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Abstract

:

Medical ultrasound is an imaging technique that utilizes ultrasonic signals as information carriers, and has wide applications such as seeing internal body structures, finding a source of a disease, and examining pregnant women. The most commonly used ultrasonic transducer today is based on piezoelectricity. The piezoelectric transducer, however, may have a limited bandwidth and insufficient sensitivity for reduced element size. Laser-generated ultrasound (LGUS) technique is an effective way to resolve these issues. The LGUS approach based on photoacoustic effect is able to greatly enhance the bandwidth of ultrasound signals and has the potential for high-resolution imaging. High-amplitude LGUS could also be used for therapy to accomplish high precision surgery without an incision. Furthermore, LGUS in conjunction with optical detection of ultrasound allows all-optical ultrasound imaging (i.e., ultrasound is generated and received optically). The all-optical platform offers unique advantages in providing high-resolution information and in facilitating the construction of miniature probes for endoscopic ultrasound. In this article, a detailed review of the recent development of various LGUS transmitters is presented. In addition, a recent research interest in all-optical ultrasound imaging, as well as its applications, is also discussed.
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1. Introduction


Ultrasound, defined as sound with frequencies from 20 kHz to several GHz, has demonstrated broad applications in medical imaging [1], material science, physics, chemistry, and nanotechnology. In classical medical ultrasound (also known as ultrasonography), an ultrasound pulse is transmitted into the body and the pulse is reflected due to the interfaces between tissues with different acoustic impedances as image contrast. The echo pulse carries back physiological and pathological information inside tissues. Especially, high-frequency ultrasound with frequencies >20 MHz is useful for high-resolution (<100 μm) biomedical applications such as endoscopic imaging [2], ophthalmology [3], intravascular imaging [4] and dermatology [5]. Magnetic resonance imaging (MRI) systems continue to enhance the resolution up to ~500 μm [6]. However, routine interventional procedures are restricted due to the high expense of MRI in both the initial investment and the upkeep. Furthermore, MRI has limited temporal resolution, which prohibits its use in fast imaging and rapid diagnosis. X-ray computed tomography is a relatively affordable modality with high resolution of ~400 μm [7], but it relies on ionizing radiation, making it unsafe for medical monitoring. Optical method is a promising approach for biomedical imaging [8]. Optical coherence tomography (OCT) is an optical technique that can support real-time imaging with high resolution (<10 µm) [9]; however, OCT suffers from limited penetration depth (<1 mm). Nowadays, the majority of ultrasound imaging systems are safe and portable, and can provide high frame rates beyond 25 frames per second, the threshold for real-time display. It is worth mentioning that photoacoustic imaging derived from ultrasonography is an emerging modality that relies on laser pulses directed on tissues to produce ultrasound [10,11,12]. Photoacoustic imaging can, therefore, possess the penetration depth of ultrasound while maps the optical absorption of tissues instead.



Presently, piezoelectric transducers are the principle measure to produce biomedical ultrasound for imaging and therapy applications [13,14]. However, high-resolution ultrasound imaging (<100 μm) is restricted due to the limited bandwidth of ultrasonic signals generated by the piezoelectric effect. High intensity focused ultrasound (HIFU) is valuable for therapeutic applications [15,16]. Its applications featuring high-frequency ultrasound for precision therapy also face challenges due to the frailty of piezoelectric materials and impedance mismatch for a large aperture [17]. Capacitive micromachined ultrasonic transducers (CMUTs) are an alternative technique that is promising to produce broadband ultrasound pulses [18,19,20,21], yet there exist technical challenges in realizing two-dimensional (2D) high-frequency CMUT arrays [22]. Laser-generated ultrasound (LGUS) has been investigated over decades [23,24,25]. LGUS is with a recent enthusiasm in high-frequency ultrasound and HIFU. LGUS transmitters usually consist of optical absorbers for efficient conversion of light energy into heat, and surrounding media with high coefficients of thermal expansion for generating high-intensity ultrasound. Based on photoacoustic effect, the LGUS transmitters generate ultrasound pulses following the laser profile. If a short laser is employed, short ultrasound pulses in the scale of nanoseconds can be produced. Thus, it is a relatively simple method to create a broadband and high-frequency ultrasound signal. Efforts have been made aiming to optimize laser-ultrasound transduction efficiency in recent years, especially for high-frequency ultrasound generation. Laser-ultrasound transduction efficiency can be described by p0 = ΓAe [26], where p0 is the local pressure immediately after the laser radiation; Γ = (βvs2)/Cp is defined as the Grueneisen coefficient, β is the thermal coefficient of volume expansion, vs is the speed of sound, and Cp is the specific heat; Ae = μaF is the volumetric optical absorption, where μa is the optical absorption coefficient and F is the optical fluence. High optical absorption ensures high optical energy density deposited on the absorber, low specific heat provides high temperature rise under the same optical absorption, and large thermal coefficient of volume expansion produces strong pressure under the same temperature rise. (i) Materials with high optical absorption coefficient and low specific heat to reach local high temperature in the laser irradiation region are investigated. (ii) Absorbing materials with a unique spatial configuration such as nanoscale composition have been chosen to allow fast heat transfer into the expanding surroundings and thus the generation of high-frequency ultrasound. (iii) Polydimethylsiloxane (PDMS) has been considerably adopted as an attractive expanding matter in virtue of its high coefficients of thermal expansion [27]. LGUS transmitters are favorable for high-frequency arrays for high-resolution ultrasound imaging compared with traditional piezoelectric ultrasound transducers [28,29]. In addition, efficient and broadband laser-generated focused ultrasound enables broad HIFU applications such as high-precision therapy [30] and micro-droplet ejection [31]. Furthermore, the advantage of contactless excitation furnished by LGUS transmitters permits unique applications that may not be attained by conventional ultrasound transmitters.



