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A B S T R A C T   

Seals, as well as other terrestrial and marine animals, utilize their whiskers as key tactile sensors to locate and 
track underwater wakes. Herein, an underwater bionic whisker sensor (UBWS) based on triboelectric nano-
generator was designed for capturing complex stimuli produced by moving aquatic species and using the ac-
quired signals to follow their hydrodynamic trails. The UBWS is inspired by the structural properties of seal 
whiskers and incorporates a free-standing triboelectric nanogenerator, which gives it ability to capture vortices 
passively. The design of the UBWS is fully flexible and self-powered, which eliminates the need for an external 
power source while retaining the capability of high sensitivity to stimuli. Moreover, the output signal’s inter-
action with the movement parameters was highly correlated, and this principle was utilized to determine the 
relative motion state of an underwater moving object. Experiments demonstrated that the developed UBWS was 
capable of perceiving the hydrodynamic trails created by moving objects underwater. These new insights into the 
biological foundation of tactile perception through whiskers provide new design criteria for developing efficient 
underwater robotic sensors.   

1. Introduction 

The design of marine intelligent equipment, such as unmanned ships, 
submarines, and underwater robots, has become a popular topic in 
ocean exploration and transportation activities [1,2]. The accurate 
perception ability in complex ocean environments is the key to the safe, 
stable, and efficient operation of marine intelligent equipment, espe-
cially in underwater environments [3,4]. Underwater vision technology 
based on optics and underwater hearing technology based on ultrasound 
have been widely used in practical engineering. However, optics and 
ultrasound are also affected by many types of interference during un-
derwater transmission [5–10]. For example, the scattering caused by 
underwater suspended objects leads to problems of underwater vision 
such as low contrast, blurred edges, and poor quality. The sound waves 
are susceptible to ocean noise, self-noise, target reflection characteris-
tics, obstacles, and others, resulting in multipath effects and Doppler 
frequency shifts. This interference makes it difficult for underwater 

intelligent equipment to work agilely in turbid and narrow areas. 
Therefore, there is an urgent need to develop new underwater sensing 
technologies for underwater intelligent equipment to enhance the abil-
ity to perceive the surrounding environment. 

As a new sensing form for the underwater environment, tactile 
perception can provide environmental information for underwater 
equipment [11]. Some research groups have concentrated on under-
water bionic tactile technology inspired by the abilities of underwater 
creatures to sense variations in the external environment [12–14]. Fish 
and some aquatic amphibians with lateral line systems are able to 
perceive small fluid movements and pressure gradient changes. Pressure 
sensors and micro- electromechanical systems (MEMS) technology can 
be used to construct artificial lateral line arrays, which can evaluate the 
environmental flow field by sensing variations of the pressure [15,16]. 
With their facial whiskers, seals can effectively perceive variations of the 
environmental flow field caused by external factors [17,18]. Based on 
the capabilities of seal whiskers, a fluid motion sensor was designed, and 

* Corresponding authors. 
E-mail addresses: xiegming@pku.edu.cn (G. Xie), taoj@nankai.edu.cn (J. Tao), xuminyi@dlmu.edu.cn (M. Xu).   

1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Nano Energy 

journal homepage: www.elsevier.com/locate/nanoen 

https://doi.org/10.1016/j.nanoen.2022.107210 
Received 30 January 2022; Received in revised form 14 March 2022; Accepted 26 March 2022   

mailto:xiegming@pku.edu.cn
mailto:taoj@nankai.edu.cn
mailto:xuminyi@dlmu.edu.cn
www.sciencedirect.com/science/journal/22112855
https://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2022.107210
https://doi.org/10.1016/j.nanoen.2022.107210
https://doi.org/10.1016/j.nanoen.2022.107210
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2022.107210&domain=pdf


Nano Energy 97 (2022) 107210

2

some fluid properties of the seal whiskers were explored [19]. Graphene 
materials and piezoelectric materials can be used to design whisker 
sensors to sense the environmental flow field based on the deflection of 
the bionic whiskers [20,21]. To the best of the authors’ knowledge, there 
has been no study combining triboelectric nanogenerators (TENGs) with 
seal whiskers. 

