imaging to
quantify the mechanical properties, the proposed PAR approach
has two distinct advantages: to enable a typical PAT system to
perform ultrasound imaging, extra ultrasound transmitter mod-
ules are needed for beamforming that incur high power ampli-
fication, which could increase the total system cost and
complexity of PAT. On the other hand, the proposed PAR
approach does not need the ultrasound transmitter modules,
achieving relatively lower system cost and complexity. More
interestingly, the PAR approach is receiving the PA signals
only from the object to extract both optical absorption and
mechanical vibration properties, which are intrinsically corre-
lated with the exact same object. However, if using another
ultrasound imaging to acquire the mechanical property of the
object, the ultrasound imaging and PA imaging are performed
separately, leading to potential mismatch on the characterization
of the same object. Although overlapped PA and ultrasound
images could be obtained in some research groups24 and com-
panies (VisualSonics Inc., Toronto, Ontario, Canada), they only
give a separate PA image characterizing the optical absorption
and a B-mode ultrasound image characterizing the acoustic
impedance mismatch of the tissue, where the correlation
between the PA and ultrasound are not fully explored. These
problems could potentially be solved by the proposed PAR
approach in this paper.

The disadvantages associated with the proposed PAR spec-
troscopy may include the following. PAR spectroscopy requires
a CW laser, which has much lower peak power than the pulsed
laser, resulting in low signal SNR. High-sensitivity lock-in
detection and more data averaging are needed, which may
induce higher system cost and longer data acquisition time.
Moreover, the AOMmodulation will further increase the system
complexity and decrease the output laser energy compared with
pulsed laser PA systems. These disadvantages could be poten-
tially overcome by employing higher-power CW laser and dedi-
cated low-noise amplifier. Moreover, a chirp-modulated CW
laser source could be utilized to improve the signal SNR by
matched filter processing through cross-correlating the received
PA signal with a reference chirp signal, which has shown com-
parable signal SNR with pulsed laser-based PAT.25,26 Another
similar technique is coded excitation–based PA imaging by
encoding the laser diode excitation in a frequency-chirping

manner.27 More interestingly, the above chirp-based laser exci-
tation techniques could also be utilized for the proposed PAR
spectroscopy in real time, directly by selecting proper chirping
frequency range and duration time, which will be studied in
future.

Although the PA point source generation [Eq. (1)] could
explain the PAR spectroscopy concept and the phantom experi-
ments very well in this paper, a more detailed PA generation
modeling will be needed, especially for highly heterogeneous
biological tissues with nonuniform thermal coupling. A recent
preliminary study of complex circuit modeling of thermoacous-
tic generation is referred to in Refs. 28 and 29. As a proof-
of-concept work, we have proposed PA resonance spectroscopy
to characterize different kinds of phantoms or tissues in a quali-
tative manner, validating its potential for biomedical sensing
and imaging. The accurate and quantitative calculation of the
real viscosity and acoustic impedance values from the PAR
spectra will be thoroughly studied in future work to push the
proposed PAR spectroscopy for more accurate tissue properties
quantization.

In summary, the PAR effect is modeled with a damped mass-
string oscillator model and an equivalent RLC electrical circuit
model, and investigated experimentally by sweeping the multi-
burst modulation frequency of the CW laser source. Both agar
phantoms and biological tissues are tested to demonstrate the
effect of mechanical tissue properties. Currently, we are devel-
oping a PAR imaging technique to be implemented for in vivo
animal studies.
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