Based on optical generation and detection of ultrasound, all-optical ultrasound transducers (AOUSTs) and their application to all-optical ultrasound imaging (AOUSI) are realized. As mentioned above, LGUS transmitters can generate a broadband and high-frequency ultrasound signal. For optical detection of ultrasound (ODUS), optical resonance can be used to realize sensitive and broadband ultrasound detection. There are several types of ODUS detectors such as microring resonators [32], Fabry–Perot (FP) etalons [33], and Mach–Zehnder interferometers [34]. The optical detection platform intrinsically facilitates broadband ultrasound detection up to hundreds of MHz [32,35]. Therefore, AOUSTs hold the promise for high-resolution ultrasound imaging compared with piezoelectric transducers. In addition, unlike the piezoelectric transducer, the detection sensitivity of ODUS detectors is inherently independent of their active area, which is optically defined on an order of microns. Although the reduced optical active area may impair the optical property such as quality factors and thus the ultrasound detection sensitivity [36,37], there exist approaches to recover the degraded optical property [38]. High sensitivity is thus preserved with small active area. On the other hand, the LGUS transmitters can be realized with a similar size, for example, using a point-like laser source or light-absorbing material for ultrasound excitation. Such features can be utilized to construct a miniature AOUST probe without sacrificing its sensitivity, which facilitates a range of applications such as endoscopic ultrasound imaging and minimally invasive clinical procedures. The possibility of noncontact operation of AOUSTs exhibits another advantage over conventional transducers.



In this review article, various progress of LGUS transmitters and AOUSTs in recent years is presented. In Section 2, the development of LGUS transmitters is described. A variety of absorbers such as carbon nanotubes (CNTs) and gold (Au) nanoparticles (NPs) (AuNPs) are employed for efficient photoacoustic transmission. New design and structures for LGUS transmitters in order to facilitate specific applications such as high-precision therapy are discussed. In Section 3, the recent implementation of AOUSTs is introduced. The performance of AOUSI imaging systems and their applications are also reported. At the end, a summary and an outlook about LGUS transmitters and AOUSI are provided.




2. Laser-Generated Ultrasound


With the development of advanced ultrasound technologies, LGUS technique has played an important role in biomedical ultrasound imaging and industrial nondestructive evaluation. There are various investigations on LGUS transmitters including mathematical modeling and analysis, effective absorbing materials, fiber-optic transmitters for extensive applications, and ultrasound beam focusing and shaping (as will be discussed in Section 2.2.2 and Section 2.2.3). Efficient LGUS transmission could significantly increase the pressure, effectively improve penetration depth, and even provide useful thermal and mechanical effects on tissues. High-efficiency LGUS transmission strongly demands the novel materials with high laser absorption, low heat capacity, and large thermoelastic expansion. For instance, an AuNPs–PDMS nanocomposite is utilized to enhance the efficiency of LGUS transmission, which has three orders of magnitude improvement compared with an aluminum (Al) thin film [39]. The recent interest in CNT materials has led to exceptional transduction performance of LGUS transmitters and has expanded the application of LGUS to therapeutic ultrasound [30]. New materials as LGUS transmitters are typically tested in the form of a thin film during initial exploration. To meet specific applications, further development is required. LGUS transmitters built on optical fibers featuring a compact size facilitates interventional ultrasound applications such as intravascular ultrasound (IVUS) imaging. More recently, high-power laser-generated focused ultrasound based on an acoustic lens has drawn surging interest, which has the potential to open up promising applications in therapeutic ultrasound. Ultrasound beam focusing and beam shaping may also be realized through array implementation of LGUS transmitters. Traditional ultrasound transducers face challenges with modern applications, while AOUSTs combining LGUS transmitters and ODUS detectors fill the gap by unique performances such as broad bandwidth and possibly noncontact characteristics. Besides medical imaging and therapy, LGUS technique also demonstrates broad applications for material characterization and evaluation such as PDMS thin film characterization, crack inspection, and investigation of phase transitions in metals (as will be discussed in Section 2.3).



2.1. Absorptive Materials


In this subsection, a detailed review of various light-absorbing materials for LGUS transmitters is presented. By virtue of its high thermoelastic expansion [40], PDMS, which is not considered as a type of absorber, is favorably mixed with the absorber to enhance LGUS efficiency. A summary of the attributes of LGUS transmitters is provided in Table A1 in Appendix, where several types of absorbers are used.



2.1.1. Metallic Absorbers


The LGUS by laser irradiation on metals was first proposed by White in 1963 [41], which can be driven by the ablation and the thermoelastic effect. The ablation has to melt the material resulting in plasma formation by applying a large optical power, while the thermoelastic effect does not. Thus, the thermoelastic effect is more desired in practical applications. A thin metal film irradiated by a short pulsed laser beam is capable of inducing a broadband acoustic wave. Furthermore, the adjacent materials of the thin metal film should also be considered for efficient generation of high-frequency ultrasound [42].



AuNPs are used to optically generate high-frequency ultrasound. There are several examples. (i) A two-dimensional Au nanostructure consisting of AuNPs sandwiched between a substrate and a 4.5-μm PDMS layer is used to generate ultrasound in the 100 MHz regime [43]. Scanning electron microscope (SEM) picture of the nanostructure is shown in Figure 1. The 2D nanostructure also facilitates the construction of LGUS array transmitters for high-frequency ultrasound imaging. (ii) A one-pot synthesized AuNPs–PDMS nanocomposite for high-amplitude ultrasound generation is demonstrated [39]. The efficiency is optimized through the investigation on various concentrations and thickness of the nanocomposite film. Compared with the pressure generated by an Al thin film, the AuNPs–PDMS transmitter has shown increased efficiency by three orders of magnitude. (iii) The process of heating of AuNPs is studied numerically by finite element analysis [44]. The results can also provide useful guidance for other applications such as photothermal therapy. (iv) AuNPs are tested for fabricating fiber-optic LGUS transmitters [45,46,47]. AuNPs can be coated on the end face [45,46] or on the sidewall [47] of optical fibers. (v) A novel one-dimensional photonic crystal-metallic structure is proposed for complete absorption of optical energy at specific wavelengths for efficient LGUS transmission [40].



Besides AuNPs, there are several studies on other metals for LGUS transmitters. (i) The laser-generated surface acoustic waves in an Al plate are studied by the finite element model [48]. It is found that the laser parameters are influential factors on the induced ultrasound waves. (ii) Thin Al film coated with reduced graphene oxide (rGO) for its high thermal conductivity is an effective LGUS transmitter, which shows a 64 times enhancement compared to an Al-along transmitter [49]. (iii) The Al states such as the dynamics of temperature and pressure can be studied by heating a submicron Al film with high power nanosecond laser pulses [50]. (iv) Nanostructured germanium (Ge) overlaid with PDMS is fabricated for highly-efficient generation of high-frequency ultrasound [51]. The substrate can be chosen arbitrarily in the fabrication process, allowing flexible applications.




