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Supplementary Figures and Tables 

 

Fig. S1 Self-healing PDMS. a Before concentration. b After concentration and curing 

 

Fig. S2 TMA test of the self-healing PDMS 
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Fig. S3 The process of the self-healing PDMS at room temperature. a Before self-healing. b 

After self-healing 

 

Fig. S4 The self-healing optoacoustic patch. a Side view. b SEM image 

 

Fig. S5 Waveform and spectrogram of the ordinary PDMS based optoacoustic patch (a) and 

self-healing PDMS based optoacoustic patch (b) 
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Fig. S6 Comparison of self-healing performance of self-healing optoacoustic patches with 

different CNT concentrations. a 5.0 wt%. b 6.7 wt%. c 8.3wt%. d 10.0 wt% 

 

Fig. S7 The self-healing performance of the self-healing optoacoustic patch. a Before cutting. 

b After self-healing. c Electrical conduction by the self-healing optoacoustic patch 

 

Fig. S8 The photo of the laser irradiated area and SEM image of local thermal damage area at 

50 mJ/pulse for 5 min 
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Fig. S9 Peak sound pressure after several times of burning/self-healing with an intensity of 50 

mJ/pulse for 5 min (n = 4) 

 

Fig. S10 Waveform and spectrogram of the self-healing optoacoustic patch after cut. Waveform 

and spectrogram in a the initial state and b after self-healing 

 

Fig. S11 Waveform and spectrogram of the self-healing optoacoustic patch after burning. 

Waveform and spectrogram in a the initial state and b after self-healing 
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Fig. S12 Acoustic flow without the optoacoustic patch 

 

Fig. S13 Size/shape changes of thick blood clots. a Before optoacoustic treatment. b After 

optoacoustic treatment 

 

Fig. S14 PZT piezoelectric ceramic. a The size/shape of ceramic. b Echo and spectrum diagram 

 

Fig. S15 Signals received by the wireless energy harvesting devices. a Time domain diagram 

of the received signal (40 V). b The power spectrum diagram (SNR = 11.69 dB) 
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Fig. S16 The comparison of outputs of energy collection based on the optoacoustic patch and 

laser energy collection. a With and b Without the optoacoustic patch 

 

Fig. S17 The optoacoustic patch for wireless energy harvesting in water 

Table S1 Damage types of self-healing materials and their self-healing mechanisms 

Materials Damages Mechanisms Refs. 

PDMS-MPU Physical cutting Hydrogen bonds [S1] 

Metal complexes Physical cutting Metal-ligand-interactions [S2] 

Furan/Maleimide Physical cutting Diels-Alder (DA) reactions [S3] 

Synthesized PUSA Physical cutting Disulfide bonds [S4] 

Hydrogels with PNIPAM 

copolymers and OSA 
Physical cutting Acyl hydrazone bonds [S5] 

PVA-Py with CNTs Physical cutting π-π stacking [S6] 

Cement pastes with carbon 

nanomaterials 
Thermal damage Hydration [S7] 

EMI-modified epoxy with 

microcapsules 
Electrical damage Anionic polymerization [S8] 
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Table S2 Parameters of the PZT piezoelectric ceramic 

Parameter Value 

Piezoelectric coefficient d33 410 pC/N 

Electromechanical coupling coefficient k33 64% 

Thickness h 2 mm 

Diameter Ø 10 mm 

Density ρ 7600 kg/m3 

Center frequency f 1 MHz 

Table S3 The comparison of laser damage thresholds of optoacoustic devices 

Optoacoustic devices Laser Damage Threshold（mJ/cm2） 

Ref. [S9] 22.93 

Ref. [S10] 81 

Ref. [S11] 108.6 

Ref. [S12] 178.34 

This work  

CNT of 4.0 wt% > 183.44 

CNT of 5.0 wt% > 183.44 

CNT of 6.7 wt% > 183.44 

CNT of 8.3 wt% 101.91 

CNT of 10.0 wt% 81.2 

Table S4 The comparison of optoacoustic devices based on carbon-based nanomaterials-PDMS 

composites 

Laser absorbing 

material/therma

l expansion 

material 

Substrate 

Laser energy 

density 

（mJ/cm2） 

Center 

frequency 

（MHz） 

Maximum output 

positive/negative 

sound pressure

（MPa） 

Optoacoustic 

conversion 

efficiency

（×10-3） 

CNF/PDMS 

[S13] 
Glass 3.71 3 +12.15/-1 ~1.66 

CSNP/PDMS 

[S9] 
Glass 3.57 10 +4.8/-1 4.41 

CNT/PDMS 

[S12] 
No 178.34 7.8 +15/-2 2.99 

Poly(urea-

urethane)-

CNT/PDMS 

[S14] 

