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We propose a novel, to the best of our knowledge, sensor for 

nanovibration detection based on a microsphere. The 

sensor consists of a stretched single-mode fiber and a 2 µm 

microsphere. The light from the optical fiber passes 

through the microsphere, forming a photonic nanojet (PNJ) 

phenomenon at the front of the microsphere. The evanes- 

cent field in the PNJ enhances the light reflected from the 

measured object to the single-mode fiber-microsphere probe 

(SMFMP). Results showed that the system can detect arbi- 

trary nanovibration waveforms in real time with an SMFMP 

detection resolution of 1 nm. The voltage signal received and 

the vibration amplitude showed a good linear relationship 

within the range of 0–100 nm, with a sensitivity of 0.7 mV/nm 

and a linearity of more than 99%. The sensor is expected to 

have potential applications in the field of cell nanovibration 

detection.  
 

 

Cell detection technology has been paid increasing attention 

with the rapid development of biology and medical technology. 

Evidence shows that cell vibration can reflect the life activities 

of cells [1]. Therefore, cell life activity can be judged by the 

real-time monitoring of cell nanovibration. 

Atomic force microscopy (AFM) is used to study cell vibra- 

tions owing to its high spatial resolution. For contact AFM, the 

tip is in contact with the surface of the sample, potentially dam- 

aging cells. Therefore, in AFM, non-contact (NC) mode is used 

to avoid this problem [1]. NC mode includes two modes of opera- 

tion: amplitude modulation mode (AM-AFM) [2] and frequency 

modulation mode (FM-AFM) [3]. In AM-AFM, the change in 

oscillation amplitude does not happen immediately: it has a time 

delay; thus, the scanning speed is very slow. FM-AFM is a detec- 

tion method suitable for use in an ultrahigh vacuum environment, 

which also limits the wide application of NC-AFM [3]. In addi- 

tion, microcantilevers, an extension of AFM, have been used to 

study tiny fluctuations and cell viability in bacteria, yeast, and 

eukaryotic cells [4–6]. It can detect dynamic changes in cellular 

forces, but cantilever functionalization increases the complexity 

and difficulty of the experiment. Compared with expensive and 

difficult to manipulate AFM, a series of studies have experi- 

mentally demonstrated that optically trapped nanoparticles are 

capable of detecting nanoscale vibrations as sound or fluid flows 

when placed in close proximity to a vibrating particle source or 

flagellated bacteria [7,8]. Although optical tweezer technol- 

ogy enables non-contact vibration detection, it cannot directly 

observe cell nanovibration. Therefore, developing a non-contact 

sensor with a simple design suitable for the real-time detection 

of cell nanovibration is needed. Microsphere-based sensors pro- 

vide a simple and sensitive method of detection. At present, 

microsphere-based fiber optic probes are made by a fusion 

splicer or CO2 laser, and are widely used in displacement sens- 

ing [9], glucose sensors [10], and strain and temperature sensors 

[11], etc. We know that a higher refractive index (RI) contrast 

yields stronger focusing and a narrower photonic nanojet (PNJ), 

which facilitates the detection of near-field signals [12]. These 

sensors are limited to optical fiber raw materials. Additionally, 

the microsphere size is larger than the fiber diameter and it is 

therefore not regarded as a fiber tip sensor, reducing its sensitiv- 

ity to nanovibration detection. Some researchers have combined 

microspheres of different materials with fibers to make probes 

[13]. However, these sensors have relatively high requirements 

in the fabrication process, and most of these sensors have a size 

of tens of microns or even hundreds of microns and are used for 

temperature and humidity sensing. Sensor miniaturization is 

particularly important for cell vibration detection. Therefore, the 

fiber can be drawn very thin and then combined with high-RI 

microspheres. 

In this paper, we present a new type of miniature sensor for 

nanovibration detection. We stretched a single-mode fiber and 

combined it with a polystyrene microsphere, which overcomes 

the limitations of microsphere material and size. The addition of 

high-RI microspheres resulted in the formation of a PNJ with an 

evanescent field component at its front, which plays an enhanced 

role in nanovibration detection. The sensor realizes the real-time 

detection of the nanovibration of an arbitrary waveform with a 

detection resolution of 1 nm. It has the advantages of a simple 

design, easy operation, miniaturization, and being non-contact 

and low cost. To the best of our knowledge, this work is the first 

in the current literature to use a microfiber-microsphere probe 

for the real-time detection of nanovibration waveforms with 

detection units of several nanometers. This sensor is expected 

to have potential applications in highly sensitive cell vibration 

sensors. 
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Fig. 1. (a) Schematic of the generation principle of the PNJ. (b) 

Schematic of the PNJ parameters. 
 