2.1.2. Carbon-Based Absorbers


Carbon-based materials are used to realize efficient and broadband LGUS transmission. They often, but not always, show higher LGUS transmission efficiency than metal-based materials. (i) Carbon black (CB)–PDMS is used to produce high-frequency ultrasound [52]. It has the potential to generate ultrasound with broad bandwidth above 100 MHz. The amplitude of ultrasound produced by CB–PDMS is slightly less than that by AuNPs–PDMS [43]. (ii) CNT nanocomposites are demonstrated as highly-efficient and high-frequency LGUS transmitters [30,53,54,55]. The CNT nanocomposite shows five times enhancement compared with the above-mentioned 2D AuNPs nanocomposite with the same polymer PDMS [43] and a broad bandwidth up to 120 MHz. The fast heat transition due to the nanoscale dimension of the CNT permits efficient generation of high-frequency ultrasound. Such advantage is shared in AuNPs. On the other hand, the exceptional thermal conductivity of the CNT facilitates better heat conduction, leading to the increased efficiency compared with AuNPs. Furthermore, the CNT has a high damage threshold, allowing generation of stronger pressure. (iii) Carbon nanofibers (CNFs)–PDMS thin films are also investigated [56]. Under 532-nm pulsed laser excitation with the laser fluence of 3.7 mJ/cm2, the acoustic pressure of 12 MPa is achieved. (iv) More recently, candle soot carbon NPs (CSNPs)–PDMS nanocomposites are explored [57]. Figure 2 shows SEM pictures of CNTs, CNFs and CSNPs used in References [55,56,57], respectively. The ratio of photoacoustic conversion efficiency for CSNPs–PDMS, CNFs–PDMS, CNTs–PDMS, and CB–PDMS is 13:4.9:4.1:1 [57]. The unprecedented LGUS transmission performance by CSNPs–PDMS nanocomposites shows the promise for ultrasound therapeutic applications. (v) Besides the carbon NPs, graphite powder is explored for fiber-optic LGUS transmitters [58], where efficient and distributive ultrasound can be generated at specific locations along the fiber.





2.2. Design and Structures


The initial investigation of LGUS transmitters is often with planar optically absorbing films, allowing relatively simple fabrication and convenient characterization. More advanced design and structures will be developed to meet a range of applications. In this subsection, a review of three types of LGUS transmitters in terms of different design and structures is presented. Figure 3 shows a schematic of fiber-optic, focused, and array transmitters.



2.2.1. Fiber-Optic Transmitters


By implementing LGUS transmitters on optical fibers, compact devices for ultrasound generation can be realized. Such miniature transmitters can be used in highly limited space to facilitate specific applications such as IVUS imaging. The fiber-optic LGUS transmitters have suffered from their low photoacoustic conversion efficiency for quite some time. Recently, advances have been made to overcome this obstacle partly by the remarkable progress in developing highly-efficient LGUS transmitters, as detailed in Section 2.1. The photoacoustic conversion efficiency of fiber-optic LGUS transmitters is improved primarily by employing effective absorptive materials. Various applications by virtue of the unique advantages of the fiber-optic LGUS transmitters are demonstrated.



Au nanostructures are attempted for fiber-optic LGUS transmission. (i) Fabricated by a focused ion beam technique, highly absorptive Au nanopores can be patterned on the end face of an optical fiber [59]. The miniature LGUS transmitter produces ultrasound with an amplitude of 2.7 kPa and a −3-dB bandwidth of 7 MHz. (ii) A novel Au nanocomposite, synthesized by mixing the AuNPs into PDMS following a one-pot protocol, is dipped coated on a multi-mode fiber with a core diameter of 400 μm to realize a broadband miniature fiber-optic LGUS transmitter [46]. The generated ultrasound has an amplitude of 0.64 MPa and a bandwidth of more than 20 MHz, which are significantly improved compared with the work in Reference [59]. Ultrasound imaging of a tissue sample with the resolution of 200 μm is demonstrated. (iii) Since the absorption layer on the end face of an optical fiber is essential for efficient photoacoustic conversion, numerical simulation based on finite element analysis is investigated to study the photoacoustic generation of AuNPs–PDMS nanocomposites on optical fibers [60]. (iv) The dependency of absorption efficiency of the Au nanospheres and nanorods with different organization and dimensions is simulated [45]. The results provide a useful guide to the design of fiber-optic LGUS transmitters. (v) There are many other explorations of Au nanostructures for fiber-optic LGUS transmitters such as AuNPs–polyethylenimine (PEI) nanocomposites (2.4 kPa reported) [61], AuNPs–PDMS nanocomposites (37 kPa reported) [62] and fiber sidewall ultrasound generation [47].



The carbon-based material is another promising absorber for fiber-optic LGUS transmitters. (i) Through the dissolution of CNTs in PDMS facilitated by functionalization of CNTs with oleylamine, the CNTs–PDMS nanocomposite can be dip coated on optical fibers for efficient LGUS transmission [54]. Figure 4 shows SEM pictures of fiber-optic LGUS transmitters using Au nanopores and CNTs–PDMS in References [54,59], respectively. Strong ultrasound pressure of 3.6 MPa and 4.5 MPa are measured using optical fibers with core diameters of 105 and 200 μm, respectively. The achieved pressure level is currently the best among all fiber-optic LGUS transmitters. (ii) A novel fiber-optic device based on fiber Bragg gratings is proposed to generate ultrasound at multiple, selected locations along the fiber in a scheme of light tapping where only a particular wavelength is tapped out for ultrasound generation [58]. Graphite powder and epoxy are used as LGUS transmitters in this device. The carbon-based fiber-optic LGUS transmitter typically has higher photoacoustic conversion efficiency than its metallic-based counterpart [63].



Besides broadband and efficient ultrasound generation, the fiber-optic LGUS transmitter possesses many advantages such as compact size, lightweight, ease of use, and immunity to electromagnetic interference. It may find attractive applications in all-fiber and embedded ultrasound systems for imaging and monitoring. For example, the corrosion detection is demonstrated using fiber-optic LGUS transmitters [64]. Through the characterization of the samples with different corrosion rates, effective identification of the corrosion level is achieved. The miniature device can be embedded into a structure for applications to structural health monitoring. Besides nondestructive evaluation, minimally invasive endoscopic ultrasound imaging is another promising application [65,66].