Glass 203.82 2.5 +15/-8 ~3.52 

This work No 117.20 8 +15/-13.55 10.66 

The optoacoustic conversion efficiency (𝜂) is calculated by the following formula [S15]:  

 𝜂 =
1

𝐹
∫

𝑝2(𝑡)

𝜌𝑐

+∞

−∞

𝑑𝑡 (S1) 

In which, F is input laser energy density, 𝑝 is instantaneous sound pressure, 𝜌 is density 

(𝑝𝑤𝑎𝑡𝑒𝑟 = 1000 𝑘𝑔/𝑚3), and c is the speed of sound (𝑐𝑤𝑎𝑡𝑒𝑟 = 1480 𝑚/𝑠). 
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Note S1 Theory of Optoacoustic Conversion Efficiency 

The mechanism of the laser-induced ultrasonic effect is that the optoacoustic composite 

material (light-absorbing material/thermal expansion material) firstly absorbs the energy of the 

short-pulse laser, then generating periodic thermal expansion and contraction, thereby emitting 

ultrasonic waves. It includes a complex energy conversion process: from light energy to thermal 

energy, and then to mechanical energy (sound waves) [S16]. Moreover, the generation of 

optoacoustic signals needs to meet thermal and stress constraints: the duration of the laser pulse 

should be shorter than the thermal relaxation time to generate a large temperature gradient 

[S16]; the pulse width should be shorter than the acoustic relaxation time [S17]. Therefore, 

nanosecond pulsed lasers are usually utilized to irradiate optoacoustic composites to generate 

strong optoacoustic signals. The optoacoustic pressure amplitude (P) obtained by optoacoustic 

composites is expressed as [S18, S19]: 

 𝑃 = Γ ∙ 𝐴 ∙
𝐹

𝐿
 (S2) 

where Γ =  β𝑐2/𝐶𝑝 is the Grüneisen coefficient, L is defined as the characteristic length 

of the absorption region (m), A is the light absorption rate (dimensionless), F is the laser energy 

density (J/m2), β is the volume thermal expansion coefficient (K-1), c is the speed of sound (m/s), 

𝐶𝑝 is the heat capacity (J/K). 

The characteristic length of the absorption region (L = max (𝑐𝜏𝑙, 1/α)) depends on the 

maximum of the thickness of the absorption region or the penetration depth of the incident light, 

where 𝜏𝑙 is the pulse laser width (ns) and α is the absorption coefficient (cm-1), formula (S1) 

can be further expressed as: 

 𝑃 =

{
 
 

 
 
𝛽𝑐2

𝐶𝑝
∙ 𝐴 ∙

𝐹

𝑐𝜏𝑙
       𝑐𝜏𝑙 ≫ 1/𝛼 

𝛽𝑐2

𝐶𝑝
∙ 𝐴 ∙

𝐹

1
𝛼

        𝑐𝜏𝑙 ≪ 1/𝛼

                         

 (S3) 

The above formula (S3) shows that the optoacoustic pressure amplitude gained by the 

pulsed laser is proportional to the material's own characteristics and the laser irradiation 

conditions, which provides guidance for the study of high-performance optoacoustic composite 

materials. In order to obtain high-amplitude optoacoustic signals, optoacoustic composite 

materials are required to have not only a high light absorption coefficient, but also a large 

thermal expansion coefficient, high wave velocity, and low heat capacity. In addition, it is 

obvious that a large input laser energy density is also the key to generate high-amplitude 

optoacoustic signals. 