The PNJ generated at the front end of the microsphere can be 

attributed to the superposition of multi-beam interference. As 

shown in Fig. 1(a), when the incident light is incident on the 

microsphere surface, the incident light can be regarded as 

parallel light. The parallel light forms different incident angles 

with the spherical surface of the microsphere and refracts into 

the interior of the microsphere. According to the angular spec- 

trum theory of plane waves, a series of discrete coherent beams 

are superposed to form a focused beam. This beam is the PNJ. 

The characteristics of the PNJ can be described by four param- 

eters [Fig. 1(b)]: the focal distance f from the surface of the 

microsphere to the point of maximum intensity, the intensity 

enhancement Imax at the focus, the full width at half maximum 

(FWHM) at the focus, and the diffraction length Df . Higher light 

intensity, a longer focal length, a smaller FWHM, and a longer 

effective length will be beneficial for nanovibration detection. 

The RI of the microsphere is NS, and that of the surrounding 

medium is N0. The index contrast is ρ = NS/N0. The radius of 

the microsphere is R. The existence of evanescent fields in the 

PNJ produced by tiny microspheres with high index contrast has 

been demonstrated. When the evanescent field is removed, the 

maximum-intensity position of the PNJ moves away from the 

surface, the maximum field enhancement drops, and the FWHM is 

increased [12]. The evanescent field contributions to PNJ cre- 

ated by the microspheres enhance and sharpen the nanovibration 

detection of near-field surfaces. The distance of the evanes- 

cent field beyond the microsphere interface is described by the 

penetration depth dp: 

 

 
 

Fig. 2. Principle of nanovibration detection. (a) Schematic of 

two-beam interference. (b) Function diagram of the reflected light 

power Pr and external cavity length L. 
 

 

Fig. 3. (a) Schematic of the experimental setup. (b) Flow chart 

for controlling the distance between probe and PZT. 
 

vibration amplitude of the external object. Figure 2(b) shows 

the output function curve of Eq. (2) (normalized). The abscissa 
is the length of the cavity, and the ordinate is the reflected light 

power. Therefore, when the change of external cavity length L 

is limited to the small range of λ/8, the reflected light power Pr 

and the vibration amplitude of the external object ∆L can be 

approximately expressed as follows: 

Pr = α∆L, (3) 

where α = βPi, and β is the proportional coefficient, a constant 

value. There is a good linear relationship between the reflected 
light power and the vibration amplitude of the external object. 

d = , (1) The experimental setup is shown in Fig. 3. The light source 

p 2 

√︂
N2sin2 2

 
is provided by a distributed feedback laser with a wavelength 

of 1550 nm (THORLABS, S1FC1550). The light emitted from 

where λ is the wavelength of the light source, θ is the angle of 

incidence of the light at the microsphere and air interface; and 
NS and N0 are the RIs of the microsphere and air, respectively. 

The proposed single-mode fiber-microsphere probe (SMFMP) 

works via the two-beam interference principle, as shown in Fig. 

2(a). When the light is injected into the microsphere, a part of it 

is reflected by the microsphere surface, and some portion passes 

through the microsphere and is reflected by the vibrating object. 

