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A B S T R A C T   

Photoacoustic (PA) imaging enables the detection of tumors with ultrasound sensors. A laser Doppler vibrometer 
(LDV) measures sound waves without contact and may enable non-contact PA imaging (PAI). A successful 
acquisition with LDV of the PA-signals generated by a tumor irradiated by a pulsed laser depends on several 
factors: the metrological characteristics of the LDV, the characteristics of the laser pulse as well as the properties 
of the tumor and of the tissue. In this work, we prove with experiments on tissue-mimicking phantoms the 
validity of a simulation model based on prior work. We use the validated model to simulate the photoacoustic 
tumor detection with LDV. Subsequently, we estimate the photoacoustic tumor detection capabilities of a self- 
designed LDV with the validated model. We derive the limits for the minimal detectable size of tumors for a 
given depth in tissue. The smallest inclusion detected with our LDV-system on a tissue-mimicking phantom was a 
sphere with a radius of 200 μm at a depth of 14 mm. With our experimentally validated model, we have predicted 
the possibility to detect an inclusion in breast tissue with a radius up to approximately 300 μm at a depth of 
22 mm.   

1. Introduction 

Non-contact health monitoring of vital signs has become a potential 
alternative to classical monitoring methods [1–6]. A non-contact 
monitoring could be expanded to applications such as ultrasonography 
[7] and photoacoustic imaging (PAI) or photoacoustic tomography 
(PAT) [8–10] where acoustic waves are generated in the body and are 
used for tomographic measurements. 

Presently used transducers for medical ultrasound (US) and PAI have 
some limitations. Their disadvantages result mainly from the contact 
nature of the technology, such as the need for a coupling medium and 
the sensitivity to compression, which affects the image quality [11]. 
Furthermore, US transducers have a finite aperture size, which is 
disadvantageous for the quality of the reconstructed image since the 
algorithms for image reconstruction assume a point detector [11,12]. 
The narrow frequency bandwidth of these sensors of a few hundred kHz 
at most forbids the detection of differently sized objects and limits the 
spatial resolution [11]. A full non-contact laser ultrasound (LUS) im-
aging [13] employs laser light instead of ultrasound probes for both, the 
generation and the detection of the pulse. In particular, an interferom-
eter with a bandwidth of 2.5 MHz detects the generated wave on the 

surface. Reference [13] demonstrates the feasibility of a full non-contact 
ultrasound system for measurements in tissue-mimicking phantoms, 
animal tissue and humans in vivo. However, biological structures with 
low acoustic contrast such as early stage tumors in tissue are difficult to 
detect with US and LUS. 

Photoacoustic imaging can overcome these limitations. PAI is an 
imaging technique based on the PA effect: a short-pulse light source 
irradiates the tissue and leads to the generation of a broadband PA-wave 
that propagates through the tissue. The PA-wave is detected with ul-
trasound transducers and an absorption map of the irradiation is 
computed. The main applications of PAI are the imaging of molecules, 
microvasculature, tumors, the brain, and small animals [8–10]. Some 
structures have low acoustic contrast compared to the surrounding tis-
sue, but relevant differences in optical properties, as for the case of early 
stage tumors. Therefore, the photoacoustic imaging technique is more 
promising for the detection of small tumors. In applications where 
contact with the tissue is not desired or not possible, the commonly used 
ultrasound contact sensors suffer from limitations. These limitations 
could be overcome by non-contact photoacoustic imaging for example in 
peculiar applications like image guided surgery, wound assessment and 
ophthalmology [11]. 
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In this work, a laser Doppler vibrometer (LDV) is investigated as a 
non-contact alternative for an US-sensor for PAI because LDV measures 
broadband signals. Laser Doppler vibrometry is an interferometric 
technique which is widely used to measure the vibrations in various 
engineering applications. An LDV is composed of a laser-based inter-
ferometer and a broadband decoder. The decoder outputs a broadband 
displacement or velocity signal in dependence on the demodulation 
scheme (phase or frequency demodulation). The laser typically has a 
wavelength of λ = 633 nm or λ = 1550 nm [14,15]. The laser beam is 
split in two beams: a reference and a measuring beam. The reference 
beam remains inside the measuring head and the measuring beam im-
pinges on the target, the back-scattered light is collected. If the target is 
moving, the back-scattered light has a shift in frequency due to the 
Doppler effect, which is related to the velocity/displacement of the vi-
brations [14,15]. The sensitivity of the LDV is sufficient to detect pho-
toacoustic waves generated by a laser pulse that has an acceptable 
fluence for human tissue [11,16–18]. Interferometer systems can have 
different bandwidth depending on the design, the interferometers of the 
cited Papers are in the range of few (1–3) MHz. Reference [16] discusses 
non-contact measurements of photoacoustic signals with a commercial 
laser Doppler vibrometer. The LDV was integrated to a rotational pho-
toacoustic data acquisition system to realize a photoacoustic tomogra-
phy setup. This system resolves spherical inclusions of 500 μm and 
multi-layered structures with optical contrast in strongly scattering 
medium. The LDV discussed in [16] measured the structure of an arti-
ficial pig brain with an improved setup. The authors measured the noise 
equivalent detection limits of their specific specimen and experimental 
setup, and it results in 810 Pa over 1.2 MHz bandwidth. Other examples 
of PAI measurements utilizing an LDV are presented in [17,18]. All these 
examples demonstrate the possibility to detect PA-signals with an LDV. 
However, a discussion about the general detection limits is missing in 
the literature. The amplitude and time characteristics of the PA signals 
are related to the geometry and the optical properties of the investigated 
object. A successful detection of these signals depends on the metro-
logical characteristics of the detector. In a previous paper [19], we made 
a preliminary analysis to demonstrate that under certain bandwidth and 
resolution conditions, PA detection of buried spheres with an LDV is 
feasible. 

