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PAvessel: Practical 3D Vessel Structure Sensing through
Photoacoustic Effects with Its Applications in Palm Biometrics

ZHENGXIONG LI, YUEHANG WANG, ADITYA SINGH RATHORE, CHEN SONG, NIKHILA
NYAYAPATHI, TRI VU, JUN XIA, and WENYAO XU, University at Buffalo, the State University of New
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The blood vessels are the most critical part of the human circulatory system. Information acquired on the structure and
status of blood vessels drives the development of numerous medical and biometric applications. Therefore, it is of paramount
importance to find an effective way to sense vessel structures. Traditional methods, including infrared and Doppler sensing
modalities, are limited by optical diffusion and ultrasonic scattering that are not good at vessel sensing with high performance.
In comparison, we argue photoacoustic (PA) sensing is an emerging technique that can image 3D vessel structure deep in
tissue with high-resolution visualization, maintaining the advantages of both optical and ultrasound methods. In this work,
we propose and develop PAvessel, a practical 3D vessel structure sensing system based on PA effects. The entire sensing system
comprises two key components, PA sensing hardware and PA sensing software. Specifically, the hardware mainly consists of
a linear ultrasound transducer array, an ultrasound data acquisition system, and a neodymium-doped yttrium aluminum
garnet (Nd:YAG) laser. After receiving the PA raw data, we use the advanced image reconstruction and 3D photoacoustic
vein model to establish the 3D vessel structure model. We validated its effectiveness, cost-effectiveness and high resolution
of PAvessel in the evaluation. The system achieves 52% higher signal-to-noise ratio (SNR) compared to the other methods.
Furthermore, considering the 3D palm vein contains high dimensional human features and is almost impossible to forge, we
also explored its applications in palm biometrics. In a pilot study with 10 participants, PAvessel, combined with a 3D vessel
structure matching algorithm (EMD-VT ), has proven to possess high accuracy and robustness as a biometric. PAvessel achieves
the precision and recall of 98.33% and 97.37%, respectively.
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1 INTRODUCTION
The blood vessels are the most critical part of the human circulatory system that transports blood and other
vital factors, such as glucose and amino acids, throughout the entire body. These vessels enact a crucial role in
body thermoregulation, thereby influencing daily-life activities and health conditions. Furthermore, the profound
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information acquired from the precise structure and status of blood vessels drives numerous applications in
the medical and biometric applications. For instance, continuous monitoring of a vessel’s structure present in
the human foot during daily life can prevent Charcot’s foot [71], which is a vascular complication frequently
observed in diabetic patients and eventually leads to amputation. For secure biometric applications, accurate
palm vein sensing possesses superior reliability and tamper-resistance against current recognition techniques,
i.e., fingerprint, hand geometry and face [9, 23, 31].
Presently, conventional vessel sensing techniques can be classified into two widely used types, ultrasound

sensing (i.e., Doppler ) and optical sensing (i.e., infrared, X-ray, thermal imaging). Doppler sensing modalities are
typically employed to extract the velocity of blood flow in a variety of tissues. Extensive studies demonstrate use
of color Doppler ultrasound for non-invasive sensing blood flow [79]. However, this method is insufficient for
acquiring the vessel structure due to the inferior spatial resolution (Rayleigh Criterion) caused by the elongated
acoustic wavelength for deep tissue penetration. Infrared sensing includes deployment of hand-vein scanners,
processing the infrared images and utilizing a graph matching algorithm for dorsal vein authentication [35, 69].
Nevertheless, the deficient imaging depth of the scanners limits the overall performance of the system. Other
vessel sensing techniques involve an X-ray angiographic system for vessel reconstruction [15] and thermal
imaging of palm-dorsal vein patterns for personal verification [29]. However, these techniques require expensive
computational devices, are sensitive to ambient temperature and suffer from low resolution. Moreover, these
solutions typically provide 2D vessel information and are lacking the more robust 3D view of a vessel’s structure,
thereby limiting their applicability to broader healthcare systems in daily life. Therefore, a new sensing modality
to enable cost-effective and precise 3D vessel monitoring is needed.
In this work, we explore a novel vessel sensing paradigm, namely photoacoustics (PA). Photoacoustics is an

imaging modality that relies on listening to the ‘sound’ generated by the ‘light’, which has the advantages of
both optical and ultrasound modalities. Compared to the restricted optical diffusion (less than 1mm in the skin),
the photoacoustic imaging employs ultrasonic scattering coefficient in tissue which is two to three orders smaller
in magnitude [74, 75]. In addition, because either unscattered or scattered photons can trigger the photoacoustic
signals, photoacoustic waves currently can be generated several centimeters deep into tissue. Compared to
standard techniques, PA is superior in penetration depth and high sensing resolution and contrast. Currently,
PA sensing has become the research hotspot for non-invasive monitoring of a vessel’s structure and it has been
widely leveraged in various applications such as chemical detection [80], temperature sensing [27], and medical
diagnostics [57].
To this end, we propose our system, PAvessel, to facilitate the 3D vessel sensing system and confirm the

photoacoustic effect. We address the three main challenges in the current PA sensing paradigm: (i) a traditional
PA sensing modality consumes an excessive amount of energy for generating the PA signal. To ensure that the
sensing devices are practical to use over an extended period, it is crucial to address the issue of significant power
consumption from the excitation source of the laser; (ii) the reconstructed model of the 3D vessel’s structure
through PA sensing must be of high resolution to maximize the performance of the system. However, modification
of typically used transducer arrays in the conventional PA sensing setup is expensive and requires advance
operational skills; (iii) to employ PA as a potential biometrics, the sensing modality must be highly accurate and
robust to variation in palm poses and working environment. We first investigate a novel optimization algorithm
for opportunistic sensing, which consumes less than 90% laser energy compared to the typical PA sensing system.
Without extensively modifying the imaging geometry of the PA system, we achieve high resolution during sensing
through utilizing an advanced image reconstruction technique and integration of the mechanical movements.
To explore the performance of PA sensing as a potential biometrics, we perform comprehensive evaluations to
assess the authentication accuracy and robustness of our proposed system. Specifically, PAvessel can achieve
high resolution with 52% higher signal-to-noise ratio (SNR) with respect to the other methods and low energy
consumption (close to 475mJ/pulse). PAvessel employs a PA sensing device to probe the laser pulse and capture
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the received ultrasonic emission. To obtain an accurate 3D view of the vessel structure, PAvessel utilizes advanced
image reconstruction and 3D photoacoustic vessel structure modules taking into consideration the limitations in
the field of view (FOV) and spatial resolution. Furthermore, we perform a case study to extend the application
of PAvessel to the biometrics domain by characterizing the features in palm vein structure and developing a
vessel structure matching algorithm (EMD-VT ) for effective and robust authentication under different real-world
scenarios.
To summarize, our contribution in this work is three-fold:

• We prove the fundamental concept of the photoacoustic effect with step-by-step experimentation. We
further design and implement a low-cost and efficient PA sensing system based on the vascular structure.