2.2.2. Focused Transmitters


High-frequency focused piezoelectric transducers are widely used for high-resolution photoacoustic and ultrasound imaging. The focused acoustic wave is achieved through the spherical surface of a focused transducer or an acoustic lens attached to a flat transducer. Borrowing from this concept, laser-generated focused acoustic wave can be realized using a focused LGUS transmitter consisting of a light-absorbing film coated on a concave spherical surface. There are several studies. (i) To develop scanning ultrasound imaging based on LGUS transmitters, an axicon transmitter is investigated to furnish high lateral resolution [67]. The achieved lateral beam size is ~380 μm with non-diffracting ultrasound, also called X-waves. (ii) A concave LGUS transmitter is tested using a chromium (Cr) film with a thickness of 100 nm as the light-absorbing layer [68]. Due to high-frequency ultrasound generation by the thin film and the diffracting ultrasound by the concave lens, a high lateral beam size of ~44 μm at the focus is measured. The pressure level of 20–30 kPa is achieved. (iii) When CNTs–PDMS is coated on the concave lens, an unprecedented acoustic pressure of >50 MPa is achieved by the CNTs–PDMS focused LGUS transmitter [30,69]. Figure 5 shows the experimental setup for the LGUS characterization and the fabricated lens-based LGUS transmitter. A lateral acoustic focal spot of 75 μm is obtained. Taking advantage of the remarkably high pressure in the high-frequency regime (>15 MHz), micro-scale ultrasonic fragmentation and a single-cell surgery are demonstrated to show the potential for precision therapy. Moreover, the highly localized pressure and the high negative pressure facilitate the application of well-controlled bubble nucleation [70]. (iv) A new analytical model is developed to provide guidelines for the design of high-intensity and high-frequency LGUS focused transmitters [71]. (v) Focused ultrasound with complex temporal and spatial waveforms can be generated by utilizing arbitrarily shaped surfaces of polymers made by three-dimensional (3D) printing [72].




2.2.3. Array Transmitters


LGUS is a promising approach to realize high-frequency ultrasound arrays for ultrasound beam steering and high-resolution ultrasound imaging [27,73,74,75]. An array element is defined by the size and location of a focused laser beam. The tiny focused spot size of the laser beam facilitates a wide-angle radiation pattern of generated ultrasound. Furthermore, a tiny array element allowing high spatial sampling is imperative for a high-frequency phased array. Several array transmitters are studied. (i) A 75-MHz, 2D phased array is demonstrated based on LGUS transmitters by mechanically scanning the focused laser beam [73]. (ii) An LGUS array transmitter using AuNPs with different diameters for different absorption wavelengths is proposed [74]. Photoacoustic excitation of an array element can be controlled by selecting different excitation wavelengths. By varying the phase delay for each laser wavelength, the ultrasound beam steering can be achieved, which eliminates the requirement for a mechanical scan. (iii) An LGUS array transmitter is created by holographic projection using a microelectromechanical systems spatial light modulator [75]. Ultrasound focusing with a focal size of 1.6 mm is achieved by projecting ring-shaped laser intensity. Focal length can be varied by changing the diameter of the ring-shaped laser excitation. Without the need of the mechanical scan, fast axial scanning microscopy is feasible.





2.3. Laser-Generated Ultrasound Applications


AOUSI is one of the most important applications of LGUS transmitters. (i) The intrinsic broad bandwidth facilitates the investigation of frequency-dependent responses in tissue, allowing the application to “virtual biopsy” [76]. (ii) Especially, when implemented based on fiber optics, AOUSI could open up a broad range of applications. A probe with a diameter of <0.84 mm for AOUSI is fabricated [77]. Axial resolution of 64 μm and lateral resolution of 88 μm at a depth of 3.5 mm are measured. Ex vivo vascular tissue imaging is demonstrated, as shown in Figure 6. More details about AOUSI are presented in Section 3.



Besides AOUSI, the LGUS approach offers a valuable tool for nondestructive testing and biomedical applications. (i) Characterization of the resonant frequencies of a cured PDMS thin film is presented using a fiber-optic LGUS transmitter and an FP ODUS detector [78]. The received acoustic pulse is used to acquire the resonant frequencies of the PDMS thin film. (ii) A focused ultrasonic pressure pulse is used for nondestructive testing (NDT) of the surface of a sample placed in the focal zone [79,80]. Clear changes in the transient acoustic waveform are observed for the sample with cracks at the surface compared with a control sample. The approach is thus promising for nondestructive evaluation of defects. (iii) By directly irradiating the laser pulse on an absorber and analyzing the resultant photoacoustic wave, material properties can be evaluated [81]. The different states of metals can be induced using laser pulses with a wide range of intensities. By analyzing the shape and amplitude of the generated pressure, one can investigate phase transitions in metals. (iv) A fiber-optic LGUS transmitter is employed as ultrasonic tracking to accurately guide the placement of medical devices such as needles and catheters, which is critical in clinical procedures [82]. (v) The generation of controlled single microbubble is possible by relying on a highly-localized pressure by the LGUS approach [70].





3. All-Optical Ultrasound Transducers and Imaging


3.1. Development of Transducers and Imaging


Since the 1960s when the laser was discovered, optical generation and detection of ultrasound have been considered as a potential approach to overcome some limitations of conventional piezoelectric ultrasound transducers. Before the last decade, the optical-based technique was still a modern technique compared with piezoelectric transducers. It was more complex and expensive, and suffered from critical problems in relatively low efficiency in LGUS transmission and poor sensitivity in ODUS sensing. Thus, it was not widely presented in the commercial industry [83]. Piezoelectric transducers still dominated the majority of ultrasound-related applications and do the same nowadays [84,85]. In the last decade, due to the advancement of material sciences and fabrication technologies, exciting progress has been made in developing high-performance optical-based ultrasound transmitters as well as receivers.



As detailed in Section 2, LGUS transmitters have been intensely and extensively studied in the past few years. They can provide advantages such as broadband and flat frequency response, a tiny active area enabling high spatial resolution, noncontact operation facilitating applications in regions that are difficult to reach, and good tolerance of electromagnetic interference. Driven in part by the need of novel ultrasound (and photoacoustic) imaging and detection, ODUS sensing technique has made significant progress during the last decade [32,33,34,37,38,86,87]. As a counterpart of LGUS transmitters, the ODUS detectors enjoy several analogous benefits, such as broadband detection, the possibility for noncontact measurement, and immunity against electromagnetic interference. Furthermore, high sensitivity can be achieved with a tiny active area, which facilitates device miniaturization.