A model was introduced that allows the simulation of the propaga-
tion and detection of PA signals with an LDV. In this work, we improved 
and validated the model by performing experiments on silicone tissue- 
mimicking phantoms that have similar properties as breast tissue. The 
validated model with breast-tissue parameters reveals the limits of 
tumor detection with LDV-based PAI for the first time. With the vali-
dated model, the estimation of the measuring range in terms of minimal 
detectable radius and tumor position is possible and reliable. This aspect 
was not analyzed in the previous studies. In addition, we predict with 
the validated model the limits of PAI performed with a self-designed 
LDV for application in breast tissue. 

2. Material and methods 

2.1. Photoacoustic imaging 

Photoacoustic imaging [8–10] is a well-known technique employed 
for material inspection and, in bioengineering, for hemodynamic 
monitoring, for detection of brain lesions and for breast cancer diag-
nosis. The light of a short laser pulse is locally absorbed by the tissue. 
The temperature of the irradiated object rises and, through thermo-
elastic expansion, the pressure rises too, and a pressure wave propagates 
through the tissue. The schematic for a photoacoustic measurement is 
shown in Fig. 1. 

For photoacoustic measurements, a laser with a fluence F0 excites the 
tissue with a depth d. Inside the tissue is a sphere with radius RS at a 
distance zS from the irradiated surface, representing a tumor. At the 
opposite side the measurement beam of the LDV is positioned on the 

measurement point with a distance zD from the center of the tumor. The 
propagation of the PA-pressure wave is described in detail in [8,10,20]. 
In first approximation, an early stage heated tumor in breast tissue could 
be represented as a homogeneously heated sphere [21]. Tumors have a 
higher blood content with respect to the surrounding tissue and, 
therefore, have a higher light absorption at characteristic wavelengths. 
The pressure wave resulting from the irradiation of a sphere is a bipolar 
pressure signal with a N-shape [20]. It has a typical duration 

τ =
2RS

vs
(1)  

depending on the radius of the sphere RS and the sound velocity in 
medium vs [20]. The frequency spectrum also depends on the size of the 
object. Objects with small radius result in more broadband signals with 
respect to objects with large radius. The frequency spectrum is shown in 
references [22, 23] with a characteristic central frequency fc,S = 0.66

τ . 
The amplitude of the positive peak in time domain pM of the N-shaped 
signal pattern at the measurement point with the distance zD from the 
center of the sphere is here approximated as in [19]. 

pM =
1

2zD
p0RSe− μatt ⋅zD =

1
2zD

ΓμaFRSe− μatt ⋅zD , (2)  

where p0 is the initial pressure rise at the time t = 0 s in the sphere, which 
is homogeneously heated, Γ is the Grüneisen parameter, μa is the optical 
absorption coefficient of the sphere at the wavelength of the laser, F is 
the laser fluence and μatt is a factor for the acoustic attenuation. The 
value of the fluence F is here assessed as the solution of the diffusion 
approximation in one dimension [24,25]. 

F = F0e− μeff zS , (3)  

where F0 is the fluence at the surface after specular reflection losses, μeff 
is the effective optical attenuation in the tissue and zS is the distance 
from the irradiated surface to the center of the sphere, i.e. penetration 
depth. For a detailed analysis, F should include an additional term ac-
counting for the increase of fluence under the surface. 

The acoustic attenuation of the pressure wave traveling through a 
medium plays an important role for the correct reconstruction of the 
photoacoustic image. For algorithms about image reconstruction in PAI, 
the reader may refer to [9,10]. 

The aim of this work is to understand under which conditions the 
LDV can detect PA signals. For this analysis, it is sufficient to estimate 
the attenuation of the main peak of the N-shaped signal. Usually, com-
plex computations are required for an accurate estimation of the 
acoustic attenuation. Here, the acoustic attenuation μatt is estimated as 

Fig. 1. Schematic of the setup for PA measurements. A laser with the fluence F0 
excites the tissue with a total depth of d. The sphere with the radius RS is 
located at a distance zS from the irradiated surface and represents a tumor. The 
measurement point of the LDV is positioned on the opposite side of the laser 
excitation and has a distance of zD from the center of the tumor (transmission 
configuration). The detection can also occur from the same side of the excita-
tion (reflection configuration). 
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the mean value of the attenuation coefficient between the characteristic 
frequencies at the half-power bandwidth with the lower frequency 
fL,− 3dB and the upper frequency fH,− 3dB. Usually, the pressure wave is 
detected with ultrasound sensors. In the case of contactless measure-
ments with LDV, the pressure wave is detected with the laser at the 
measurement point. The LDV acquires velocity or displacement signal at 
the boundary between skin and air, which corresponds to the particle 
velocity or particle displacement [19]. The velocity is directly propor-
tional to the pressure, therefore the velocity signal presents also the 
typical N-shape with the positive peak vM [19,26]. 

vM =
2pM

Z
(4)  

where Z is the acoustic impedance, i.e. the product between the sound 
velocity vs and the density of the medium ρ. The factor 2 results from the 
fact that the surface displacement is twice as large as the particle 
displacement inside the medium [26]. The displacement signal is ob-
tained by integrating the velocity signal over time [19] and its maximum 
sM is 

sM =
pM⋅τ
2⋅Z

=
R2

S

Z⋅vs

1
2zD

ΓμaFe− μattzD . (5) 

To acquire PA signals without degradation, two conditions need to 
be fulfilled [19]. 

Condition 1: Bandwidth 
For enhanced sensitivity, a relative bandwidth Brel of 1.5 with 

respect to the central frequency fc is required [27]. 