TENGs based on triboelectrification and electrostatic induction have 
been developing as an innovative electromechanical conversion tech-
nology, providing ultra-high sensitivity to mechanical stimuli and 
exhibiting excellent performances in energy har- vesting and self- 
powered sensing [22–25]. Self-powered TENG sensors have shown re-
sponses to environmental stimulation [26,27], ultra-high sensitivity to 
acoustic properties [28,29], wearable devices [30–35], harvesting of 

ocean waves and current energy [36–38], human-computer interactions 
[39,40], and status monitoring [41–44]. An early study proposed a 
triboelectric whisker sensor based on the bionic structures of rat whis-
kers that could evaluate unknown environments [45,46]. TENG can be 
composed by the diversity of flexible materials, therefore it has excellent 
adaptability with supporting structures. More importantly, the TENG 
can produce high voltage output under minor disturbances. This makes 
sensors based on TENG have the advantages of self-powered and high 
signal-to-noise ratio. With these capabilities, a bionic tactile sensor 
based on TENGs could provide a novel and simple solution for the tactile 
sensing of underwater intelligent equipment. 

Herein, we report a fully flexible, simple-structure, self-powered, 
free-standing channel underwater bionic whisker sensor (UBWS) for 

Fig. 1. Structure and working mechanism of underwater bionic whisker sensor (UBWS). (a) A seal tracks a moving fish underwater with its whiskers. (b) A target is 
perceived through the effect of the vortex on the whiskers. (c) Structural diagram of UBWS. (d) Scanning electron microscopy image of the structure of a seal whisker. 
(e) Scanning electron microscopy image of the conductive ink electrodes. (f) Schematic charge distribution as the fluorinated ethylene propylene (FEP) film moves. 
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sensing passive vortices caused by swimming targets. The UBWS is 
composed of an inner TENG perceiving unit, a flexible silicone follicle, 
and an artificial whisker. Furthermore, the perceiving unit is encapsu-
lated with electrostatic shielding material, which improves the output 
performance of the UBWS underwater. The performance of the UBWS 
was systematically studied both theoretically and experimentally. Three 
motion parameters of the target affected the output performance of the 
UBWS, and the regular pattern suggested that the UBWS could be used to 
assess the motion state of the underwater target. Through theoretical 
analysis, a composite model of the UBWS was constructed to deeply 
study its perceptual capabilities. Finally, based on the perception 
capability of the UBWS, we realized the real-time control of external 
modules, monitoring of the target motion status, and tracking of un-
derwater targets. 

2. Results and discussion 

2.1. Structure and working principle of underwater bionic whisker sensor 

Fig. 1(a) and (b) show the schematic diagram of a swimming fish 
tracked by a seal, which is capable of identifying and locating prey by 
perceiving the change of the vortices in the flow field using its whiskers. 
In early studies [19], researchers found that the seal whiskers have 
unique wave-shaped characteristics, which assist in perception and 
reduce the effects of vortex-induced vibrations by seal’s own motion. 
The detailed scanning electron microscopy photograph of the whisker is 
shown in Fig. 1(d). Based on this structure, an underwater bionic 
whisker sensor was designed to sense underwater vortices from a mov-
ing target passively. As shown in Fig. 1(c), the structure of the UBWS was 
mainly composed of an inner TENG perceiving unit, a flexible silicone 
follicle (Dragonskin 00–20), and an artificial whisker (poly-
dimethylsiloxane, PDMS). The follicle wrapped the upper half of the 
perceiving unit, and the artificial whisker wrapped the lower half. The 
difference in the material elasticity be- tween the upper and lower 
halves caused the main deflection point of the UBWS on the perceiving 
unit interval. Furthermore, the perceiving unit consisted of 
aluminum-coated polyethylene glycol terephthalate/cast polypropylene 
(A-PET/CPP), fluorinated ethylene propylene (FEP), and conductive ink. 
It is worth noting that the FEP film and conductive ink painted on the 
FEP film were the dielectric layer and electrodes, respectively. Fig. 1(e) 
shows the scanning electron microscopy image of the conductive ink 
electrodes. The increased roughness of the ink surface could increase the 
contact area between the two materials, resulting in the improvement of 
the output voltage of the UBWS. Furthermore, A-PET/CPP was used as 
the packaging material of the perceiving unit. Due to the Faraday cage 
effect of the electrostatic shielding material, the performance of the 
UBWS only attenuated 10% in the underwater environment compared to 
air, as shown in Fig. S1. 