• We design a novel PA signal processing technique to reconstruct the 3D model of the vessel structure.
We evaluate our proposed sensing system, PAvessel, through intensive experiments to illustrate its high
throughput and resolution while being energy-efficient and cost-effective. More importantly, PAvessel can
be immediately deployed in real-world healthcare applications.

• We investigate the unique contributor in vessel structure and employ PAvessel for palm vein authentication.
We demonstrate the effectiveness and robustness of our proposed system under different conditions with
10 volunteers, with results indicating an exceptional authentication accuracy up to 97%.

The remainder of this paper is organized as follows: a comprehensive overview of existing work about vessel
structure sensing is introduced in the related work of Section 2. Section 3 introduces the basic principles, physical
mechanisms and the practical challenges of PA, as well as PA applications. Section 4 describes the PA sensing
system, PA sensing architecture, hardware prototype and design considerations. In Section 5, image reconstruction
and the 3D photoacoustic vessel structure model are introduced. Section 6 covers the system implementation and
PA sensing system evaluation of the 3D vessel structure. A biometric application with the 3D palm vein matching
algorithm and the real-world evaluation are carried out in Section 7. Section 8 offers a final discussion and we
conclude our work in Section 9.

2 RELATED WORK
In this section, we conduct a comprehensive review of vessel sensing technologies, including two representative
modalities, ultrasound and optical sensing. In addition, we also summarize the PA practical applications in other
fields in Section 3.2 and discuss potential applications in healthcare and medicine in Section 8.2.

2.1 Ultrasound Sensing:
Doppler sensing: Back in 1990, Dorit D.Adler et al. utilized Doppler ultrasound to detect the small vessel flow
[1]. In 2003, Veyrac et al. proposed Doppler ultrasound allows recognition of crossing vessels with high sensitivity
of more than 92.8% [72]. In [79], M.C.Y.Wong et al. designed a high-level ultrasound Doppler scanner to visualize
crossing vessels in pediatric hydronephrosis in 2017. However, as we mentioned before, these works are based on
the velocity of blood flow in a variety of tissues, and the spatial resolution is limited to the tissue penetration
depth. Thus, it is not adequate for vessel structure sensing.

2.2 Optical Sensing:
Infrared sensing: Other studies in this domain include the development of a low-cost hand vein scanner, an
acquisition device for processing the captured images of an infrared hand and a graph matching algorithm
for a dorsal vein hand verification system [20, 49]. However, we know that these solutions presented by the
aforementioned studies suffer from inadequate imaging depth of their scanners, thereby limiting the performance
of the system. Our PA technique, in contrast to these infrared methods, can achieve significant imaging depth
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capturing more vivid detail of the microvascular structure. It is worth mentioning that while IR penetration depth
is only 3.5mm at 850nm wavelength, PA is able to achieve analysis on finer granularity (1-4 cm at best).
X-ray sensing: The study of X-ray sensing of veins goes back to the 1990s. Noboru Niki et al. described a 3D
image reconstruction method using an X-ray angiographic system to realize 3D imaging of blood vessels in
[50]. In 2017, Cedola et al. presented an X-ray phase-contrast tomography to obtain a 3D characterization of
encephalomyelitis lesions with imaging of the vascular structure [11]. However, this kind of technology requires
a bulky and expensive rotation device and X-ray does harm to the body, which is not suitable for daily life.
Thermal sensing: Thermal sensing has been explored by many researchers. Im et al. employed a charge-coupled
device (CCD) camera to capture vein-pattern images [28] in 2000. Then, Lin et al. proposed a novel approach
using thermal images of palm-dorsal vein patterns for personal verification [41]. In 2017, Huai Geng Zheng [92]
investigated the classification of hands for biometric applications through the static and dynamic analysis of
near infra-red (NIR) dorsal hand vein images. However, adverse effects were observed on the performance of the
system by ambient temperature, the condition of vein walls and surrounding temperature. Lin mentioned the
non-triviality of these challenges and highlighted the need for combining vein patterns with other biometrics for
verification.

3 A NEW PARADIGM OF PHOTOACOUSTIC SENSING

3.1 Background
Photoacoustic Sensing History: Photoacoustic effect was first observed in 1880 by Alexander Graham Bell
when he discovered the occurrence of sound from the absorption of modulated sunlight [8]. Prior to the devel-
opment of laser in 1960, research in photoacoustics was sporadic at best [6]. With the emergence of sensing
technologies, PA sensing gained momentum with a majority of the applications based on heating of the laser-
induced surface, generating acoustic waves in a gas medium that was detected using a microphone. The first
biomedical images using photoacoustics were obtained in the mid-1990s, though the actual breakthrough with in
vivo imaging only began after mid-2000s. From here onwards, the field of PA has experienced rapid advancement
in the instrumentation and reconstruction algorithms, functional and molecular imaging, in vivo clinical imaging
and biomedical research. PA systems possess significant advantages as they are non-toxic and radiation-free while
generating high-resolution images. One of the most notable research studies was of PA imaging in biomedicine
by L. Wang [85]. The study comprehensively used several imaging techniques and reconstruction algorithms,
thereby building the foundation for current PA bio-imaging. Other significant contributions in this domain
include PA imaging from organelles to organs, 3D technique on blood vessels and mouse experiments, and so on
[48, 76, 88].
Photoacoustic Sensing Physical Mechanisms: As illustrated in Figure 1, the photoacoustic effect is based
on the principle of tissue excitation by light. When the tissue is stimulated with short duration pulses of
electromagnetic radiation, it absorbs a portion of energy which generates heat and causes expansion. This
thermoelastic expansion in tissue further generates acoustic waves. Specifically, short laser pulses of a few
nanoseconds produce a wideband ultrasound signal. A typical pulsed laser generates a pulse of 10ns duration,
lower than both the thermal and stress confinements [83]. The photoacoustic pressure (p0) that causes the acoustic
waves can be defined as follows:

p0(®r ) = ΓµaF (®r ), (1)
where µa is the absorption coefficient and F (®r ) is the local optical influence. Γ represents the Grueneisen parameter
which increases with the rise in temperature [83]. Thus, the phenomenon of the formation of sound waves
following light absorption is called photoacoustic effect. PA sensing systems detect the output acoustic signal
and back-propagate their data to locate the source of the signal.
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Fig. 1. Photoacoustic effect and demonstration of overall PA model. A pulsed laser is used to illuminate the tissue which
generates a photoacoustic signal. To overcome the constraint of limited scan area, the transducer is automatically moved
across the palm to capture the entire vein structure.

Concerning biological tissue, the ideal wavelength for minimum optical scattering with photoacoustics is close
to the infrared region (600-900nm). A laser is typically used as the source of excitation [6], while the ultrasound
transducers are leveraged to detect the acoustic signals. Based on the speed of sound and time of travel, we
can reconstruct the image along with depth information. Due to the sparse ultrasound scattering in biological
tissue, PA sensing modality is preferred over purely optical systems. In general, photoacoustics depends on two
primary factors, i.e., optical absorption and scattering properties, of which optical absorption is the dominant
factor. Furthermore, the PA sensing system is capable of generating images with high contrast, thereby being
ideal for the visualization of microvasculature to capture distinct features in the palm vein.