Brel =
B
fc
=

fH − fL

fc
. (6)  

where B = fH − fL is the measurement bandwidth of the sensor with the 
upper frequency fH and the lower frequency fL. Assuming a symmetrical 
bandwidth around the central frequency, the upper and lower frequency 
can be written as fH = fc

(
1 + 1

2⋅Brel
)

and fL = fc
(
1 − 1

2⋅Brel
)
. Therefore, 

according to [27] and Eq. 6, this allows the determination of a maximum 
frequency fc,S,max as a function of the upper frequency of the sensor fH 
that allows good detection of the PA signals. The lower frequency fL =

fc
(
1 − 1

2⋅Brel
)

is inserted into Eq. 6 and is solved for fc to obtain 

fc,S =
0.66

τ ≤
fH

1 + 1
2⋅Brel

= fc,S,max. (7) 

For a proper reconstruction of a PA-signal with LDV, the central 
frequency of the PA-signal, fc,S, has to be lower than the maximal central 
frequency, fc,S,max, detectable with the bandwidth of the sensor by 
considering the detection condition of Eq. 7. 

For the specific case of our LDV system, which consists of a self-made 
IR-LDV and the commercial decoder LDV OFV-2500-2 (Polytec GmbH), 
the bandwidth is limited by the decoder. For the selected measurement 
range, this results in fL = 0.5 Hz ≈ 0 Hz and fH = 3 MHz. Eq. 7 thus yields 
a maximal detectable central frequency fc,S,max = 1.71 MHz. The radius 
of the minimal detectable object RS,min can then be computed by 
inserting τ from Eq. 1 in Eq. 7 and by setting fc,S = fc,S,max 

RS,min = 0.33
vs

fc,S,max
. (8) 

Condition 2: Amplitude 
The amplitudes pM, vM or sM have to be greater than the resolution of 

the sensor. For the LDV, this condition can be written as 

sRL(B) < sM (9)  

where sRL(B) = s′RL⋅
̅̅̅
B

√
is the displacement resolution limit of the LDV, B 

is the bandwidth, sRL
′ is the displacement resolution at B = 1 Hz and sM 

according to Eq. 5. 
The commercial decoder has a displacement resolution limit at 1 Hz 

measured on a mirror of s′RL = 53 fm/
̅̅̅̅̅̅
Hz

√
. Therefore, its displacement 

resolution limit is 

sRL(B) = s
′

RL

̅̅̅
B

√
= 53

fm̅̅̅
̅̅̅

Hz
√ ⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3 MHz

√
= 92 pm. (10) 

To evaluate the limits of LDV for the detection of photoacoustic 
signals in tissue, the two detection conditions result in a minimally 
detectable radius RS,min and a noise equivalent displacement amplitude 
sRL, which the PAI signal amplitude sM needs to exceed. 

2.2. Phantom 

Spherical phantoms were produced to mimic tumors and a tissue- 
mimicking phantom with spherical inclusions was produced to mimic 
breast tissue with tumors. These phantoms were realized with the two- 
component silicone Dragon Skin™ 10. The procedure of creating the 
phantoms consists of mixing the components of the room temperature 
vulcanizing (RTV) silicone in ratio 1:1. For the production of the 
spherical phantoms, India ink is added to the mixture to achieve a higher 
value of optical absorption μa with respect to the rest of the phantom. 
The concentration of India Ink in the total volume was approx. 0.05%. 
Small air bubbles formed during the stirring were removed with a vac-
uum pump. The mixture was then poured in the mold and left to harden 
for seven hours. Fig. 2(a) shows two of the molds for the generation of 
the spherical phantoms. The two molds of Fig. 2(a) can produce 5 and 4 
inclusions with a radius RS = 2.5 mm, respectively. Fig. 2(b) shows a 
spherical phantom and the tissue-mimicking phantom used to simulate 
the soft tissue with spherical inclusions inside. The dimensions of the 
tissue-mimicking phantom are 99.42 mm x 59.67 mm x 33.53 mm, 
where d = 59.67 mm is the width. The phantom has five spherical in-
clusions Si where the index i = 1,2,3,4,5 identifies the sphere (Fig. 2(b)). 
The five spheres have a radius RS = 2.5 mm and are positioned at 
different location defined by the depth zSi and the distance from the 
detection surface zDi = d − zSi, where zS1 = 2.53 mm, zS2 = 3.86 mm, zS3 

= 4.39 mm, zS4 = 5.97 mm and zS5 = 6.67 mm. 
Experiments on this tissue-mimicking phantom with inclusions with 

a radius RS = 2.5 mm were carried out to detect the thermal, acoustic 
and optic properties of the silicone rubber. We will discuss the deter-
mination of these parameters in detail in section 3.1. 

An additional tissue mimicking phantom with an inclusion with a 
radius RS = 200 μm was built (see Fig. 2(c)) and used for the validation 
of the model. The inclusion is located at a distance of approximately 14 
mm from one surface and 2 mm from the other one along the mea-
surement direction. 

As we will explain in more detail later, this radius is only slightly 
above the minimally detectable radius according to Eq. 8. Due to the 
difficult fabrication process of the smaller sphere, deviations from the 
already validated model with the larger spheres may occur. For 
example, the fluence approximation used in the model or the optical 
properties such as the optical absorption may no longer be valid or may 
be different. As a result, the measurement results might diverge from the 
model. 

2.3. Setup 

Fig. 3(a) shows the scheme and a photo of the setup used for PAI 
measurements with LDV on silicone rubber phantoms. 

The photoacoustic excitation was performed with the pulsed laser 
Eazy-Brilliant (Quantel). The Eazy-Brilliant is a Q-switch Nd-Yag Laser 
with a 1064 nm wavelength, a maximal energy of 330 mJ, a pulse 
duration of 5 ns and a beam diameter of 6 mm. 