Fig. 1(f) shows a generation cycle of the UBWS under short-circuit 
conditions. When the artificial whisker deflected, the dielectric layer 
contacted the electrode layer on one side, creating opposite charges on 
the surfaces of the two materials through a triboelectric effect. The 
dielectric layer had a negative charge on its surface, and the electrode 
layer had a positive charge due to the higher electronegativity of the FEP 
than that of the conductive ink. When the dielectric layer was separated 
from the electrode layer, a positive charge was generated at the opposite 
electrode due to the flow of free electrons in the external circuit from 
one side of the electrode layer to the other, balancing the potential 
difference. Affected by the pressure difference due to the vortex, the 
whisker continued to deflect, and the charge was completely transferred 
when the dielectric layer contacted the electrode layer on the other side. 
Thereafter, the whisker returned to its neutral position, and the charge 
began a round of reverse transfer, creating an opposite output signal. 
Fig. S2 shows the simulated potential distribution for the four states, 
these results were obtained in COMSOL using finite element analysis. 
Based on the visualization of the flow field, the detailed sensing 

mechanism of the UBWS is described in Note S1. 

2.2 Output performance of UBWS 

A schematic of the experimental platform used to test the perfor-
mance of the UBWS is shown in Fig. 2(a), where a rubber fishtail driven 
by a steering gear was used as a vortex generator, and the UBWS was set 
up behind the fishtail to perceive its motion state. As shown in Fig. S3, 
we denote the swing angle, swing frequency, and dimensionless number 
distance as θ, f , and D/L, respectively. Here, D is the distance between 
the fishtail and the UBWS, and L is the characteristic length of the UBWS. 
For θ = 54deg and f = 2Hz, Fig. 2(b) shows the influence of D/L on the 
output voltage of the UBWS. As D/L gradually increased from 1 to 5, the 
peak output voltage increasingly decreased. This was because the 
pressure differential caused by the vortex gradually dissipated as the 
distance between the device and vortex increased. In addition, a leave- 
one-out cross-validation (LOOCV) strategy was used to fit the D/L − U 
model, and the detection accuracies and generalization performances of 
these models are shown in Fig. 2(c). This confirmed that the linear 
model had a high correlation coefficient of 0.99459 at all D/L values, 
with errors less than 3.2%. 

Fig. 2(d) shows the influence of the swing angle on the output 
voltage of the UBWS for D/L = 1 and f = 2Hz. As the θ increased from 
18 to 90 deg, the output voltage increased continually, but the trend 
gradually slowed. The detection accuracy and generalization of the θ − U 
model when using the LOOCV strategy are shown in Fig. 2(e). The 
output voltage also fits well with a quadratic function of the swing angle 
with a high correlation coefficient of 0.99815. To further illustrate the 
effects of D/L and the swing angle on the output, Fig. 2(f) shows the 
relationships between them. The two parameters had different effects on 
the output voltage signal of the UBWS, which indicated that the swing 
angle had a greater influence on the generated output voltage. The ef-
fects of the different electrode and dielectric layer materials on the 
output voltage of the UBWS are shown in Fig. S4. 

To investigate the effect of the swing frequency on the output, a vi-
bration dynamics model is described by the Euler–Bernoulli undamped 
beam model with a uniform cross-section, as shown in Fig. S6(a). Based 
on the model analysis and a simulation, the natural resonant frequency 
of the UBWS was around 2 Hz, meaning that the whisker could reach the 
best deflection state when the swing frequency of the fishtail was near 2 
Hz, which is shown in Fig. S6(b) and S6(c). For D/L = 1 and θ = 54deg, 
Fig. 2(g) shows that the output voltage of the UBWS reached a peak 
value when the swing frequency was close to the resonance frequency. 
The detection accuracy and generalization ability of the f − U model are 
shown in Fig. 2(h), indicating that the output voltage was fit well by a 
quadratic function of the swing frequency with a high correlation co-
efficient of 0.99276. Under the condition of D/L = 1, the relation- ship 
between the output voltage of the UBWS, swing frequency, and swing 
angle is shown in Fig. 2(i). Fig. S7(e) and S7(f) clearly illustrate the 
relationships between f , D/L, θ, and the output voltage of the UBWS for 
θ = 54deg and D/L = 1. For D/L = 2–5, the influence of the swing angle 
on the output voltage of the UBWS is shown in Fig. S7, proving the 
generality of the above results. The durability testing results of the 
UBWS are shown in Fig. S5. The output performance remained in a good 
state even after 30 days. The directional experimental results of the 
UBWS are shown in Fig. S8, indicating that the UBWS had a certain 
ability to resolve vortices in different directions. And the output per-
formance of the UBWS when the relevant parameters of water quality 
changed is shown in Fig. S11. Therefore, the proposal of the UBWS 
provides a novel and low-cost technical scheme for passive vortex 
perception. 