This can be expressed as follows: 

the laser is divided into two beams in a ratio of 50/50 through a 

2 × 2 coupler (THORLABS, TN1550R5A2). One beam enters 

the SMFMP and the other is connected to the optical trap 

(THORLABS, FTFC1). The vibrating object is a piezoelectric 

transducer (PZT). The light transmitted to the PZT is returned to 

the input direction by the coupler and received by the photode- 

tector (PD) collector (THORLABS, DET01CFC) on the other 

port. Finally, the signals are converted from analog to digital by 

a data acquisition card (IOtech) and transferred to a PC. We 

stripped the coating from a single-mode fiber with a core diam- 

Pr = Pi 

[︃

R1 + R2 − 2
√︂

R1R2 cos 

(︃

4π 
N0 L 

)︃ ]︃ 

, (2) 

eter of 9 µm and a cladding diameter of 125 µm. Then, the 

front end of the fiber was drawn into a 12 µm cone by the hot- 

melt drawing method. The diameter of the single-mode fiber 

where Pi and Pr are the incident light power and reflected light 
power, respectively; R1 and R2 are the RIs of the two reflecting 

surfaces; λ is the wavelength of the incident light; N0 is the RI of 

air (N0 = 1); and L is the external cavity length (L = L0 + ∆L). 

L0 represents the initial external cavity length and ∆L is the 

dropped rapidly from 3 µm to 1 µm at 1.5 µm from the top. We 

chose to use a polystyrene microsphere of 2 µm diameter. The 

end face of the single-mode fiber was coated with UV-curable 
epoxy with a thickness of 100 nm, and then the microsphere was 

embedded. Finally, we used a UV light-emitting diode (LED) 



 
 

 

 

Fig. 4. Probes and vibration signals. (a) SMFMP. (b) SMFP. (c) 

Simulation of the SMFMP. (d) Simulation of the SMFP. (e) Electric 

field strength propagating along the propagation axis z; the red and 

blue curves represent the PNJ intensity along the propagation axis 

drawn from the front surface of the microsphere of the SMFMF 

and the single-mode fiber end face. (f) Intensity distribution of the 

electric field at z = f ; the red and blue curves represent the trans- 

verse intensities of the SMFMP and SMFP. When the PZT was 

driven to perform a triangle wave, signals were detected by PD. (g) 

SMFMP, the vibration signal, 20 nm, 5 Hz. (h) SMFMP, the fre- 

quency, 20 nm, 5 Hz. (i) SMFMP, the vibration signal, 5 nm, 5 Hz. 

(j) SMFMP, the frequency, 5 nm, 5 Hz. (k) SMFP, the vibration sig- 

nal, 20 nm, 5 Hz. (l) SMFP, the frequency, 20 nm, 5 Hz. (m) SMFP, 

the vibration signal, 5 nm, 5 Hz. (n) SMFP, the frequency, 5 nm, 

5 Hz. (o) SMFMP, the vibration signal, 1 nm, 5 Hz. (p) SMFMP, the 

frequency, 1 nm, 5 Hz. (q) Signals detected at a distance of 500 nm. 

(r) Signals detected at a distance of 600 nm. 
 

to illuminate the UV-curable epoxy and obtain the SMFMP, as 

shown in Fig. 4(a). During the experiment, we controlled the 

distance between the probe and the PZT to 200 nm by vibrating 

the PZT and observing whether the probe resonated with it. This 

process is shown in Fig. 3(b), where L is the distance between 

the probe and the PZT and A is the amplitude of the PZT. “+” 

means the PZT is stepping closer to the probe, and “-” means 

the PZT is stepping away from the probe. 

We carried out comparative experiments to verify the focus- 

ing effect of the microsphere. We performed experiments with 

the probes, as shown in Fig. 4(a) and 4(b). Figures 4(c) and 4(d) 

are simulation diagrams of the SMFMP and a single-mode fiber 

probe (SMFP), respectively. The diameter of the microsphere 

is 2 µm and the RI is 1.59. The RI of the background medium 

(air) is 1. The wavelength of the light source is 1550 nm and the 

power is 2 mW. The red and blue curves in Fig. 4(e) represent 

the PNJ intensity along the propagation axis drawn from the 

front surface of the SMFMP and SMFP, respectively. The red 

and blue curves in Fig. 4(b) represent the transverse intensities 

of the SMFMP and SMFP, respectively, at z = f. Figures 4(e) 

and 4(f) show that combination with the microsphere shortened 

the focal length (from 1.4 µm to 210 nm), increased the intensity 

(from 19455 V/m to 26591.6 V/m), and decreased the FWHM 

(from 1.6 µm to 600 nm). Then the PZT was driven by a trian- 

gular wave with an amplitude of 20 nm and a frequency of 5 Hz. 