To adjust the energy of the laser beam, the variable attenuator 
2-EWP-T-1064 of the company Altechna was placed at the exit of the 
laser beam. A beam expander with a magnitude factor of 3 provides a 
wider spot at the specimen. Thus resulting in a beam diameter of about 
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18 mm for the experiments. The LDV laser beam impinged on the 
phantom from the opposite side with respect to the excitation. We used a 
self-developed infra-red (IR) LDV for all experiments because it is sub-
stantially more sensitive compared to our available commercial LDVs 
with HeNe-lasers [28]. The heterodyne photodetector signal was 
demodulated by the vibrometer controller (OFV-2500-2 Polytec). The 
demodulated velocity signal and the Q-switch output of the excitation 
laser were acquired with an oscilloscope and the data was transferred to 
a PC. The sampling frequency of the oscilloscope was set to 50 MHz. A 
measurement consists of a time-average of 128 signals. The displace-
ment resolution of this setup on silicone rubber phantom was measured 
resulting in sRL,exp = 64.30 pm. The displacement resolution was 

calculated by determining the noise floor of the vibrometer on silicone 
with a spectrum analyzer to approx. 0.42 pm/

̅̅̅̅̅̅
Hz

√
and by multiplying 

with the square root of the bandwidth of the detector divided by the 
number of averages sRL,exp = 0.42 pm/

̅̅̅̅̅̅
Hz

√
⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3MHz/128

√
. The Q-switch 

signal was employed for the synchronization of the time averaging 
process and for the identification of the time instant of the laser shot. 
Measurements were performed on the tissue mimicking phantom of 
Fig. 2(b) in absence and in presence of the five spherical inclusions. The 
low-frequency and the high-frequency noise was filtered with a wavelet- 
denoising filter exploiting the Daubechies wavelet ‘db4’ [29,30]. The 
schematic of the setup and the signals of these measurements are shown 
in Fig. 4. Measurements were also performed on the tissue mimicking 

Fig. 2. (a) Examples of the molds for the generation of four silicone rubber spheres with radius RS = 2.5 mm. Top: combined mold. Middle: top mold. Bottom: bottom 
mold. The top and bottom mold are each a negative for the upper and lower half of the spheres. (b) Spherical phantoms simulating the tumors and phantom with 
spherical inclusions used for the simulation of breast tissue with tumors. (c) Phantom with a small inclusion with radius RS = 200 μm. 

Fig. 3. (a) Schematic and (b) photo of the measurement setup.  

Fig. 4. (a) Schematic of the measurements 
on the tissue mimicking phantom without 
(left) and with (right) inclusions underneath. 
(b) LDV-Velocity signal obtained with the 
setup on the left in (a). Pattern I (green 
dashed ellipse) represents the vibrations 
generated by the irradiated surface. (c) Two 
velocity signals obtained with the setup on 
the right in (a). The green dashed ellipses 
show the same pattern I of (b). (d) The black 
crosses represent the expected time points 
and the red circles the measured time points 
tDi

, at which the maximum of the N-shaped 
signal is generated by the sphere with radius 
RS = 2.5 mm and obtained with the setup on 
the right in (a). Two examples are shown in 
(c). (For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the web version of this article.)   
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phantom of Fig. 2(c) in absence and in presence of the small inclusions 
with two different configurations (front and reverse). In the front 
configuration, the penetration depth of the phantom was zS ≈ 14 mm 
and the distance from the detection surface zD ≈ 2 mm. In the reverse 
configuration, the phantom was positioned the other way around; hence 
the penetration depth was zS ≈ 2 mm and the distance from the detection 
surface zD ≈ 14 mm. 

3. Results 

3.1. Identification 

The signals acquired with the LDV are presented in this section. Fig. 4 
(a) shows the setup for measurements on the tissue mimicking phantom 
shown in Fig. 2(b) with the spheres with a radius of RS = 2.5 mm. Fig. 4 
(b) presents the LDV signal acquired with the left configuration of Fig. 4 
(a), i.e. when the excitation laser impinges on the part of the phantom 
without inclusions underneath. 

The signals were filtered with the wavelet-denoising filter mentioned 
in Section 2.3. In particular, the difference between the approximation 
at level 5 and at level 11 of the wavelet decomposition ‘db4’ [29] were 
subtracted, resulting in a band-pass filter between the frequencies f =
12.21 kHz and f = 781.25 kHz. Fig. 4(b) shows the velocity signal which 
has a characteristic pattern. This pattern I represents the vibrations 
generated by the irradiated surface. Its amplitude and time character-
istics are related to optical, thermal and acoustic properties of the irra-
diated material, the characteristics of the laser irradiation and the 
boundary conditions [31,32]. The signal of the irradiated surface of the 
tissue-mimicking phantom presents a stress (i.e. velocity) transient with 
a negative peak. Pattern I occurs at a time equal to the distance d =
59.67 mm that the wave travels divided by the sound velocity. The 
descending peak starts at the time t ≈ 60 μs after the laser shot (t = 0 s) 
and the negative peak appears at t ≈ 61 μs. The LDV-measurements on 
the tissue mimicking phantom of Fig. 2(b) in presence of the inclusions 
were acquired at each inclusion position for different fluence values F0 
(≈ 715 J/m2,≈ 1365 J/m2,≈ 1912 J/m2,≈ 2160 J/m2). The measure-
ment were performed with the right setup of Fig. 4(a). The characteristic 
pattern is recognizable for all measurements and fluence values. As an 
example, we show in Fig. 4(c) the LDV signals in correspondence of the 
sphere 1 and 5 with the fluence value F0 ≈ 1912 J/m2. The obtained 
signals show both patterns generated by the sphere and by the irradiated 
surface. The two exemplary signals of Fig. 4(c) present the pattern I. In 
particular, the negative peak (green dashed ellipse) occurs at the time t 
≈ 61 μs as in Fig. 4(b). The N-shaped pattern generated by the spheres is 
also present in all the signals; its positive peak is identified with a red 
circle (Fig. 4(c)). The sphere S1 generates the velocity signal denoted 
with S1; the same applies to the other spheres Si. The sphere S1 is posi-
tioned at the smallest depth zS1 = 2.53 mm and, therefore, at the greatest 
distance zD = zD1 from the measurement point. The sphere S5 is posi-
tioned at the greatest depth zS = zS5 and the smallest zD = zD5 and is 
therefore closest to the measurement point. The time points tDi of the 
positive peak for all signals generated for different zDi are shown as a red 
circle in Fig. 4(d). As expected, with increasing depths zD the positive 
peaks of the N-shaped signal is visible at a later time in the signal. The 
expected time points as a function of distance and sound velocity are 
also shown as black crosses. The difference between the expected and 
the measured values can be explained due to the amplitudes not being 
determined accurately enough from the time signals. Furthermore, 
measurement deviations of zD of 1 mm already lead to deviations of 
more than 1 μs. Note that the delay of the N-shaped signal depends on 
the distance between the surface of the acquisition and the absorbing 
sphere zDi. For the sphere S1, the negative peak generated by the surface 
(green dashed ellipse) is not well discernible from the negative peak of 
the N-shaped signal because of the close distance between the sphere 
and the surface. Since the other spheres are located at greater depth zS, 
the two negative peaks appear separated. The time duration τ of the N- 