2.3 Scaling law of UBWS 

To study the perception mechanism of the UBWS in detail, models 
were used to quantify the vortices, which ultimately constituted the 
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perception model of the UBWS. A schematic of the process of fishtail 

swinging to produce an anti-Ka
́
rma

́
n vortex is shown in Fig. 3(a). Ac-

cording to the detailed theory [47–50] in Note S2, the vortex strength Γ 
can be expressed as 

Γ = αAfc = αf c2sin
θ
2

# (1) 

ere α is a proportionality factor, and c is the chord length of the 
fishtail. As shown in Fig. 3(b), the vortex strength was affected by both 
the swing angle and frequency, and the increase in the angle and fre-
quency would lead to an increase in the vortex strength. The vortex 
width h can be expressed as 

h = βA = βcsin
θ
2

# (2)  

where β is a proportionality factor. The relationship between the vortex 
width, swing angle, and swing frequency is shown in Fig. 3(c). The 
vortex width was fit well by a linear function of the swing angle, and the 

swing frequency basically did not affect the vortex width. A model 
relating the vortex to the force on the bionic whisker is shown in Fig. 3 
(d), where (xv, yv) is the coordinate of the vortex center, and (x,0) is the 
coordinate of the stress point. When a vortex flows near the whisker, the 
pressure difference would cause the whisker to deflect. According to the 
detailed theory [51,52] in Note S2, the maximum force on the surface of 
the artificial whisker Fmax can be expressed as 
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1
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(3)  

where La is the width of the artificial whisker, b is the length of the 
whisker, ρf is the density of the fluid, and uv is the velocity of the vortex 
in the x-direction. Fig. 3(e) shows the influence of the vortex strength 
and width on the maximum force on the artificial whisker. When the 
vortex width was constant, the maximum force increased with the in-
crease in the vortex strength. When the vortex strength was constant, the 

Fig. 2. The output performance of UBWS. (a) Schematic of the experimental setup used. (b) Response performance for D/L = 1–5 when θ = 54deg and f = 2Hz. (c) 
Leave-one-out cross-validation (LOOCV) for evaluating accuracy and generalization performance of the D/L − V model. (d) Response performance from θ = 18 to 90 
deg when D/L = 1 and f = 2Hz. (e) LOOCV validation for evaluating accuracy and generalization performance of the θ − V model. (f) Relationship between the output 
voltage of the UBWS, distance, and swing angle. (g) Response performance for f = 1Hz to 5Hz when θ = 54deg and D/L = 1. (h) LOOCV validation for evaluating 
accuracy and generalization performance of the f − V model. (i) Relationship between the output voltage of the UBWS, swing frequency, and swing angle. 
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maximum force decreased with the increase in the vortex width. Fig. 3(f) 
shows the influence of the vortex width and the swing frequency of the 
fishtail on the maximum force on the artificial whisker. Here note that 
the maximum force kept increasing when the swing frequency 
increased, but a greater force did not mean that the whisker would 
produce greater deflection. The deflection state of the whisker was still 
dominated by its resonance frequency. 

Finally, a more detailed model of the deflection of the artificial 
whisker is shown in Fig. 3(g), where the Euler–Bernoulli undamped 
whisker model with a uniform cross-section can be expressed as [53] 

EI∂4w
/

∂x4 + ρA∂2w
/

∂t2 = F(x, t)# (4)  

where w denotes the whisker’s lateral displacement, x is the whisker’s 
axial location, and F(x, t) is the external load at time t. As shown in Fig. 3 
(h), when f = 2Hz, the correlation between the experimentally 
measured value and the linear fit value reached 0.99411, which 
confirmed that UBWS realized the perception of underwater targets by 
sensing vortices. 