Figures 4(g)–4(h) show the vibration waveform and frequency 

detected by the SMFMP. Figures 4(k)–4(l) show the signals 

detected by the SMFP. The vibration waveform and frequency 

were observed with both probes. However, the peak-to-peak 

voltage of the signal detected by the SMFMP was 37% higher 

than that detected by the SMFP. Then the vibration amplitude of 

the PZT was sequentially reduced. In this process, although the 

vibration waveform and frequency were detected with the SMFP, 

they gradually become more difficult to identify. A remark- 

able difference was observed when the amplitude was reduced 

to 5 nm. Figures 4(i)–4(j) show the signals detected using the 

SMFMP, while Figs. 4(m)–4(n) show the signal detected using 

the SMFP. Evidently, the SMFMP can detect clear waveforms 

whereas the SMFP cannot. The amplitude of the PZT continued 

to decrease, and we used the SMFMP to detect. The detection 

resolution of the SMFMP can reach 1 nm [Figs. 4(o)–4(p)]. We 

controlled the distance between the SMFMP and the PZT such 

that it gradually increased, and the vibration waveform became 

progressively worse [Fig. 4(q)]. When the distance between the 

probe and the object was about 550 nm, the signal was 

completely drowned in noise [Fig. 4(r)]. 

Then the PZT was driven by a triangle wave, sine wave, saw- 

tooth wave, and rectangle wave with an amplitude of 50 nm and 

a frequency of 5 Hz [Figs. 5(a)–5(d)]. Figures 5(e)–5(l) show 

the waveform and frequency we collected. The three-period sig- 

nal was selected to facilitate observation. Evidently, the detected 

waveform and frequency were consistent with the PZT vibration 

waveform and frequency. 

The nanovibration amplitude of the PZT was changed from 

1 nm to 100 nm in intervals of 10 nm. Then, the nanovibration 

waveform and frequency were detected in real time on the PC. 

The collected signal was processed, and the peak-to-peak voltage 

value of the vibration signal was obtained. The relationship 

between the voltage signal and the vibration amplitude is plotted 

in Fig. 6. The abscissa represents the vibration amplitude of the 

PZT, and the ordinate represents the peak-to-peak voltage. The 

blue dots represent the experimental results collected with 

different vibration amplitudes. The red curve was obtained by 

fitting. The results show a good linear relationship between the 

voltage value of the signal received at the PC and the vibration 

amplitude of the PZT. The sensitivity was 0.7 mV/nm and the 

linearity was more than 99%. 

The SMFMP was combined with a 2 µm polystyrene micro- 

sphere to form a PNJ with a focal length of 210 nm, which is 

close to the position of the cavity length λ/8 and has better 

linearity. Importantly, the evanescent field at the microsphere 

surface remained at 200–500 nm, which is the basis for improved 

detection resolution. These conditions played enhancing and 

sharpening functions in the nanovibration detection process. 



 
 

 

 

Fig. 5. Signal graph and the spectrogram. The PZT was driven 

to perform different waveforms with an amplitude of 50 nm and 

a frequency of 5 Hz. (a)–(d) Vibration waveform of PZT. (e)–(h) 

Detected waveform. (i)–(l) Detected frequency. 
 

 

Fig. 6. Relationship between the voltage and the vibration 

amplitude of the PZT. 
 

The structure of the SMFMP, including the size and material of 

the microspheres, and the shape of the drawn single-mode fiber 

affect the properties of the PNJ, the optimal distance between 

the SMFMP and the vibrating object, and the sensitivity of the 

sensor. However, the ease of operation, linearity at the location 

of the strongest light intensity, and the penetration depth of the 

evanescent field should also be considered in the process of 

making the probe. 

In summary, a miniature fiber sensor based on a microsphere 

was fabricated and verified by experiments. This sensor can be 

used to detect nanovibration waveforms and frequencies in real 

time. The detection resolution of the SMFMP is 1 nm. When the 

vibration amplitude is 0–100 nm, the output voltage intensity 

increases linearly, the sensitivity is 0.7 mV/nm, and the linearity 

is greater than 99%. The sensor has the advantages of a simple 

design, miniaturization, high resolution, and being non-contact 

and low cost. It provides a new method for the real-time moni- 

toring of cells, and will become a new and promising detection 

technology. 
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