Combining the great advantages of the LGUS transmitters and the ODUS detectors, an optical ultrasound system based on an innovative “all-optical” scheme is brought about for imaging and inspection applications. In this subsection, the recent achievement in development of AOUSTs in various aspects such as improved integration of transmitters and detectors, enhanced resolution and sensitivity, and miniaturization is described. Advanced AOUSI applications that have been demonstrated very recently are also included. A summary of AOUST and AOUSI developed in recent years is presented in Table A2 in Appendix.



3.1.1. Carbon-Based Transducers


CNTs–PDMS nanocomposites are efficient photoacoustic transmitters and thus are promising choices for AOUSTs. Two types of AOUSTs have been demonstrated recently. (i) A CNTs–PDMS nanocomposite film and an etalon structure consisting of SiO2/TiO2 distributed Bragg reflectors (DBRs) and an SU-8 spacer are integrated [88]. The DBR reflector allows an open spectral window for laser transmission that can be used for LGUS excitation of CNTs–PDMS nanocomposites. Compared with an Au mirror as a broadband reflector used in Reference [89], the DBR reflector circumvents the issue of little spectral window for LGUS excitation. A bandwidth of 27 MHz is obtained and a 2D transducer array is evaluated, showing the promise for high-resolution ultrasound imaging. (ii) An optical fiber with CNTs–PDMS coated on the end face of the fiber for LGUS transmission is combined with an FP etalon for ODUS sensing [90]. Strong ultrasound pressure of 21.5 MPa and a broad bandwidth of 39.8 MHz are demonstrated. AOUSI of an aorta is demonstrated to show the clinical potential.




3.1.2. Fiber-Optic Transducers


The AOUST using the above-mentioned thin-film FP structure achieves high performance but is still bulky, which restricts the applications where the region of interest is difficult to access. Fiber-optic AOUSTs are explored for realizing complete miniaturized transmitting-receiving transducers. The miniaturization would facilitate the insertion of the transducer in the human body for minimally invasive procedures. Currently, fiber-optic AOUSTs are mostly constructed using two optical fibers, where one is for LGUS transmission and the other is for ODUS sensing. (i) An AOUST probe is developed with its diameter <0.84 mm and a bandwidth of ~20 MHz [77]. The AOUST probe and its imaging setup are shown in Figure 7. It consists of an LGUS transmitter using a CNTs–PDMS nanocomposite coating on the end face of an optical fiber and an FP ODUS receiver on that of an adjacent optical fiber. The generation and detection fibers are within tubular metal housing. The probe is mechanically scanned to form a virtual array for synthetic aperture [91]. The lateral and axial resolutions are measured as 88 and 64 μm, respectively, at a depth of 3.5 mm. (ii) An LGUS array transmitter is implemented using AuNPs with different sizes on the end face of an optical fiber [74]. A fiber-optic FP cavity is fabricated on the same fiber as the ODUS detector. One unique property of AuNPs is that their maximum absorption wavelength varies with the diameters of AuNPs. Laser with different wavelengths can be chosen to excite AuNPs with corresponding sizes at specific locations. Such excitation scheme facilitates the realization of phased array technique and ultrasound beam steering. It is not necessary to perform a mechanical scan for 3D imaging. A bundle of hollow optical fibers may also be considered as another approach to construct an LGUS array transmitter [92]. (iii) Through employing an acoustic lens for geometrical focusing, a fiber-optic LGUS transmitter that can produce a collimated ultrasound beam is demonstrated [93]. When the transmitter is integrated with a fiber-optic ODUS detector, an AOUST probe can be constructed. Since the beam is well collimated, pulse-echo ultrasound imaging can be acquired by scanning the probe without the need for image reconstruction. (iv) Another work shows that the AOUST probe can be fabricated based on a micro-opto-mechanical-system (MOMS) process [94].




3.1.3. Performance Enhancement


Suitable integration of LGUS transmitters and ODUS detectors into an AOUST is not only for convenient operation, but also for keeping the superiority of high-frequency and broadband operation. The ultrasound transmission and detection of the piezoelectric transducer is naturally well coordinated because the acoustic wave is generated and detected through the same piezoelectric material. Unlike the piezoelectric transducer, the ultrasound transmission and detection based on the optical method should be well organized deliberately. Otherwise, there could be some issues such as a long propagation distance and/or a large incident angle from the ultrasound generation to detection, leading to attenuation and distortion of measured acoustic signals, especially for high-frequency components. In addition, one may suffer from the problem of demanding and time-consuming alignment in scanning microscopy and the difficulty of arranging the set up in a reflection-mode operation for convenient applications. Several decent approaches of integration are demonstrated.



(i) A broadband AOUST consists of a 2D Au nanostructure on a glass substrate, followed by a PDMS layer and a Au layer [28,29]. The Au nanostructure is for LGUS transmission, while the Au–PDMS–Au structure is used as an FP etalon for ODUS sensing. Pulse-echo ultrasound with a broad bandwidth of 57 MHz is demonstrated. High-frequency ultrasound arrays are also proposed through directing both the ultrasound generation and detection laser beams into an array of focused spots on the device surface. Another similar work employs black PDMS for LGUS transmission [89].



(ii) An improved design using a polyimide-etalon thin film structure is demonstrated [95,96]. As for the AOUST using 2D Au nanostructure [28,29], the excitation laser intensity is partly absorbed by the Au nanostructure and partly absorbed by the FP etalon, which results in damage to the FP receiver and is not suitable for long-term use. As for the one using black PDMS [89], the configuration prohibits transmitter and receiver elements from being in the same location, which is undesired for imaging purposes. The polyimide-etalon AOUST overcomes the above obstacles by utilizing the unique characteristics of the polyimide that is highly absorptive in a narrow spectrum, ultraviolet range, for LGUS transmission and highly transparent to wavelengths, near-infrared range, for FP sensing. Thus, high lateral resolutions of 70 and 114 µm at depths of 2.4 and 5.8 mm, respectively, with an average axial resolution of 35 μm are obtained.