3. Demonstration of UBWS 

3.1 Application of UBWS in real-time control 
Fig. 4(a) shows a photograph of the experimental electronic setup, 

with an Arduino Uno R3 used as a circuit board to perform signal 
sampling and data processing. The number of light-emitting diodes 
(LEDs) illuminated represented the relative distance between the un-
derwater target and the UBWS. A panoramic view of the experimental 
setup is shown in Fig. 4(b), in which the UBWS and the vortex generator 
were installed on two optical plates, and the distance between them 
could be changed. The performance of UBWS under the influence of 
waves noise under the condition of D/L = 1, f = 2Hz and θ = 54deg is 
shown in Fig. S12, and the signal-to-noise ratio is about 19 dB without 
filtering. The corresponding circuit is depicted in Fig. 4(c). When the 
vortex from the motion of the underwater target was captured by the 
UBWS, an output voltage signal was generated. The UBWS controlled 
the on/off state of the LED lights by a threshold strategy (see Supple-
mentary Movie S2). When the output voltage of the UBWS was in the 

Fig. 3. Theoretical models of the UBWS. (a) Schematic of the flow field behind the fishtail. (b) Relation- ship between the vortex strength, swing angle, and swing 
frequency. (c) Relationship between the vortex width, swing angle, and swing frequency. (d) Schematic of the force on the whisker exerted by the vortex. (e) In-
fluence of the vortex strength on the surface force of the whisker under different vortex widths. (f) Influence of the vortex width on the surface force of the whisker 
under different vortex frequencies. (g) Schematic of the deflection of the whisker by a force. (h) Theoretical value of the output voltage of the UBWS and the actual 
measured value under different forces. 
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preset signal interval, the designed control strategy identified the rela-
tive distance between the underwater target and the UBWS corre-
sponding to this interval, and the corresponding switch value to light up 
the LED was output by the Arduino. The results proved that the UBWS 
had real-time control abilities. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107210.  

3.2 Application of UBWS in target motion status monitoring 
For further verification of the UBWS’s ability to monitor the move-

ment state of the underwater target, a visualization interface based on 
MATLAB was designed to display the motion parameters of the target in 
real time (see Supplementary Movie S3). Fig. 4(d) shows the logical 
block diagram of how the UBWS achieved target motion state moni-
toring. The Arduino received the output voltage of the UBWS, combined 
the previous fitting model for data processing, and converted it to the 
motion parameters of the target. An image of the visualization interface 
and the experimental setup is shown in Fig. 4(e). The UBWS was fixed on 
an optical plate while a swing fishtail driven by a steering gear was used 
as a swimming underwater target. Fig. 4(f) shows the data collected by 
the Arduino through the acquisition module. The frequency information 
was obtained from the period of the output voltage, and the angle in-
formation was obtained from the output voltage amplitude combined 

with the fitting model. The distance parameter was set as a constant 
value here because a single UBWS could not distinguish whether the 
main influencing parameter was the distance or the angle when the 
swimming target was relatively stationary. In the future, this function 
can be realized by building a UBWS array. This demonstration shows the 
feasibility of using the UBWS for constructing an electronic reactive 
target motion status monitor with a low cost based on vortex sensing. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107210.  

3.3 Application of UBWS in target tracking 
To explore the compatibility of the UBWS with marine intelligent 

equipment, an independently designed robotic fish integrated with the 
UBWS was prepared to perform underwater target tracking. An indoor 
water pool (3 m × 2 m × 1.5 m) was used to house the experimental 
setup, as shown in Fig. 5(a). The UBWS was connected to the Arduino 
control module in the robotic fish via an acquisition module. Subse-
quently, a simple closed-loop control system was built for tracking un-
derwater targets. Fig. 5(b)–(d) shows three states during the movement 
of the robotic fish. Fig. 5(e) shows the corresponding voltage signal (see 
Supplementary Movie S4). When the UBWS captured the vortex infor-
mation of the underwater target, the robotic fish moved in the direction 
toward the target until the voltage signal reached the set threshold. Due 