shaped signals is in the expected range τ ≈ 4 − 5 ms for all the five 
signals. 

For the validation of the model, the properties of the silicone rubber 
must be known. Some of these properties were experimentally deter-
mined: the sound velocity vs,sil = 966 m/s, the impedance Zsil = 1.07 
MRayl, the Grüneisen parameter Γsil = 0.49 and the acoustic attenuation 
μatt = 0.051 Np/cm. The optical absorption μa,sil and the effective optical 
attenuation μeff,sil are unknown parameters and must be determined. 
Therefore, we conducted measurements on the tissue mimicking phan-
tom shown in Fig. 2(b) with spherical inclusions and its measurement 
setup shown in Fig. 4 to perform a parameter identification. The 
parameter identification was performed according to the routine pre-
sented in [33] which uses a least-square algorithm. The values of the 
optical absorption μa,sil and of the effective optical attenuation μeff,sil 
obtained are the ones that minimize the cost function g 

g
(
μa,sil, μeff,sil

)
=

1
2
∑N

i=1

(
vMi

(
μa,sil, μeff,sil

)
− vM,expi

)2
, (11)  

where N represents the number of experiments (N = 4 value of fluence F0 
x 5 spheres Si = 20). The function g(μa,sil,μeff,sil) is the square of the norm 
of the residuum between the simulated data of the peak of the velocity 
vM computed with Eq. 4 and the peak vM,exp of the experimental velocity 
data obtained with the setup of Fig. 4(a) (right) for the four different 
energy levels of the pulsed laser. According to [33], the quality of the 
identification is determined with the coefficient of determination R2 

R2 = 1 −
∑N

i=1

(
vM,expi − vMi

)2

∑N
i=1

(
vM,expi − vM,exp

)2, (12)  

where vM,exp is the mean value of all the experimental data. The value of 
R2 varies in the interval 0 ≤ R2 ≤ 1. For a very good fit R2 has to be R2 ≈

1. The function g(μa,sil,μeff,sil) finds its minimum for μa,sil = 0.3865 cm− 1 

and μeff,sil = 0.4597 cm− 1. In our experiments, it resulted in R2 = 0.9539; 
therefore, the quality of the parameter identification is good. 

In Table 1, literature values for the optical absorption of an actual 
tumor μa,tum as well as the effective optical attenuation for real tissue 
μeff,tis are shown in addition to the values determined from the param-
eter identification for our silicone phantom. 

With the two parameters identified, all variables from Eq. 5 to 
determine the displacement as a function of zS and zD are known. 

The parameters of our silicone phantom differ from the expected 
parameters of tissue and tumor. While the optical absorption has similar 
values, the values for the effective optical attenuation are different, 
because no additional scattering particle were added to the silicone 
phantom. The introduction of scattering particles would have compli-
cated the model, in particular Eq.3, therefore they were neglected for 
our initial considerations to minimize the number of unknown variables 
for the model. Nevertheless, our silicone phantom is suitable for vali-
dating the introduced model, since the fundamental requirement of a 
higher absorption of our phantom in comparison to the surrounding 
material is satisfied. With a successful model validation of our silicone 
phantom, we can subsequently apply the real parameters of a tumor and 
tissue to make predictions for the measurement on real tissue. 

Table 1 
Determined values for the optical absorption and the effective optical attenua-
tion for our silicon phantom as well as corresponding typical values for real 
tissue and tumor tissue.   

Optical absorption Effective optical attenuation 

Tissue/Tumor μa,tum = 0.6 cm− 1 μeff,tis = 1.2 cm− 1 

Phantom μa,sil = 0.3865 cm− 1 μeff,sil = 0.4597 cm− 1  
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3.2. Validation 

To validate the model, further measurements were performed to 
verify the derived parameters. To additionally test the limits of our LDV 
system, spheres with a just detectable radius were created. For this 
purpose, the amplitude of the velocity peak vM,exp of these experiments 
on the smaller spheres needs to match the value obtained by computing 
Eq. 4. The radius of the minimal detectable sphere in silicone rubber RS, 

min,sil can then be calculated according to Eq. 8. The minimal detectable 
radius resulted in RS,min, sil = 192 μm by considering a relative band-
width Brel = 1.5, the maximal frequency of the LDV-bandwidth fH = 3 
MHz and the sound velocity of the silicone rubber used vs = vs,sil = 996 
m/s. The phantom of Fig. 2(c), which is used for the additional mea-
surements, therefore has inclusions with a radius RS ≈ 200 μm, just 
above the limit of 192 μm. 