(iii) An intriguing excitation method is proposed for AOUSTs for resolution and efficiency enhancement [97]. Pulsed laser excitation is commonly used to produce ultrasound with broad bandwidth. Energy loss could happen in certain frequency bands due to acoustic attenuation within tissues, nonuniform acoustic power spectra in generation or nonuniform acoustic sensing spectra in detection, leading to reduced system efficiency and bandwidth. By using an optical modulation for ultrasound excitation, the bandwidth can be constrained to those frequencies determined by the process of all-optical ultrasound transduction. Through pulse-echo imaging experiment, a linear chirp excitation presents similar axial resolution and signal-to-noise ratios (SNRs) compared with conventional pulsed laser excitation. Furthermore, a nonlinear chirp excitation, where the nonlinearity should be determined based on the spectral sensitivity of the system, can be used to increase the bandwidth and consequently the axial resolution, at the expense of a lower SNR.




3.1.4. Multi-Modality Imaging


By integrating AOUSI with all-optical photoacoustic imaging (AOPAI) [98,99], complementary information originated from contrasts of acoustic impedance and light absorption can be provided. Owing to the same signal form acquired by ultrasound and photoacoustic (US/PA) imaging, acoustic waves for each modality can be captured using one ODUS detector. Thus, the advantages such as high spatial resolution and easy miniaturization existing in AOUSI can be shared with AOPAI. There are several US/PA dual-modality imaging systems developed based on an all-optical approach. (i) A scanhead consisting of an optical fiber with an axicon tip for LGUS and photoacoustic excitation for AOUSI and AOPAI, respectively, and an optical microring resonator for acoustic detection of the two imaging modes is demonstrated [100]. A single laser pulse is used to generate both US/PA signals, and thus, the information for both images is received simultaneously. (ii) The approach of simultaneous US/PA excitation using a single laser pulse is employed in another all-optical US/PA imaging setup, where an optical integrating detector is used for acquiring signals for US/PA imaging [101]. (iii) Instead of using a single laser pulse for US/PA excitation, all-optical US/PA scanhead is built using a dichroic filter to select the laser wavelengths for switching between the two imaging modes [102], where the microring resonator is used for signal detection. Figure 8 shows the mechanisms for US/PA imaging.





3.2. Imaging Applications


As the promising development of AOUSTs, advanced applications by AOUSI are of particular interest. Several biomedical imaging applications are demonstrated. (i) The high frequency and broad bandwidth associated with the all-optical approach can potentially be used for virtual biopsy of biological tissue [94]. (ii) Vascular tissue imaging is studied by an AOUST probe [77]. The ultrasound images of vascular tissues from swine aorta show good correspondence with histological images. (iii) A miniature needle probe for AOUSI is developed for the applications in guiding interventional pain management procedures [103]. The probe is able to provide real-time M-mode images. (iv) An ultra-high resolution AOUSI system is built to investigate cell mechanics [104]. The information of mechanical properties with a sub-cell resolution is significantly useful to study fundamental biological processes and disease conditions. The system operates in the 10 to 100 GHz range and thus provides a sub-cell resolution of 10 nm. Figure 9 shows AOUSI cell images of the nuclear region and lamellipodium and their white-light images for comparison. With such ultra-high resolution, details of cells can be resolved. (v) A miniature side-looking AOUST probe is developed for IVUS imaging [105]. The axial resolution of 70 μm and the imaging depth in tissue greater than 1 cm are achieved. Ex vivo imaging of tissues including swine tissue and diseased human tissue is demonstrated, showing the potential of this probe for IVUS applications.





4. Summary and Prospects


In this review, the recent advances that have been made for LGUS transmitters are presented. Table A1 gives an overview of various developed LGUS transmitters. Table A2 provides the development of AOUSTs and their AOUSI applications. The review shows that the performance of LGUS transmitters has been constantly improved in recent years by advances in material science and fabrication technology. From the engineering viewpoint, the performance of LGUS transmitters has been significantly improved in a range of aspects, including transmitting efficiency, imaging resolution, size miniaturization, beam focusing and shaping, and functionality. From the application viewpoint, LGUS technique has been demonstrated for its potential in a number of applications including biomedical imaging, therapeutic ultrasound, and non-destructive evaluation. The LGUS platform possesses several advantages that can overcome limitations of conventional piezoelectric ultrasound method. (i) Through thermoelastic approach, the LGUS transmitters can generate a broadband ultrasound (from tens of MHz to even hundreds of GHz) provided that a short laser pulse is used to irradiate on an absorptive thin film. This is because the mechanism is based on photoacoustic effect, instead of the resonant characteristics used in piezoelectric transducers. In addition, flat spectral response can be intrinsically achieved. (ii) Imaging with high spatial resolution can be achieved. For ultrasound imaging, high resolution can be provided by either focusing acoustic waves to a diffraction-limited spot size or generating ultrasound in small pitches for phased array implementation. Both approaches can be realized by the LGUS method. Together with its capability to generate ultrasound with high frequency and broad bandwidth, the LGUS platform can provide high resolutions in both the lateral and axial directions. (iii) When combined with a noncontact ODUS sensing technique, LGUS technique provides a completely remote system that can be applied to harsh regions that are difficult to access, such as high pressure and high temperature [106], corrosive, and radioactive environments. Since it is a noncontact approach, it will not interfere with the sample being evaluated. (iv) LGUS technique also offers high tolerance to electromagnetic interference. (v) The fast development in LGUS technology has, in turn, triggered growing interest in constructing AOUSTs and their imaging applications to biomedicine. AOUSI has unique advantages in certain aspects over traditional piezoelectric ultrasound imaging. It seems to be observed that the growing interest and development speed of these techniques in medical imaging are faster than those in industrial applications.