3.2 Broader Applications of PA Sensing in Various Fields
PA sensing is arguably one of the most novel techniques that has emerged in the past decade. To date, numerous
studies have been performed to advance this field, further categorized in Table 1.
Biomedicine: Photoacoustics has emerged as a prominent imaging modality for biomedical applications. PA
sensing has brought a transformative effect across a broad spectrum, including vascular biology [10, 82], oncology
[12, 66], neurology [26, 77], ophthalmology [32, 67], dermatology [19, 91], gastroenterology [58, 87], and cardiology
[70, 90], while the imaging objects vary from small animals to human beings [7]. Additionally, PA sensing can also
be applied to guide biopsy [34] and photothermal therapy [13]. It has drawn interest of applied physicists, applied
mathematicians and clinical imaging specialists who continue to explore novel techniques for advancement of
this field.
Material Science: A few decades ago, the concept of the photoacoustics was used for solid, liquid, and gaseous
material characterization [25, 78]. In recent years, PA sensing has been successfully applied in detection of
chemical gases [14, 52], flow meters [36], chemical warfare agents and explosives [52], and food inspection
[16, 17, 47, 54].
Structural Engineering: Due to the sensitivity of the amplitude of the PA signal and its impact on an object’s
temperature, PA sensing can precisely monitor fluctuations in the temperature of the object. Thus, this technique
has been increasingly applied to monitor temperature [53], the heating effect on micro-bubble [45] and the
thermal flowmetry [44].
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Table 1. List of diverse PA applications and embodiments over the years.

Areas Year Authors PA applications

Biomedicine

2014 Liang C. et al. [13] Photothermal Therapy
2014 Xia J. and Wang L. [82] Vascular biology
2012 Paul B. et al. [7] Animal or human imaging
2012 Rowland KJ. et al. [58] Gastroenterology
2011 Favazza et al. [19] Dermatology
2010 Taruttis A. et al. [70] Cardiology
2010 Staley J. [66] Oncology
2010 Jiao SL. et al. [32] Ophthalmology
2010 Kim C. et al. [34] Guide Biopsy
2009 Hu S. et al. [26] Neurology

Material
Detection

2018 Deepa et al. [22] Chemical Gas Detection
2018 Mikael et al. [36] Flow meter
2016 Tauhidur et al. [54] Food inspection
2008 CKN Patel [52] Chemical warfare agent and explosives

Temperature
Sensing

2018 Lum et al. [45] Temperature effect on microbubble
2017 Liu Wei et al. [44] Thermal flowmetry
2009 Pramanik et al. [53] Vivo temperature monitoring

3.3 Practical Challenges
Presently, the majority of the PA techniques can be only applied in a controlled lab environment. To broaden the
scope of PA sensing in real-world applications, it is crucial to address the following challenges:

(1) Energy-Efficiency: The PA sensing system requires excessive energy for generating the PA signal. The
power consumption mainly originates from the excitation source to produce a continuous laser. We replace
the scanning approach with the opportunistic optimization sensing, which consumes less than 10% of the
laser energy. To solve the problem of discontinuous vein segment resulting from the intermittent sensing,
we develop comprehensive algorithms to establish the 3D vessel model [86].

(2) High-Throughput: Conventionally, the PA sensing time/delay is immensely constrained by the FOV
on the probe. To enlarge the imaging FOV, we substitute the single circular optical fiber bundle with a
bifurcated line fiber bundle. Moreover, the data acquisition system is updated to double the imaging speed.
Instead of linear transducer arrays, we leverage the ultrasound transducer array to eliminate the need for
translational scanning for accelerating the imaging speed.

(3) Low-Cost: For a general 3D PA sensing system, a considerable amount of cost arises from multiple
transducers and their deployment. In this work, we achieve a steady and robust 3D vein sensing by
employing a novel PA architecture utilizing single transducer arrays and the motor platform.

(4) High-Resolution: The commercially available single transducer arrays are low-cost, convenient and
are widely clinically recognized. However, resolution is severely limited. We address this limitation by
developing an extensive image reconstruction technique with the integration of mechanical movement, by
ensuring no modification to the imaging geometry and the concerned system.
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Fig. 2. The system overview of a cost-effective vein sensing system via photoacoustic effects.

Fig. 3. The setup of the PA sensing module, which includes a linear array transducer, a fiber bundle, a laser source, a container,
a translation stage and a trigger system.

4 PHOTOACOUSTIC SENSING ARCHITECTURE OVERVIEW

4.1 PAvessel Overview
We describe our proposed system, PAvessel, during a real sensing routine in Figure 2. The entire system involves
combined efforts from the hardware and the software modules. (i) First, the hardware module: hand is placed
under the laser, emitting a multi-dimensional ultrasound wave pattern due to the photoacoustic effect. Because
acquiring the precise pattern in the analog domain is not feasible, we perform dimension reduction to lower
the field measuring complexity while keeping the salient information for the vein structure. Specifically, we
select a Region of Interest (ROI) on the palm to reduce the signal dimension from analog to digital domain,
to further ensure that the PA sensing is ‘computational’. Besides integrating the original complex field into
low-dimensional digital representation, it also guarantees a low sensing delay by the bifurcated line fiber bundle
and the ultrasound transducer. We elaborate on our novel hardware design for PA sensing in Section 4.2. (ii)
Then, the software module: the data format obtained from the PA sensing is a time series signal for which a
leading image reconstruction technique is utilized to guarantee the preservation of information. Our 3D PA vein
model employs a comprehensive series of parameters for tracking and connecting functions to store the vein
structure from multiple slices of 2D data while achieving memory and runtime simplicity.

4.2 The Sensing Architecture and Hardware Design
In this section, we describe our optimized PA sensing system whose schematic is shown in Figure 3. The system
comprises seven primary components, including an excitation source, linear array, fiber bundles, DAQ system,
PC controller, translation stage and water tank. First, the excitation source emits a laser through the fiber bundles
and water tank onto the hand. The translation stage moves the laser scanning point across the ROI. Subsequently,
the linear transducer array captures the emitted ultrasound signal and converts it to the DAQ system. The PC
governs the entire process and finally computes the received signal from the DAQ system.
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4.2.1 Hardware Design: PA Signal Parameters Consideration. During the hardware design, it is necessary to
consider the following PA signal parameters:
Ultrasound Wavelength: As discussed in Section 3.1, we require short duration laser pulses to achieve the
pressure necessary for generating a wideband ultrasound signal. In general, a pulsed laser has a 10ns duration.
The wavelength is chosen based on the absorption coefficient of the endogenous tissue chromophores or the
optical absorbers. These chromophores are typically hemoglobin, melanin and water [83]. To precisely image the
vessel vasculature, we customize our wavelength based on the optical absorption of hemoglobin. At 1064nm, we
observe a sufficient optical absorption and penetration depth.
Propagation Medium: The propagation medium for ultrasound must be similar to the tissue suffering from the
thermoelastic vibration. Consequently, it is vital that the environment of the transducer and fiber outputs are
closely akin to the vessel environment.
Laser Intensity: It is a known fact that the safety range of the laser beam intensity on the skin surface is less
than 100mJ/cm2 [84]. Thus, careful consideration must be given in selecting a laser to ensure it is strong enough
to penetrate the skin tissue, while meeting the safety requirement.