Depending on the distances from the center of the sphere of the 
measurement point on the surface zD and the depth of the sphere in 
tissue zS, it is possible to determine for a given fluence F0 if the sphere is 
detectable. According to the model of the theory presented in Section 
2.1, the detection range for a sphere with a radius RS can be estimated by 
verifying the condition of Eq. 9. The maximum of the displacement 
signal sM,exp calculated with Eq. 5 should be greater than the displace-
ment resolution of the IR-LDV in the experiments sRL,exp as defined in Eq. 
9 

sRL,exp < sM,exp =
R2

S

Zsil⋅vs,sil

1
2zD

Γsilμa,silF0e− μeff,silzS e− μattzD , (13) 

We can then estimate the detection range of a sphere with a radius 
RS,min, sil = 192 μm according to Eq. 13 for silicone rubber phantoms. 
The resolution of the IR-LDV for the experiments is sRL,exp = 64.30 pm. 
The value of fluence at the surface F0 ≈ 715 J/m2 used in the experi-
ments is chosen for the estimation of the detection range. Fig. 5 shows 
the calculated detection range for a sphere with the minimal detectable 
radius for silicone rubber RS,min,sil = 192 μm computed according to Eq. 
13. The white area identifies where the sphere is detectable and the 
black area where a detection is not possible i.e. sRL,exp > sM,exp. The 
detectable area is delimited by the penetration depth zS ≈ 64 mm and 
the maximal distance from the measurement point zD ≈ 3.6 mm. To 
confirm the prediction of the detection range, measurements in the 
detectable and non-detectable range were carried out. It should be noted 
that the measurements were obtained with a sphere of a radius of RS ≈

200 μm and are therefore only slightly above the minimum detectable 
radius of 192 μm. The following results should thus be considered in this 
context. As the model was identified with spheres with a much larger 
radius, we can expect some deviations. Since the measurement is per-
formed at the absolute detection limit, additional discrepancies due to 
noise are expected. The aim of our experiments is to validate our 

simplified model for an approximate assessment of the applicability of 
non-contact PAI measurements. For further research, a more detailed 
model should be developed that considers additional parameters. For 
this purpose, an intensive sensitivity analysis of the individual param-
eters should be performed. At this stage, we have skipped it on purpose, 
as it is not the focus of the presented work. 

First, a measurement was obtained with an inclusion in the detect-
able range with the penetration depth of the phantom zS ≈ 14 mm and 
the distance from the measurement point zD ≈ 2 mm. For a first 
assessment, an additional measurement with a higher fluence was taken. 
The fluence was set to F0 = 715 J/m2 and to F0 = 1365 J/m2. The two 
signals in presence of the inclusion are shown in Fig. 6(a) (red line and 
blue dashed line, respectively). Subsequently, a signal without inclusion 
was acquired with the fluence F0 = 715 J/m2 and is presented as a black 
line in Fig. 6(b) in addition to the signal with the inclusion. All the 
patterns show a negative peak after 16 μs that corresponds to the 
acoustic wave generated by the irradiation of the surface (similar to 
pattern I as shown in Fig. 4(b)). The signal acquired with the inclusion 
and the fluence F0 = 1365 J/m2 presents a significantly N-shaped signal 
at about 2.5 μs, which corresponds to the signal generated by the 
absorbing sphere with radius RS = 200 μm. The same pattern with a 
smaller amplitude is identifiable also in the measurement with the in-
clusion and the fluence F0 = 715 J/m2. As expected, differences in 
presence and in absence of the inclusion are noticeable at about 2.5 μs 
where the characteristic N-shaped signal is identifiable. The real 
amplitude of the positive peak vM,exp is difficult to calculate since the 
starting point of the wave is hard to identify due to the existing noise. 
Therefore, the amplitude is here determined as the difference between 
the negative and positive peaks of the N-shaped signal divided by two. 
The expected amplitude for the experiments is vM = 6.6 ⋅ 10− 4 m/s for 
the fluence F0 = 715 J/m2 and vM = 1.3 ⋅ 10− 3 m/s for the fluence F0 =

1365 J/m2. The amplitude in the experiments is vM,exp ≈ 2.3 ⋅ 10− 3 m/s 
for the fluence F0 = 715 J/m2 and vM,exp ≈ 4.0 ⋅ 10− 3 m/s for the fluence 
F0 = 1365 J/m2. As expected, there is a deviation between the experi-
mental results and the model, due to the difficult fabrication process of 
the absorbing sphere with a smaller radius used in this experiment. For 
these specific measurements there is a factor of 3.5 and 3.1 for the ve-
locity amplitude. Several other measurements showed that this factor is 
in the range of 2.8 to 3.6. The discrepancy in this case seems to be high, 
but it has to be considered that these measurements were taken at the 
detection limit and, thus, at a strong noise level. At the detection limit, 
multiple small influences can already explain the discrepancy between 
the model and the experiments. The difficulties in making small 
absorbing spheres with a reproducible amount of ink at the detection 
limit make it particularly difficult to estimate the fluence correctly. 
Therefore, we are very much satisfied with the result. We mathemati-
cally determined the minimally detectable radius for our model and 
subsequently had to build a physical phantom to test the model. It is 
difficult to produce such small silicone spheres (with a radius of 192 μm) 
accurately. Therefore, we approximated the value to 200 μm for the 
experiments. 

This can cause deviations from the real parameters (e.g. μeff,sil and μa, 

sil) of the small spheres compared to the parameters determined from the 
measurements with the large spheres. Eq. 4 shows the influence of these 
parameters on the calculated amplitude and thus explains deviations 
between the amplitudes from the experiment and the expected ampli-
tudes from the model. 

As mentioned earlier, the measurements were also taken in the just 
detectable range. Therefore, the absolute deviations with regard to the 
uncertainty of a measurement at the detection limit and any deviations 
of the actual parameters of the smaller phantom to the model parame-
ters determined from the larger phantom are in an acceptable range. 

For a measurement in the non-detectable range, the phantom was 
positioned the other way around; hence the penetration depth was zS ≈ 2 
mm and the distance from the measurement point zD ≈ 14 mm. 