Effective and broadband LGUS transmitters should possess high conversion efficiency of radiation energy to heat, large coefficients of thermal expansion, and fast heat diffusion to the surroundings. Deduced by the above review, several principles can be followed when choosing suitable LGUS transmitters. (i) As for the absorbers, metallic or carbon-based materials should have low specific heat capacity for high light-to-heat conversion efficiency. (ii) As for the surrounding medium, materials such as PDMS with large coefficients of thermal expansion are desired for high heat-to-ultrasound conversion efficiency. (iii) The size of absorptive materials has a significant impact on their heat transition to the surrounding medium. The nanoscale dimension of absorbers allows short thermal diffusion time, which is essential for high-frequency ultrasound generation. In addition to the size, high thermal conductivity of the absorber and high thermal diffusivity of the surrounding medium are helpful for optimization of fast heat transition. (iv) LGUS transmitters are better to be made in the form of a film on a transparent substrate or a solid freestanding film, which facilitates laser illumination and their use in water or liquid environment. (v) A tradeoff between the light absorption and film thickness for optimization between the amplitude and bandwidth of generated ultrasound should be considered in designing LGUS transmitters. (vi) For AOUSTs, suitable and elegant integration of LGUS transmitters and ODUS detectors are of great significance in imaging performance and size miniaturization. Despite intense investigation in recent years, LGUS technology still has a lot of room for improvement. The following future directions are of practical significance. (i) The nanocomposites capable of highly-efficient photoacoustic conversion hold great promise for high-amplitude LGUS transmission. Further optimization of these nanocomposites is still a lack of LGUS research. The optimization includes an optimal density or ratio of the absorber in the whole composite, suitable arrangement of the absorber and the surrounding material, enhancement of optical extinction in thin-film transmitters, and robustness against high optical fluence. Such optimization can potentially be used for advanced diagnostic and therapeutic applications. (ii) The future research of fiber-optic LGUS transmitters for interventional imaging and therapy should emphasize their biocompatibility and safety. The toxicity of nanocomposites used as part of medical devices is not fully tested yet. How to reduce side effects and how to ensure a safe delivery of strong laser pulses are key issues in this research. The power of ultrasound should be below the threshold pain level (<1.5 W/cm2) [107], and the fluence of any single laser pulse on the skin surface should follow the ANSI standard (<20 mJ/cm2). (iii) Multi-modality imaging provides complementary information. Besides AOUSI, photoacoustic imaging and other imaging modes, if integrated, will notably improve the acquired medical information about functional physiology and pathology. In addition, development of multi-modality endoscopy is promising by taking advantage of recent progress in optical endoscopic probes [108,109]. AOUST may share several components of the optical probes, which facilitates the incorporation of ultrasound modality. (iv) The application of LGUS transmitters for real-time ultrasound imaging is rarely investigated. Development of an LGUS-based high-speed imaging system that meets the needs of modern medicine is a valuable research direction for the future. Array implementation of LGUS transmitters, as well as ultrasound receivers, can be one approach to realize real-time ultrasound imaging. (v) The majority of current research focus of LGUS technology still lies in basic research. More clinical and industrial tests should be conducted for its prevalence.



LGUS transmitters and their use for AOUSI could provide groundbreaking opportunities for high-resolution imaging and detection, precise localization, image-guided surgery and therapy, interventional procedures, and remote sensing. With advances in LGUS technology, LGUS transmitters and AOUSI systems will continue to improve on their performance and functionality in the coming years, and thus, advanced applications such as high-resolution endoscopic diagnosis and real-time non-destructive assessment becomes possible. Further research on LGUS is of great importance to transform research studies into practical or clinical prevalence.
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Appendix


Table A1 and Table A2 summarize the characteristics of LGUS transmitters and AOUSTs with their applications to AOUSI, respectively.
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Table A1. Summary of the characteristics of laser-generated ultrasound transmitters, AuNPs: gold nanoparticles; CB: carbon black; CNFs: carbon nanofibers; CNTs: carbon nanotubes; CSNPs: candle soot carbon nanoparticles; NDT: nondestructive testing; PDMS: polydimethylsiloxane; rGO: reduced graphene oxide.
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Absorptive Material-Elastomer

	
Design and Structure

	
Specification

	
Peak Pressure (MPa)

	
Laser Density (mJ/cm2)

	
Band-Width (MHz)

	
Application

	
Reference






	
AuNPs–PDMS

	
Planar

	
-

	
0.0027

	
~20

	
-

	
-

	
[43]




	
AuNPs–PDMS

	
Planar

	
-

	
0.19

	
13

	
3.1

	
-

	
[39]




	
AuNPs–PDMS

	
Fiber

	
Core size: 400 μm

	
0.0075

	
-

	
-

	
-

	
[60]




	
AuNPs–PDMS

	
Fiber

	
Core size: 400 μm

	
0.037

	
126

	
2.1

	
-

	
[62]




	
AuNPs–PDMS

	
Fiber

	
Core size: 400 μm

	
0.64

	
8.75

	
>20

	
Tissue imaging

	
[46]




	
AuNPs

	
Fiber

	
-

	
0.0024

	
~4200

	
-

	
-

	
[61]




	
AuNPs

	
Fiber

	
Array element 1

	
0.0016

	
1770

	
-

	
-

	
[74]




	
Au nanopores

	
Fiber

	
Core size: 62.5 μm

	
0.0027

	
~100

	
7

	
-

	
[59]




	
Au

	
Planar

	
-

	
0.24

	
23

	
78

	
-

	
[40]




	
Al with rGO

	
Planar

	
-

	
~9

	
56

	
-

	
-

	
[49]




	
Al

	
Array

	
Array element 2

	
-

	
-

	
-

	
-

	
[75]




	
Steel

	
Focused

	
Aperture: 28 mm

	
1

	
~10

	
-

	
NDT of cracks

	
[79]




	
Cr

	
Focused

	
Aperture: 6.35 mm

	
0.02–0.03

	
~0.5

	
-

	
-

	
[68]




	
CNFs–PDMS

	
Planar

	
-

	
12

	
3.7

	
8

	
-

	
[56]




	
CSNPs–PDMS

	
Planar

	
-

	
4.8

	
3.6

	
21

	
-

	
[57]




	
CNTs–PDMS

	
Fiber

	
Core size: 200 μm

	
4.5

	
36

	
15

	
-

	
[54]




	
CNTs–PDMS

	
Fiber

	
Core size: 200 μm

	
4

	
96

	
20

	
-

	
[77]




	
CNTs–PDMS

	
Focused

	
Aperture: 6 mm

	
57

	
260–270

	
-

	
High-precision therapy

	
[30]




	
CNTs–PDMS

	
Focused

	
Aperture: 15 mm

	
30

	
20

	
-

	
-

	
[72]




	
CB–PDMS

	
Planar

	
-

	
0.8

	
~10,000

	
-

	
-

	
[52]




	
CB–PDMS

	
Array

	
Array element 3

	
-

	
-

	
~100

	
-

	
[27]




	
CB–PDMS

	
Array

	
Array element 4

	
-

	
-

	
~100

	
-

	
[73]




	
Graphite powder

	
Fiber

	
Core size: 600 μm

	
0.15

	
~3.5

	
50

	
-

	
[76]




	
Black acrylic dye

	
Focused

	
-

	
~0.02

	
-

	
-

	
-

	
[67]