4.2.2 Hardware Prototype. To maximize the system efficiency, a careful selection of hardware is necessary for
PAvessel. Several constrains are summarized for the hardware selection: (i) a high power laser with 1064 nm
output to provide deep penetration depth; (ii) a fiber bundle to deliver the light onto the hand; (iii) a linear
transducer array with sufficient FOV and spatial resolution; (iv) a high gain ultrasound data acquisition system
(DAQ) to provide adequate SNR; (v) a translation stage with long stroke to cover the center of the human palm;
(vi) a PC to control translation stage movement, data acquisition and light illumination; (vii) a water tank to use
as the propagation medium. To realize this, our hardware design incorporates the following:
Excitation Source: A 10-ns-pulsed Nd:YAG laser is chosen in our design. It has a 10Hz pulse repetition rate and
1064 nm output wavelength (Continuum, SLIII) and leverages a crystal as a laser medium for solid-state lasers. It
is optically pumped using a flashtube or laser diodes. Furthermore, it is the most widely used type of laser [64]
and is capable of functioning on almost all skin types, including tanned or darker skin tones, with high pulse
energy.
Fiber Bundles: Considering that light can only be observed from the side of the linear transducer array, a
bifurcated fiber bundle can offer a superior uniform illumination than single fiber bundle. Therefore, we design a
specialized mount through 3D printing to make the bifurcated fiber bundle, capable of providing high resolution.
It comprises of 1.1-cm-diameter circular input and two 5.1-cm-length line outputs (Schott Fostec).
Linear Transducer Array: For the linear transducer array, we prefer a 3.8cm wide transducer array with 5MHz
central frequency and 128 elements (ATL L7-4). The L7-4 probe works in 4.0-7.0MHz, which can be utilized
for vascular and small parts applications. It supports a high lateral resolution and adequate FOV. During the
experiments, the ultrasound transmit function of the L7-4 transducer array is disabled and the transducer array
only receives PA signals. This can be achieved by modifying the setting of the research ultrasound system through
Matlab.
DAQ System: In the DAQ system, the gain is a significant factor as a higher gain results in an efficient system
with higher SNR. We leverage a 54dB gain research ultrasound DAQ system (Vantage 128, Verasonics), which is
the maximum gain that can be enabled for PA data acquisition among all other accessible research ultrasound
DAQ system. In addition, the Vantage platform from Verasonics is the only commercially available system with
the flexibility to enable a broad scope of ultrasound research. It is capable of performing the digital averaging,
filtering and decimation up to 1000 acquisitions to improve the SNR and reduce bandwidth.
Translation Stage: For better subject positioning, a 10cm stroke translation stage (McMaster-Carr) is applied,
which is sufficient to cover the ROI and convenient to attach a stepper motor. The linear array is mounted on a
horizontal XY plane, while the laser head is translated in the vertical Z direction.
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PC Controller: We adopt the Dell Precision T5610 for the host controller. Its working environment is Windows
7 64-bit with 2× Intel Quad Core Xeon and Intel 180GB SSD. The PA sensing software works on the Matlab. For
controlling the system, the synchronization of all components is achieved by using the trigger output of the laser
to prompt the motor movement and data acquisition process. An I/O device (PCI-6115, National Instruments) is
installed on the PC controller to receive the trigger and control the stepper motor.
Water Tank: It is a known fact that the vessel contains more than 90% water. Thus, for the propagation medium,
we built a personalized water tank and kept the bottom as open. Subsequently, the transducer and optical fiber
outputs are submerged into the tank. The bottom of the water tank is sealed with 0.05mm thickness fluorinated
ethylene propylene (FEP) plastic film (McMaster-Carr) to allow the imaging of the object through this window.
The film is optically and acoustically transparent.

5 PA SENSING SIGNAL PROCESSING SCHEME
In this section, we introduce our 3D PA vein model. The entire process can be categorized in two phases. During
the first phase, we develop a preprocessing algorithm to obtain the vascular structure from the PA image. Other
unrelated information, such as tissue, muscle and skin characteristics are excluded from the PA image. In the
second phase, after acquiring the vascular structure, we extract the fiducial points to represent the biometric
features in individual vein structure. Feature extraction has the potential to enhance the robustness and efficiency
of the vein model establishment. In other words, we construct the topology of the vein and form the vascular
structure as the feature set. The overview of our model is illustrated in Figure 4, comprising four primary steps
based on their functionalities, i.e., advanced image reconstruction, 3D vein synthesis, 3D vein segmentation and
3D vein structure reconstruction. Considering our work is the first exploratory paper, we use the palm vein for
better understanding. Furthermore, the palm vein possesses the following characteristics: (i) it is widely used and
easily accessible in daily life; (ii) it contains a rich set of unique geometric features in different granularity levels
which are essential to examine the performance of our system.

Fig. 4. PAvessel software scheme illustration.

5.1 Advanced Image Reconstruction
Following the data acquisition for PA, we perform image reconstruction for subsequent data analysis. In our
work, an explicit 3D reconstruction is not executed since it is highly susceptible to hand movement and requires
an extensive reconstruction period. Given that we can solely scan the palm along one direction, the universal
back-projection algorithm [84] is applied for PA image reconstruction. As described in section 3.1, the initial PA
pressure at position r excited by the δ (t) EM pulse equals p0(r ) = Γ(r )A(r ), whereA(r ) is the spatial EM absorption
function and Γ(r ) is the Gruneisen parameter. Based on the mentioned literature [84], when an ultrasonic detector
at position r0 receives PA signals emitted from source p0(r ′), the equation can be expressed in the back-projection
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form as follows:
pb0 (r ′) =

∫
Ω0

b(r0, t = |r ′ − r0 |)
dΩ0

Ω0
, (2)

where b(r0, t) = 2p(r0, t) − 2t ∂p(r0,t )∂t at position r0 and dΩ0
Ω0

is a factor weighting the contribution to the recon-
struction from the detection element. The reconstruction simply projects the quantity b(r0, t) backward on a
spherical surface related to position r0. Predominantly, for every element of the detector, the pressure waveforms
recorded are back-propagated to each corresponding radius calculated from the traveling time of sound. The
sum of the entire set of signals from these elements to one pixel constructs its final intensity. We use Matlab to
reconstruct each 2D slice, after which all 2D slices are stacked relative to the scanning direction, thereby forming
a 3D image of the palm vasculature.

5.2 3D Photoacoustic Vein Model
5.2.1 3D Vein Segmentation. In this section, we describe the approach to 3D Vein Pattern Segmentation. This
step is critical in order to achieve better performance in our system. We develop a preprocessing algorithm to
obtain the blood vessels from the PA image. Other unrelated information, such as tissue, muscle and skin related
will be removed from the 3D sensing imaging.