In the series of measurements with this configuration, the inclusion 

Fig. 5. Detection range of the silicone rubber spheres with radius for 
a displacement resolution of the experiments sRL,meas = 64.30 pm and the 
fluence F0 = 715 J/m2. 
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should present the N-shaped signal in the velocity signal at about 14 μs, 
assuming an amplitude above the resolution limit. However, as shown in 
the magnified plot at the expected time in Fig. 7 there is no significant 
difference between the measurements with inclusion (red line) and the 
measurements without it (black line). Even in these measurements, the 
negative peak at about 16 μs generated by the surface is noticeable. 

The measurement performed with the configuration shown in Fig. 6 
prove the calculated detection limits that are displayed in Fig. 5 for a 
fluence value of F0 = 715 J/m2. Therefore, the prevision of detection 
range of the model is correct. In the reverse configuration shown in 
Fig. 7 the defect was positioned in the non-detectable range. According 
to the prevision, with the fluence value F0 = 715 J/m2, the N-shaped 

signal should not be detectable and, as expected, we could not detect it. 

4. Discussion 

The model presented in Section 2.1 was validated with the experi-
ments on silicone phantoms of Section 3. 

So far we have validated our simplified and one-dimensional model 
on silicone probes. In this section we use breast tissue parameters for the 
simulation model to estimate the limits in in-vivo experiments in both 
transmission and reflection configuration. Usually we can expect, that 
excitation and sensing are performed with one medical scanner from one 
side (reflection configuration). According to Eq. 8, the radius of the 

a

b

Fig. 6. Acquired signals in the detectable range (zS ≈ 14 mm and zD ≈ 2 mm) with and without a small inclusion with radius RS ≈ 200 μm. (a) Signals with inclusion 
and different fluences. (b) Signals with and without inclusion with the same fluence. 

Fig. 7. Acquired signals in the non-detectable range (zD ≈ 14 mm and zS ≈ 2 mm) with and without a small inclusion with radius RS ≈ 200 μm.  

L. Mignanelli et al.                                                                                                                                                                                                                              



Sensing and Bio-Sensing Research 38 (2022) 100531

8

minimal detectable object with our setup in breast tissue RS,min results in 
RS,min ≈ 291 μm by considering the sound velocity vs = 1510 m/s [34] 
and a relative bandwidth Brel = 1.5 (see Eq. 8). A bandwidth Brel = 0.75 
provides a good compromise between resolution and noise level [23] 
leading to a smaller minimal detectable radius RS,min. Objects with a 
radius RS,min are detectable only if the condition of Eq. 9 is met. For the 
determination of this condition, the maximal amplitude of the photo-
acoustic displacement signal generated by an irradiated sphere with the 
minimal detectable radius sM is computed and a comparison to the 
resolution limit of the LDV sRL(B) is carried out according to Eq. 9. 

The value of the maximal displacement amplitude sM for a sphere 
with radius RS,min can then be evaluated in dependence of the depth of 
the sphere zS and distance between the sphere and the sensor zD. The 
value of the breast tissue parameters used to compute sM are the sound 
velocity vs = 1510 m/s, the impedance Z = 1.54 MRayl and the acoustic 
attenuation α0 = 0.75 dBcm− 1MHz− 1 [34]. The effective optical atten-
uation depth at the wavelength of the pulsed laser λ = 1064 nm is 
μeff = 1.2 cm− 1 [23]. The absorption coefficient for normal breast tissue 
varies in the range 0.03 − 0.05 cm− 1 for a wavelength of λ = 1064 nm 
[35]; the optical absorption of a tumor is greater. The absorption coef-
ficient μa = 0.6 cm− 1 is employed for the simulation as in [23]. The value 
of the Grüneisen parameter Γ varies in the range 0.2 − 0.5 for breast 
tissue at 37 ◦ C [27, p. 423], therefore the mean value Γ = 0.35 is 
employed. The maximal allowed fluence for application in human body 
at λ = 1064 nm F0 = 1000 J/m2 is used [36]. 

Our self-developed LDV provides a signal that has a resolution on a 

mirror of approximately 6 fm/
̅̅̅̅̅̅
Hz

√
for an ideal decoder. The commercial 

velocity decoder used in the experiments is the LDV OFV-2500-2 (Pol-
ytec GmbH). The decoder has a resolution of 53 fm/

̅̅̅̅̅̅
Hz

√
and therefore 

limits the resolution. The resolution of our system for a single mea-
surement, i.e. without averaging the measurements is sRL(B) =

sRL(3MHz) = 92 pm. However, such a good resolution is difficult to 
achieve on bare skin. Skin scattering can be improved with zinc-oxide 
based cream or with white eye-shadow. Here, we assume optimal con-
ditions of the skin scattering for one single measurement without 
averaging. Fig. 8(a) shows in white the detection range of the sphere 
with radius RS,min in function of its depth in tissue zS and its distance to 
the measurement point zD. The white area represents where Eq. 9 is 
satisfied, i.e. the amplitude sM is greater than the resolution limit of the 
LDV-system used in our setup. The black range of Fig. 8(a) identifies 
where the vibrations of the object are not detectable. The white range is 
delimited by the penetration depth zS ≈ 22 mm if the measurement point 
is at the distance zD = RS,min. If the penetration depth zS is equal to RS,min, 
the maximal detection distance zD is ≈ 3.8 mm. 

This can be considered the resolution limit for our LDV-system for a 
single measurement in breast tissue. 