1 Element defined by different sizes of AuNPs; 2 element defined by micro-mirror spatial light modulator; 3 element defined by optical focused spot (15 μm). 4 Element defined by optical focused spot (5 μm).
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Table A2. Summary of all-optical ultrasound transducers and imaging, AOUSI: all-optical ultrasound imaging; FP: Fabry–Perot; IVUS: intravascular ultrasound; US/PA: ultrasound and photoacoustic.
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Laser-Generated Ultrasound

	
Optical Ultrasound Detection

	
Performance: Bandwidth (MHz); Lateral Resolution (μm); Axial Resolution (μm)

	
Imaging or Application

	
Reference




	
Absorptive Material-Elastomer

	
Design and Structure

	
Specification






	
AuNPs

	
Planar

	
-

	
Thin-film FP etalon

	
57; 38; 19

	
-

	
[28,29]




	
CB–PDMS

	
Planar

	
-

	
Thin-film FP etalon

	
40; NA; NA

	
-

	
[89]




	
CNTs–PDMS

	
Planar

	
-

	
Thin-film FP etalon

	
27; NA; NA

	
-

	
[88]




	
Polyimide

	
Planar

	
-

	
Thin-film FP etalon

	
29; 71; 35

	
-

	
[95]




	
Polyimide

	
Planar

	
-

	
Thin-film FP etalon

	
~48; 70; 35

	
-

	
[96]




	
Silicon

	
Planar

	
-

	
Microring resonator

	
28; 305; 169

	
US/PA dual modality

	
[100]




	
Dichroic filter

	
Planar

	
-

	
Microring resonator

	
~17; 2.52° 1; 125

	
US/PA dual modality

	
[102]




	
Ti

	
Planar

	
-

	
Pump-probe detection

	
~105 ; 2; NA

	
Cell mechanics

	
[104]




	
CNTs–PDMS

	
Fiber

	
Core size: 200 μm 2

	
Fiber FP etalon

	
~20; 88; 64

	
AOUSI of swine aorta

	
[77]




	
CNTs–PDMS

	
Fiber

	
-

	
Thin-film FP etalon

	
~40; NA; NA

	
AOUSI of swine aorta

	
[90]




	
CNTs–PDMS

	
Fiber

	
Core size: 200 μm

	
Fiber FP etalon

	
NA

	
Real-time guidance

	
[103]




	
CNTs–PDMS

	
Fiber

	
-

	
Fiber FP etalon

	
NA; NA; 60

	
IVUS

	
[105]




	
Carbon

	
Fiber

	
-

	
Fiber FP etalon

	
40–50; NA; NA

	
-

	
[94]




	
AuNPs

	
Fiber, array

	
-

	
Fiber FP etalon

	
NA

	
-

	
[74]




	
CB

	
Fiber, focused

	
Lens aperture: 2 mm

	
Fiber FP etalon

	
-

	
AOUSI of aorta

	
[93]




	
Cr

	
Focused

	
Cylindrical focus

	
Integrating detector

	
~18; ~60 3

	
US/PA dual modality

	
[101]








1 Lateral resolution is in the unit of degree; 2 Overall diameter of the AOUST probe is <0.84 mm; 3 In-plane resolution.
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Figure 1. (A) Scanning electron microscope (SEM) picture of the two-dimensional (2D) Au nanostructure (top view); and (B) schematic of the 2D Au nanostructure on a substrate (side view). Reproduced with permission from [43], AIP Publishing, 2006. 
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Figure 2. SEM pictures of: carbon nanotubes (CNTs) (A); carbon nanofibers (CNFs) (B); and candle soot carbon nanoparticles (CSNPs) (C). Reproduced with permission from: [55], RSC Publishing, 2015 for (A); [56], AIP Publishing, 2015 for (B); and [57], AIP Publishing, 2015 for (C). 
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Figure 3. Schematics of: fiber-optic transmitter (A); focused transmitter (B); array transmitter with its pitch defined by spatially selective pulsed laser heating (C); and array transmitter with its pitch defined by spatially fabricated absorbers (D). Blue lines represent short laser pulses. 
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Figure 4. SEM pictures of the fiber-optic laser-generated ultrasound (LGUS) transmitters using: Au nanopores (A); and CNTs-polydimethylsiloxane (CNTs–PDMS) (B). Reproduced with permission from: [59], SPIE, 2013 for (A); and [54], AIP Publishing, 2014 for (B). 
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Figure 5. Measurement setup for the LGUS characterization. The laser bean is expanded and then irradiated on the CNT lens. The generated ultrasound is optically detected by scanning the fiber-optic hydrophone. Inset: two types of CNTs–PDMS focused LGUS transmitters. Reproduced with permission from [30], Nature Publishing Group, 2012. 
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Figure 6. (A,B) All-optical ultrasound imaging (AOUSI) of swine aorta samples with a scale bar of 2 mm. B: the base of the tissue mount; LN: a lymph node; SB: a side branch; T: tunica media; V: a vessel; X: cross-talk. Arrows indicate the reflective layers, which may correspond to the intima. (C,D) The corresponding histology of aorta sections imaged in (A,B), respectively. Reproduced with permission from [77], OSA Publishing, 2015. 
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Figure 7. (A) The fiber-optic all-optical ultrasound transducer (AOUST) consisting of an optical fiber with a CNTs–PDMS nanocomposite coating for LGUS transmission and an adjacent fiber with an Fabry-Perot (FP) etalon for optical detection of ultrasound (ODUS) sensing. Tubular metal housing is also shown. (B) The imaging system for the AOUST probe. CW: continuous wave; GPIB: general purpose interface bus; PCI: peripheral component interconnect. Reproduced with permission from [77], OSA Publishing, 2015. 
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Figure 8. (A) Schematic of ultrasound imaging where the 532-nm laser is absorbed by the dichroic filter. (B) Schematic of photoacoustic imaging where the 750-nm laser passes through the filter for photoacoustic excitation. Reproduced with permission from [102], Elsevier GmbH, 2014. 
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Figure 9. AOUSI cell images (taken at 10 GHz) of: the nuclear region (C); and lamellipodium (D). The upper row shows white-light images of: the nuclear region (A); and lamellipodium (B) for comparison. The scale bar of 10 mm applies to all images. The contour of the cell, the structure of the nucleus and the fine details of the fibrillar lamellipodium are clearly observed by the very high acoustic contrast. Reproduced with permission from [104], Nature Publishing Group, 2015. 
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