In segmentation, volume rendering is an essential primary step to find the blood flow against the ground
area. The original acquired sensing data includes noises caused by the imperfection of the sensor array or the
environmental noise in the propagation medium. To eliminate these noises, a Gaussian blur filter is applied. The
reason is that these noises are high frequency and Gaussian blur is a low-pass filter. Furthermore, employing a
Gaussian blur to an image is identical to using a Gaussian function for convolution of image [37, 73]. It attenuates
high-frequency noises in the acquired sensing data. Next, without detecting the rough blood flow first as other
principal methods, the blood flow is extracted by the image binarization. There are many existing methods in
Computed Tomography (CT) or Magnetic Resonance Imaging (MRI) sensing to extract the blood flow from the
background [21, 89]. They detect the blood flow edge or centerline to locate the blood flow area first and then
obtain the segmented vessel tree using binary-based, filter-based or cluster-based approaches. With these sensing
technologies, the blood flow in the image is not distinctive, owing to low imaging resolution, light scattering
in the skin layer and optical blurring. Therefore, blood flow must be located at the start. However, PA sensing
imaging has several accepted advantages in that the resolution of the sensing image is extremely high and there
is no light scatter or optical blurring. The blood flow in the PA image is outstanding. Therefore, we could directly
determine the blood flow from the background area employing the image binarization to reduce the processing
time, without impacting system performance. Succeeding the analysis of histograms of the gathered images, we
define the global threshold for binarization. This preprocessing approach is computationally very lightweight.

5.2.2 3D Vein Structure Reconstruction. In this section, we first establish the vein structure and then extract
features based on the analytical geometry and optimization techniques. Then, we obtain the fiducial points to
portray biometric features in each palm. We construct the topology of the hand vein and form the vascular
structure as the feature set.
To gain the vascular structure, it is significant to primarily track each blood flow as a vessel among the

successive image slices. It is because we find the blood flow data obtained are not connected and insufficient to
describe the topology of the hand vein. To repair the possible broken blood flow and form the vascular structure
for later feature matching, in our work, we deploy Nearest Neighbour Search to form the vessel. The Nearest
Neighbour Search is to find and link the next blood flow point in a given set that is the most identical to another
blood flow point, keeping track of the "best so far" [3, 46]. Subsequently, the biometric features are discovered.
After getting the vessel, we obtain a highly rough vessel set. There is still considerable redundancy in vein
topology, making it difficult to find the features. Thus, we continue to connect vessels and form the vascular
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Approach

Probability-based [93] Multiscale [62] Region growing [2] Skeleton-based [68]
Complexity of
algorithm High Medium High Lowest

Rotation
Invariance Not inherent Inherent like SIFT Not inherent Inherent if graphs used

Accuracy Medium Depends on images Accurate Accurate
Min. images 1 3 1 1

structure as the feature set. To refine the vessel and extract features, we employ the skeleton-based marching
cubes method [68] in Algorithm 1. The points of extracted vessels, having the smallest distance, are classified
depending on the amount of neighbouring background points. Afterwards, the points are removed in descending
order of neighbouring background points. Lastly, a post-processing technique is leveraged to discard the vessel
bifurcations, which are apparent false positives, based on their proximity to an end-point. In contrast with the
other vascular structure reconstructions [2, 50, 51, 63, 93] shown in Table 2, this method is easily deployable
and invariant to a rotation, as well as possess lowest lightweight computation and exceptional accuracy. The
necessity of a rotation invariant algorithm is fulfilled by the vascular feature matching algorithm, proposed in
the following section. Upon a careful inspection of the refined vascular structure, we identify two fundamental
features in the vascular structure, zigzag and bifurcation, and are matched with the vessel theory. Specifically,
zigzag is the vessel shape distribution, which is useful for the vessel to store more blood and bifurcation is where
the vessel diverges to form capillaries [61]. Furthermore, if a data slice is n by n pixel size andm slices are stacked,
then the capacity of the 3D PA vein model is 2mn2 . When n = 400 andm = 20, the capacity is much large than
1018.

Algorithm 1 3D Vessel Reconstruction Method
Input: I (k): Voxels (i,j,k) and the background area Q
Output: V : The vein structure
1: Define the distance li jk = {(i − x)2 + (j − y)2 + (k − z)2 |(x ,y, z) ∈ Q}; ▷ Define the distance
2: Categorize voxels of extracted vessels having the smallest distance li jk based on the number of neighboring

background voxels.
3: Check each class and delete voxels of the category whose number of neighboring background voxels is the

highest. ▷ Erasing voxels in descending order of the number of neighboring background voxels
4: Repeat the first three steps until detecting bifurcations and end points.
5: Form the skeleton based bifurcations and end points and reconstruct the vein structure V .
6: return V

6 PA SYSTEM IMPLEMENTATION AND EVALUATION

6.1 System Implementation
The implementation of the whole system mainly consists of seven parts, including a PC controller, an excitation
source and driver, a bifurcated fiber bundle and signal conditioning, a transducer array, a signal receiver array, a
subject positioning part and a water tank. As shown in Figure 5, the palm is positioned under the water tank
with an ultrasound gel applied for acoustic coupling. The fiber bundle is aligned with the laser output in order to
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Fig. 5. PAvessel system integration, including PC controller, the excitation source and the driver, the bifurcated fiber bundle
and the signal conditioning, the transducer array, the signal receiver array, the subject positioning part and the water tank.

deliver the light to the palm. The L7-4 transducer acquires the photoacoustic signal generated. The micro-step
driver is used to control the motor speed and it moves at a step size of 0.2mm to scan the ROI.

6.2 Experimental Setup
All experiments are conducted according to host institutional review board (IRB) protocol.

Participants: 10 volunteers are recruited (5 males and 5 females). Their age ranges from 19-42, all above the
age of consent (above 18 years). Although the laser part in the system implementation is within the safe range,
we still follow the safety rules and require the participants to wear glasses during the experiment.

Experimental Procedure: For each subject, we move the transducer over a distance of 40 mm to scan an
area of 38 mm (lateral length of the transducer) by 40 mm. Considering the sensing width for the transducer is
0.275mm, we set the step size 0.2mm. One sensing takes 20 seconds. During the experiment, they sit before the
device as shown in Figure 6. First, they put the left palm on the specific area right below the laser fixed for 20s.
Then they switch hands, keeping the right palm at the same position for 20s. Each participant repeats these two
steps 10 times.
Data Collection: The acoustic signal is received by the Verasonics Vantage data acquisition system through

the Philips L7-4 transducer array. The vascular image is reconstructed from raw data using advanced image
reconstruction. Next, on the basis of the scanning direction, all 2D reconstructed images are stacked to generate
a 3D image of palm vessel structure (see Section 5). For each participant, we gather one 3D palm vein structure
for one time. In total, 200 3D palm vein structures are collected.