Generally, our model can be used to make different predictions for 
breast or soft tissue. For example, Fig. 8(b) shows the detection range for 
a tumor in breast tissue with a radius RS = 2.5 mm, the absorption co-
efficient μa = 0.3865 cm− 1, the Grüneisen parameter Γ = 0.49. More-
over, the fluence F0 ≈ 715 J/m2 and the resolution of our measurements 
sRL(B) = sRL,exp = 64.30 pm obtained by averaging are employed for the 

Fig. 8. (a) Detection range of our LDV-system in 
breast tissue for a spherical object with radius RS,min 
= 291 μm and absorption coefficient μa = 0.6 cm− 1 in 
breast tissue with the Grüneisen parameter Γ = 0.35, 
the fluence F0 = 1000 J/m2 and detected with the 
LDV theoretical resolution sRL(B) = 92 pm. (b) 
Detection range of a tumor with a radius RS = 2.5 
mm, absorption coefficient μa = 0.3865 cm− 1 in tis-
sue with the Grüneisen parameter Γ = 0.49, the flu-
ence F0 = 715 J/m2 and detected with the LDV 
resolution sRL,exp = 64.30 pm obtained by averaging. 
(c) Setup in reflection configuration with the pene-
tration depth zp = zD = zS. (d) Detection range of a 
tumor in function of its radius RS and its penetration 
depth in tissue zp for the case of measurements in 
reflection configuration. The plot is obtained with the 
absorption coefficient μa = 0.3865 cm− 1, the Grü-
neisen parameter Γ = 0.49, the fluence F0 = 715 J/m2 

and the LDV resolution sRL,exp = 64.30 pm. The gray 
region is not defined since zp < RS.   
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simulation. The other parameters are the same as the computation of 
Fig. 8(a). It must be noted that to have a sRL(B) = sRL,exp = 64.30 pm in 
breast tissue, the surface should be treated and the excitation condition 
should be adapted according to the laser safety norm [36]. In this case, 
the detection range (white area) is delimited by the penetration depth zS 
= 39.35 mm and the distance from the measurement point zD = 15.85 
cm. 

The validated model can be used to make predictions about the 
detection of tumors for other cases such as measurements in reflection 
configuration, as shown in Fig. 8(c). In reflection configuration, the 
excitation and the detection are performed from the same side and, 
therefore, the tumor is positioned at the same distance zp from both 
excitation and detection point. The distance zp is the penetration depth. 
Fig. 8(d) shows the detection range of tumors with different radii RS and 
optical absorption μa = 0.3865 cm− 1 in breast tissue as a function of the 
penetration depth zp according to the setup of Fig. 8(c). The Grüneisen 
parameter Γ = 0.49, the fluence F0 = 715 J/m2 and the LDV resolution 
sRL,exp = 64.30 pm are chosen for the simulation. The other parameters 
of the simulation are the same as used in Fig. 8(a) and (b). The gray area 
represents where the simulation has no physical and geometrical 
meaning (zp < RS). The white area represents the penetration depths at 
which the tumor with a radius RS is detectable; the black range is the 
range where the tumors are not detectable. From Fig. 8(c) the detection 
limits of a setup in reflection configuration for measurements in breast 
tissue can be determined. For example, tumors with a radius RS = 4 mm 
can be detected up to a penetration depth of zp ≈ 20 mm in breast tissue. 

The performances of LDV can be improved if the detection band-
width could be adapted to the dimension of the radius of the searched 
object, as already shown in [19]. 

In fact, for radii greater than RS,min, the necessary detection band-
width for a reliable detection of the sphere is narrower (Eq. 7) and the 
narrower the bandwidth, the lower is the noise level and the lower is the 
minimal detectable displacement. 

Since our LDV-system is currently limited by the resolution of the 
decoder, the resolution can be improved by using a better decoder with 
lower noise or by performing our own demodulation of the LDV signal. 
Thus, the theoretically possible bit resolution of our self developed LDV 
of approximately s′RL = 6 fm/

̅̅̅̅̅̅
Hz

√
could be achieved. The theoretical 

resolution limit for our IR-LDV s′RL,IR = 6 fm/
̅̅̅̅̅̅
Hz

√
is obtained by 

considering a decoder with an effective number of bits of 11 Bit, a 
sampling rate of 250 MS/s and a mirror as the target. The resolution 
limit of signals measured directly on the skin is higher than 6 fm/

̅̅̅̅̅̅
Hz

√
, 

but it can be enhanced by applying zinc-oxide cream or white eye 
shadow to the measurement point. The use of retro-reflective tape would 
also increase the displacement resolution limit significantly, but it may 
obstruct the laser excitation and the contact-less aspect of the technique 
is somewhat lost. 

Another possibility to enhance the measurement on the bare skin, is 
to increase the laser power of the IR-laser of the LDV, or to perform 
averaged measurements; in those cases, the laser safety norm must be 
taken into account [36]. 

5. Conclusions and outlook 

In this work, experiments on tissue-mimicking phantoms prove the 
capability of LDV for PAI measurements. PAI measurements on a silicon 
rubber phantom with spherical inclusions were performed with a self- 
made IR-LDV. The silicone phantom with spherical inclusions mimics 
the breast or soft tissue with tumors. The acquired signals were used to 
identify unknown parameters and to validate our model for the gener-
ation and propagation of PA signals and its detection with an LDV. We 
used the validated model to make predictions for measurements in 
breast tissue in transmission or reflection configuration. Therefore, we 
can state under which conditions PA measurements and, consequently, 
PAI with an LDV is feasible. In this context, the bandwidth of the sensor 

determines the minimum detectable radius of an object. The analysis 
shows, for example, that our LDV-system is capable to detect tumors in 
breast tissue with a radius up to approximately 300 μm located at depth 
of ≈ 2 cm, if the excitation laser has a wavelength of 1064 nm and a 
pulse energy of 1000 J/m2 for a single measurement. Future works are 
aimed to carry out PAI measurements on optimized tissue phantoms 
with a multipoint laser Doppler vibrometer [37]. The optimized phan-
toms should enable more accurate replication of the optical and acoustic 
properties of real tissue. The multipoint vibrometer allows the simul-
taneous detection of vibrations at several points, which is advantageous 
in terms of acquisition time: with one measurement, the vibration of the 
entire measurement object can be detected and an image can be 
reconstructed. The multi-point vibrometer also allows three- 
dimensional measurements, which, in conjunction with suitable algo-
rithms, may allow better localization of the inclusion/tumor. 
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