The optoacoustic conversion efficiency is the ratio of the output sound pressure energy to 

the incident laser energy, which is an important standard to measure the performance of the 

optoacoustic transducer. For high optoacoustic conversion efficiency, the thickness of the light-

absorbing layer should be much smaller than the acoustic propagation length within the duration 

of the laser pulse, as long as it does not significantly affect its light-absorbing properties. 

Therefore, the generation of optoacoustic signals in thin light-absorbing layers should conform 

to the long-pulse mechanism (𝑐𝜏𝑙 ≫ 1/𝛼). Moreover, the generation of optoacoustic signals in 

optoacoustic composites is mostly classified as a long-pulse mechanism, and the optoacoustic 

conversion efficiency can be expressed as the above formula (S1). 
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Under the long-pulse mechanism, since the time distribution of optoacoustic pulses is 

equal to that of Gaussian laser pulses, P(t) can be expressed by the duration of laser pulses (𝜏𝑙) 
[S20]: 

 𝑝(𝑡) = 𝑝0𝑒𝑥𝑝 (−𝑙𝑛2
𝑡2

𝜏𝑙2
) (S4) 

 ∫ 𝑝2(𝑡)
+∞

−∞

𝑑𝑡 = 0.75 ∙ 𝑝0
2𝜏𝑙 (S5) 

Then combine Eqs. (S3) and (S5) to determine the optoacoustic conversion efficiency 

under long pulse conditions [S20]: 

 𝜂 = 0.75 ∙ 𝐴2 ∙ (
𝛽

𝐶𝑝
)2 ∙

𝑐𝐹

𝜌𝜏𝑙
 (S6) 

Therefore, higher light absorption rate (A), thermal expansion coefficient (β), and input 

laser energy density (F), lead to higher optoacoustic conversion efficiency (𝜂). 

Note S2 Sound Pressure Approximation Test 

In this study, the device with a CNT concentration of 6.7 wt% has already produced an 

optoacoustic signal with a peak sound pressure close to 15 MPa when the laser energy is 20 

mJ/pulse. However, it is limited due to the hydrophone testing range (peak sound pressure 1 

kPa~15 MPa). Although the laser energy continues increasing, the actual sound pressure cannot 

be measured (beyond the test range). Hence, we design an approximate experiment with the 

following method: 

 

Fig. S18 Approximate experimental results. a Variation of optoacoustic pressure at laser 

intensity of 23 mJ/pulse. b Sound pressure with different distances in the three lines. c Variation 

of sound pressure at various laser energy at a distance of 8 mm 

As shown in Fig. S18a, the output sound pressure attenuates remarkably as the distance 

increases. When the distance is about 8 mm, the sound pressure decreases to about half of the 

initial (Fig. S18b). Therefore, by testing the sound pressure value of 8 mm, the peak sound 

pressure output generated by the optoacoustic patch can be estimated. Figure S18c shows the 
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variation of sound pressure at a distance of 8 mm at different laser energy. Since the peak sound 

pressure is greater than 12.5 MPa at 36 mJ/pulse, it is inferred that the peak sound pressure of 

the patch can exceed 25 MPa. 

Captions for Supplementary Movies 

Movie S1 Acoustic flow experiment based on the optoacoustic patch (6.7 wt%, 23 mJ/pulse) 

Movie S2 Control experiment: acoustic flow experiment without the optoacoustic patch (6.7 

wt%, 23 mJ/pulse) 

Movie S3 Thrombolysis experiment based on optoacoustic patch-thin blood clot (6.7 wt%, 23 

mJ/pulse) 

Movie S4 Thrombolysis experiment based on optoacoustic patch-thick blood clot (6.7 wt%, 23 

mJ/pulse) 

Movie S5 Wireless energy harvesting based on the optoacoustic patch in air (6.7 wt%, 23 

mJ/pulse) 

Movie S6 Lighting experiment of wireless energy harvesting based on the optoacoustic patch 

(a red LED, five 47 μF capacitors in series, 6.7 wt%, 23 mJ/pulse) 

Movie S7 Laser-based wireless energy harvesting (23 mJ/pulse) 

Movie S8 Wireless energy harvesting based on the optoacoustic patch in water (6.7 wt%, 23 

mJ/pulse) 
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