6.3 Comparison of PA and Infrared Vessel Sensing System
To better illustrate the PA sensing system performance, we hope to compare it to the other vessel sensing system.
Infrared optical imaging is a sophisticated and widely used technique for palm vein visualization. Therefore,
we perform a comparison between the acquired infrared vein images and our PA results. The infrared vein
visualization system (see Figure 7(a)) consists of an infrared LED (Vastfire, IR-A100, 850nm), a CCD camera
(Basler scA1390-17gm GigE), an infrared filter (Neewer IR760 52mm), and two optical linear polarizers (Thorlabs,
LPNIRE200-B). The infrared filter effectively removes the ambient visible light. In addition, the orthogonal setup
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(a) (b)

Fig. 6. (a) records the scanning procedure from front view. (b) records the scanning procedure from side view.

of two polarizers, i.e., one in front of the laser and the other in front of the camera, filters out the light reflection
from the skin. The light intensity on the skin surface is approximately 12mW/cm2, highly inferior to the maximum
permissible exposure intensity limit of 400mW/cm2. As shown in Figure 7(b) and (c), an area of 3.8cm × 4cm
(yellow box) is imaged by both PA and IR systems. The depth-encoded maximum intensity projection (MIP) PA
image, illustrated in Figure 7(c), can precisely affirm the rich vascular structures, indicating the potential of PA
technique to effectively determine the features distributed over 15mm in depth. The IR image is shown in Figure
7(b), with a yellow box marking the same region of PA. We observe that the blood vessels, within the yellow
box, are significantly blurry. The resolutions we calculate are 1.3mm and 2mm and the SNR are 93 and 61 for PA
and IR results, respectively. The PA resolution agrees with the theoretical estimation of 1.5mm along the z axis.
In terms of the vessel density, for the same ROI, it can be clearly seen from Figure 7(b) and (c) that PA vascular
structures are denser than those in the IR image. Additionally, PA successfully addresses the constraints of IR
which is only capable of providing a 2D image having no depth information about the vasculature. To summarize,
PA has a better performance than IR, from aspects of the resolution, SNR and penetration depth.

Fig. 7. The comparison between PA and IR palm vessel imaging techniques. (a) The setup of the NIR sensing system. (b)
IR image of the healthy volunteer’s palm. (c) Depth-encoded vascular image of the same palm. The ROI are marked in the
yellow box. Red dashed boxes highlight the same vessel branch area in (b) and (c).

6.4 Excitation Source Power Effect
The laser power is a crucial factor in PA sensing. To validate whether the laser power affects the PA results, we
image the same palm with three different powers: 800, 650 and 475 mJ/pulse. Since the coupling efficiency of the
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fiber bundle is around 60%, and the size of the laser beam on the object’s surface is approximately 2.5cm × 6.0cm
(15 cm2). The final light intensity on the skin surface is 32, 26 and 19mJ/cm2, which are all much less than the
safety limit of 100mJ/cm2 at 1064 nm. As shown in Figure 8, under the same colorbar, the vessel features dim as
the laser power decrease. We use the mean of vessel signal and standard deviation to calculate the SNR of these
three images, and the yield SNR are 67.36, 11.81 and 6.59 for (a), (b) and (c) respectively. This result shows that
higher excitation power provides the PA sensing system a stronger SNR. It is also worth mentioning that even
when the laser energy reaches 475mJ/pulse, nearly half of the default laser power, we can still observe the visible
vessel structure, which holds the potential for the future vein sensing applications with low power consumption.

It is a known fact that the shapes of the vascular patterns of different individuals are distinctive, very stable
over a long period of time and not easily stolen under the skin [30]. Due to these accepted advantages, in the
following section, we continue exploring a real-world study for biometric applications based on PA vein structure
sensing.

Fig. 8. Comparison of different excitation powers. (a) PA result acquired with 800mJ/pulse laser power. (b) PA result acquired
with 650mJ/pulse laser power. (c) PA result acquired with 475mJ/pulse laser power. These three images are plotted using the
same colorbar.

7 A CASE STUDY TO PALM VEIN BIOMETRICS

7.1 Background and Motivation
Currently, biometrics based on the 2D images are prone to the image/model presentation attack especially
when the 2D vein graph can be easily spoofed (e.g., medical records). The 3D palm vein naturally contains high
dimensional human features, and more importantly, is almost impossible to forge. Thus, in this real-world study,
we conduct the biometrics application based on the 3D vessel sensing.

7.2 Matching Methods for Biometric Applications (EMD-VT )
In this section, we introduce the proposed matching algorithm in the biometric system to overcome the variance
from the hand rotation and hand statuses and achieve a better authentication result. Once the vascular structure
as the feature set from the input is built, we compare the input with the genuine template in the database to
verify its legitimacy. The vascular structure matching is based on the comparison of biometric features. The
similarity among vascular structures is directly related to the similarity among biometric features. Presently,
Euclidean, Hamming and Hausdorff distance are widely applied in metrics matching. In biometric, Euclidean
distance is used with hand geometry [61], Hamming distance is applied for fingerprint-iris research [5] and
Hausdorff distance could be found in palm print detection [40]. However, Euclidean and Hamming distance are
applied in 1-to-1 matching and Hausdorff distance is used in 1-to-N matching. It needs to note that the palm
vein could have a significantly larger deformation due to its physical characteristics [33]. It is not uncommon for
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Table 3. The factors definition in EMD-VT.

Variables Definition

A cluster A single point in Rd

A signature A set of clusters

The weight of a cluster The fraction of the vessel distribution in the cluster

A feature One cluster

The ground distance The distance between two features

Matching points A pair of features with the least distance

two compared vein feature sets to have different sizes. Matching is M-to-N as shown in Figure 9. Thus, in this
situation, these previous approaches could not work.

For vascular feature matching, we face two main challenges. First, in palm sensing, the results are not constant
over time and the feature numbers are varied. There are many reasons, including the result from the hand position,
hand status, human metabolism or muscle activity during sensing. It leads to the M-to-N matching problem,
which could not be solved by Euclidean, Hamming or Hausdorff distance. Besides, the vascular structure variation
in different palm poses and different palm statuses is also the other challenge.

7.2.1 Definition. We propose the vascular structure in terms of the clusters. Each cluster is a single point of Rd
and the fraction of distribution existing in the corresponding cluster determines its weight. A set of clusters is
called the signature where every individual signature can have different sizes and one cluster can be thought of as
a single feature in a signature. The ground distance is referred to as the distance between two features where
the shorter the ground distance, the more similar are the features. The pair of features with the least distance is
considered as the matching points. The definition of variables is listed in Table 3.

7.2.2 Formulation. Given two vascular signature A and B in Rd , signature A is the tested input one and signature
B is the genuine one template. Assume signature A is constituted by m clusters. Signature A is marked as signature
A = {(p1,wp1 ) . . . (pm ,wpm )}, 1 ≤ i ≤ m, where pi is the cluster representative andwpi is the weight of the cluster.
Also, it is the same that signature B = {(q1,wq1 ) . . . (qn ,wqn )}, 1 ≤ i ≤ n. Then, let D = [di j ] be the ground
distance between clusters pi and qj with di j = | |pi − qj | |. In the EMD-VT model, the transformed cluster q′i is
satisfied with q′i = Mqi +C , where M is the rotation matrix and C is the translation matrix. Concurrently, d ′

i j
is bounded less than δ , with d ′

i j = | |pi − q′j | | < δ . It is worth to mention that our objective is to find the min
directional distance between two features. The directional distance is defined as flow F = [fi j ], where fi j is the
flow, i.e., corresponding (or alignment) information, between pi and q′j .