Fig. 4. Application of UBWS in real-time control and target motion status monitoring. (a) Schematic of the experimental electronic setup. (b) Schematic of the 
experimental setup. (c) Electronic module used for controlling light-emitting diode (LED) lights. (d) Logical block diagram showing how the UBWS achieved target 
motion state monitoring. (e) Schematic of the visualization interface and experimental setup. (f) Data collected by Arduino. 
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to the delay of the data transmission and the inertia of its own motion, 
the robotic fish could not brake in time. Therefore, the underwater 
target could be tracked when visual cues were reduced or absent, veri-
fying the feasibility of applying the UBWS to marine intelligent 
equipment. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107210.  

4. Conclusion 

In this study, an underwater bionic whisker sensor (UBWS) based on 
triboelectric nanogenerators was designed, which could be used as a 
supplement to the perception system of marine intelligent equipment. 
To demonstrate the structure, bionic principle, and sensing principle of 
the UBWS, the variation trends of the UBWS output when passively 
sensing a vortex under the disturbance of an underwater target were 
presented. In the case of different motion parameters, the output peak 
showed a good correlation trend that supported the accurate measure-
ment of the motion information. The design of the UBWS herein ad-
vances our ability to replicate the seal’s remarkable mechanoreceptive 
sensory abilities. In addition, the UBWS possessed the ability to 
dynamically capture this effect. The UBWS combined with threshold 
logic could be used to control external modules in real-time as a pre-
liminary attempt to integrate with intelligent equipment. In addition, 
the UBWS could be combined with a host computer program to monitor 
the motion state of the underwater target. Moreover, we integrated the 

UBWS into a robotic fish to track the underwater target, illustrating the 
potential application value of the UBWS for passive vortex perception. 

5. Materials and methods 

5.1 Fabrication of UBWS 

The artificial whisker was made of the SYLGARD 184 silicone elas-
tomer. Specifically, 50 ml of solution base and 5 ml of solution agent 
were mixed in a 10:1 vol ratio and then stirred with an electric stirrer at 
100 rpm for 3–4 min. A vacuum pump was used to vacuum the mixture 
to − 0.1 MPa for 2 min before the mixture was poured into a 3D-printed 
resin mold and cooled at 20 ℃ for 24 h. This process yielded an artificial 
whisker with a length of 150 mm. Two 0.3-mm-thick FEP films printed 
with conductive ink were cut into pieces with dimensions of 
12 × 4 mm2 to form electrodes, and a 0.3-mm-thick FEP film was cut 
into pieces with dimensions of 12 × 42 mm2 to form a dielectric layer. 
These sections were encapsulated by a 0.15-mm-thick A-PET/CPP film. 
The induced voltage was transmitted by 0.3-mm-thick copper wires 
attached to the electrodes. This process yielded a perceiving unit with 
15 × 45 mm2, and the perceiving unit was installed into the grooves of 
the whisker. Similarly, a flexible silicone follicle was made of Drag-
onskin 00–20 silica gel with a 1:1 vol ratio and the same treatment as 
that used for the SYLGARD 184. The assembled perceiving unit and 
whisker were placed in a new 3D-printed resin mold, and the vacuumed 
silica gel mixture was poured into the mold and cooled at 25 ℃ for 36 h. 

Fig. 5. Application of UBWS in target tracking. (a) Schematic of the experimental setup. (b)–(d) Three states during the movement of the robotic fish. (e) Corre-
sponding voltage signal of the UBWS. 
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A bionic tactile sensor was finished with a length of 200 mm. 

5.2 Electric measurement and characterization 

The UBWS was mounted vertically to a fixture adapter that was 
installed on a platform constructed from aluminum profiles (TDT-3030) 
and optical panels (300 × 300 × 13 mm3). At different frequencies and 
swing angles, a vortex generator was used to generate vortices for 
different conditions, which was formed by a rubber fishtail driven by a 
digital servo. The digital servo was controlled by an STM32F103R8 chip. 
The signal produced by the UBWS was measured with a Keithley 6514 
electrometer, and the measurement was displayed in a custom LabVIEW 
VI application. A photograph of the experimental setup is shown in 
Fig. S3. 
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