Min EMD −VT (A,B, F ) =
∑m
i=1

∑n
j=1 fi jd

′
i j∑m

i=1
∑n
j=1 fi j

s .t . fi j ≥ 0, 1 ≤ i ≤ m, 1 ≤ j ≤ n∑n
j=1 fi j ≤ wxi ; 1 ≤ i ≤ m∑m
i=1 fi j ≤ wyj ; 1 ≤ j ≤ n∑m
i=1

∑n
j=1 fi j =min(∑m

i=1wxi ,
∑n

j=1wyj )

(3)

These are the constraints: (i) move points from signature A to signature B; (ii) confine the amount of points in
the target that can be sent to the associated weights from the clusters in signature A; 3) restrict the clusters in
signature B from receiving points more than their capacity; 4) move the maximum amount of points.
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Our problem formulation for authentication involves matching between two vascular structures, possibly
having unequal length, deformation and rotation. We adopt the Earth Mover's Distance, a measure of the distance
between two probability distributions over a region [59], for vascular structure matching because of three reasons:
(i) the hand vein topology is essentially the movement of the corresponding points on the image, which satisfies
the principle of EMD; (ii) N-to-M EMD matching can be adaptive to the variation in feature number. (iii) EMD
could be extended to have a better deformation tolerance in matching, compared to other distance metrics
[55, 56, 65]. Thus, we propose an extended Earth Mover's Distance for Vein Structure, namely EMD-VT, by
enhancing two particular aspects. First, the geometric deformation is limited to a certain space due to human
physical characteristics. We assume the boundary distance is δ and no matching pair distance is larger than
δ . It is because palm vein physical characteristics stay constant throughout one's lifetime [4] and the palm
vessel diameters expand among 0.5-0.9mm [38]. Therefore, geometric deformation is considered as limited to a
certain range because human physical constraints and matching points are within the distance boundary. Second,
according to the user habits, the pose could not be standard every time and there are variances during sensing.
The pose rotation invariance is considered and the algorithm is proposed in Equation 3.

Fig. 9. M to N mapping challenge in vascular feature match-
ing.

Fig. 10. EMD-VT matching illustration for two basic pat-
terns.

In practice, we compare all features against the corresponding template features. For illustration, Figure 10
shows a matching result of two feature sets in vascular vein structures. In palm vein structure, zigzag and
bifurcation are the fundamental features. As shown, from the geometric aspect, signature A and B are zigzag,
while signature C is similar to bifurcated-based, implying signature A is matched with signature B and is quite
different from signature C . Under the EMD-VT metric, signature A first rotates with a proper angle into signature
A′ and then matches with signature B at each point. After normalization, EMD-VT distance between signature
A and signature C is 3 times than the value between signature A and signature B, which is matched with our
analysis. However, under Euclidean, Hamming and Hausdorff distance, the distance between signature A and
signature C is equal or even less than the distance between signature A and signature B. It is considered that
signature A is closer to signature C than signature B. This is an erroneous judgment. Therefore, we select EMD-VT
in this application.

7.2.3 Risk Statistic. After we compare the test input with the template, a measurement result is calculated for the
user. The user will be regarded as the genuine one, when his matching result is less than a pre-defined threshold.
However, sensing might contain variations, like improper hand pose. Thus, for practical purposes, we continue
using risk statistics to improve the final decision [39]. First, we set the threshold as T . When the matching result
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is less than 0.7T , the system would immediately pass this try. However, when the result is more than 0.7T and
less than 1.3T , the system would ask the user to tap the sense plane with full flat palm (seen in Section 6) and
sense it again, which increases the signal coupling and improves the sensing result. When the second matching
result is less than T , the user would be validated. Under other situations, the action fails.

7.3 Evaluation on PAvessel Biometrics
In this section, we integrate the PAvessel system and conduct the following evaluation experiments in the following
sections. To evaluate the overall performance, we assess the correlation between the test palm veins and the
corresponding template. For the robustness and usability test, we evaluate the PA setup parameter and employ
volunteers scanning their hands with different hand poses. Similarly, after these, we test palm veins to verify if
the system works under all environment situations.

7.3.1 Data Partition. For the data collection (see Section 6.2), there are 20 3D palm vein structure classes. For
each 3D palm vein structure, we randomly select 5 out of 10 vein structures as the template set, and use the rest
for testing. In total, 100 vein structures are used as templates and 100 vein structures are used as samples. For
each sample, we compare it with each template using EMD-VT. We determine that the sample to be the specific
template’s class is the one with the minimum average distance. If multiple classes meet the criteria, we employ
the majority voting strategy to determine the class.

7.3.2 Metrics. In our experiments, we use the false acceptance rate (FAR), false rejection rate (FRR) and equal
error rate (ERR) as evaluating metric in the overall performance analysis. FAR measures the likelihood of false
acceptance of an attempt executed by an unauthorized user to access the biometric system. FRR measures the
likelihood of incorrect rejection of an access attempt by an authorized user. The proportion of false acceptances
equivalent to the proportion of false rejections is indicated by the EER. The lower the EER is, the better the
system’s performance, as the total error rate, i.e., sum of the FAR and the FRR, at the point that the EER decreases.
Besides, it is natural to employ Accuracy, Precision and Recall for authentication system metrics [42, 43].

7.4 Biometric Performance Analysis

Fig. 11. Overall performance accuracy analysis.

7.4.1 Accuracy Analysis. For the overall performance analysis, the data are taken from the Data Partition we built
using our acquisition system. We repeat the experiment 10 times and calculate their average overall performance.
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In addition, in order to evaluate the EMD-VT matching algorithm, we compare our system against a system using
other matching algorithms. The results, in terms of FAR, FRR and EER, are presented in Figure 11.
As shown in Figure 11, the EER of the whole system based on EMD-VT achieved is 1.93% and its accuracy is

up to 97.86%. It implies that this method is feasible and more importantly, effective, for palm vein recognition
while achieving exceptional accuracy. The EER of other matching algorithms are all more than 10% and their
accuracy is all lower than 90%. This result shows our system has a better performance due to overcoming the
N-to-M matching problem.

Figure 12. Different palm poses analysis.

Table 4. The execution time for different palm poses.

Poses Average time (s)
Standard 1.13
Yaw +15◦ 1.42
Yaw -15◦ 1.46
Roll +15◦ 1.72
Roll -15◦ 1.74
Pitch +15◦ 1.75
Pitch -15◦ 1.79

Besides, to continue comparing the performances with different distance metrics, we employed the McNemar’s
test [18], a frequently used test for authentication application. The null hypothesis is that these distance metrics
have equal performances. If p-value is less than α (0.05 in this test), it rejects the hypothesis and concludes that
EMD-VT has superior performance over others. Then the test results show all p-values stay below 0.05. P-values
with Euclidean and Hamming are both around 0.01 and with Hausdorff it is around 0.02. This indicates strong
evidence to reject the null hypothesis and EMD-VT outperforms others.

7.4.2 Palm Robustness Analysis. In daily-life applications, the sensing environment is not always ideal. Also
users might put their hands in different poses, not right above in a standard way when authentication. The same
person with different poses or hand positions leads to different PA field interferences and different PA sensing
results. For the robustness and usability test, in this section, we conduct several experiments to investigate those
effects on our PAvessel system.
Different Palm Poses:We evaluate the system performance with different palm poses. We scan the users’ palm
veins in seven ways following the Experimental Procedure: (i) standard, (ii) yaw clockwise by 15 degrees (+15◦),
(iii) yaw counter-clockwise by 15 degrees (−15◦), (iv) roll clockwise by 15 degrees, (v) roll counter-clockwise by
15 degrees, (vi) pitch clockwise by 15 degrees, (vii) pitch counter-clockwise by 15 degrees. Other steps are the
same in the Data Partition. Finally, we repeat experiments 10 times and calculate the average performance.

The data in Figure 12 show the results of testing with these seven different hand poses. In all cases, the precision
and recall are all higher than 95% and the variations are all lower than 1.4%. The precision and recall achieve
the highest value under a standard pose, 98.33% and 97.37% respectively. The variations are 1.04% and 1.24%
correspondingly. These results demonstrates that the system performs effectively for distinct hand poses, offering
excellent usability. In addition, this strong and flexible operation is generally comparable to other user-friendly
means of authentication, like the fingerprint. For roll and pitch poses, the performance goes down 1.8% from the
highest value. Considering the laser source is vertical from top to bottom, we notice that the effective ROI in
these poses is reduced and the palm vein structure has a little deformation due to the different laser incident
angles. This increases the difficulty of feature matching, which weakens the final performance and decreases the
precision; while ROI and palm veins are less affected in yaw poses.
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The average execution time for each pose is calculated and described in Table 4. All poses cost less than 2s. For
the standard pose, the execution time is 1.13s. For yaw poses, the execution time is around 1.44s. For roll poses, it
is about 1.73s and for pitch poses, it is about 1.77s. With the development of CPU and GPU, the execution time
would be reduced much further.

(a) (b)

Fig. 13. (a) records ambient noise analysis effect on the system. (b) records ambient noise analysis on the system.

Environmental Sensitivity Analysis: In practical application, there are many variables in the environment.
Ambient noise and light are always the most common issues in the sensing field, especially in the biometrics
scenarios. In this experiment, we investigate these two effects on our PAvessel system. It is very helpful to change
the light to fulfill different application requirements. We identify the light by the radiation intensity of illumination.
We set different levels of visible light strength, 10mW /cm2, 50mW /cm2, 100mW /cm2 and 200mW /cm2, for the
experiment environment. Next, we employ 4 common types of sound in daily life as ambient noise, air duct, music,
human talk and phone call. All of them keep at 50db. Under each effect, we follow the step in the Experimental
Procedure and the Data Partition and repeat the experiment 10 times for each test. Then we apply our system to
evaluate its precision and recall. The authentication performance of this palm vein is shown in the following.
Ambient Light: Figure 13(a) demonstrates that the precision and recall are both higher than 97% and the
variations are all less than 2%. The performance would not weaken along the illumination intensity. This
conforms to the theory. The laser in our system has a 10 Hz pulse repetition rate. Only when the light source
has a similar pulse rate, it can excite the palm to emit ultrasound, thereby affecting the ultrasound emission or
detection. While in ordinary scenarios, general lighting does not have such a characteristic.
Ambient Noise: Figure 13(b) illustrates that precision and recall are not affected by four ambient noise scenarios.
They are the same as the standard in relaxed status, which also accords with the mechanism. Moreover, the
variations are constant. Our detector has an operation wavelength, within the ultrasound range, around a certain
center frequency at the nanometer level to avoid the impact of ambient noises on our system's performance.

8 DISCUSSION

8.1 PA Sensing System Optimization
Portability: Till date, the diode-pumped laser sources and LEDs have shown the potential for reducing the system
size, while numerous studies continue to explore its usage for power consumption. The decisive PA sensing
device can be integrated within a 50cm × 50cm optical breadboard with a compact high power flashlamp-pumped
laser (if available). The lasers are generally preferred since the power output of existing LEDs is inadequate
and requires significant amplification and averaging. There is an abundant amount of research in this field, and
these sources are being constantly improved. Once these constraints have been addressed, then the LEDs can be
incorporated into our system, which would immensely improve the system’s mobility. Besides, diode lasers or
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LEDs can perform at a higher pulse repetition rate (1 kHz vs. 10 Hz in our current laser), which will reduce the
imaging time to sub-second.
Commodity Exploration:We perform an experiment to explore the effect of transducer type on the resolution.
We utilize an economical and widely accessible 5MHz clinical ultrasound transducer array with 128 elements
designed for deep-tissue imaging at over 5cm depth. In comparison with the proposed IR camera setup, the
resolution increases to approximately four times. The resolution can be further improved by employing higher
frequency transducers. For instance, the deployment of 15MHz transducer array enhances the spatial resolution
by three times, i.e., around 100microns, relative to our current setup. However, the transducer element size
decreases with increase in frequency, as each element is of the size of one acoustic wavelength. Moreover, a
rise in frequency exponentially raises the fabrication cost and complexity. For palm imaging, we can achieve
commercial standards with the clinical transducer itself.

8.2 PA Sensing for Future Medical and Healthcare Applications
Nanomedicine: The acquisition of sufficient pathological information is critical for disease-oriented diagnosis.
The PA possess the capability to be a dynamic tool for nanomedicine as it can provide functional and structural
sensing images with outstanding resolution and contrast [60, 94]. Although this field is still in its infancy, there
is a bright outlook for emerging biomedical applications in nanomedicine.
Drug Delivery: Recent advancement in PA has lead researchers to explore its applications related to drug
delivery, primarily concerning monitoring of either drugs or their effects [81]. Alternatively, PA can be used
to directly govern the accumulation of various light-absorbing contrast agents or carriers with theranostic
properties.
Human-computer Interface: As the technological dimension continues to integrate with every aspect of
human life, it is vital to advance the domain of human-computer interface by researching innovative strategies
and techniques. Existing evolution of neurotechnologies makes a great effort to address these issues through
novel concepts that directly link biological activity to computers, which naturally matches with PA [24]. Besides,
considering the PA short response time for the biological signal (within 1ms), PA would have a bright future in
this domain.

9 CONCLUSION
In this paper, we propose PAvessel, a reliable and robust 3D photoacoustic vessel structure sensing system which is
able to capture the high-resolution 3D vessel structure traits of individuals. The entire system comprises two key
components, PA sensing hardware and PA sensing software. Specifically, we design and implement the hardware
prototype based on the PA concept. We develop the advanced image reconstruction and 3D photoacoustic vein
model to reconstruct the 3D vessel structure from the received ultrasound signal. The results in the evaluation
confirm the excellent sensing performance of PAvessel. In the end, a case study of PA biometric applications is
conducted. Based on the physiological properties of the human palm, we develop a new 3D vascular matching
algorithm EMD-VT to effectively differentiate the vessel structure among individuals. The intensive experiments
demonstrate the effectiveness, reliability and robustness of our proposed system in biometrics.
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