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ABSTRACT 

A displacement sensor with high resolution is presented in this paper using an elastic sphere that 

acts as the sensing element; which can be used in several applications of mechatronics. To have 

the elastic behavior for the sensing element, the sphere was made from polymeric material with 

600µm in diameter. The sphere vibrates mechanically in response to a time varying displacement 

excited by piezo-stack actuator (PZT). The mechanical vibration transmitted to the elastic sphere 

was monitored optically based on tracking the optical resonance shifts on the transmission 

spectrum, in turn the displacement of the piezo-stack actuator can be determined. The sphere was 

lying between two micro-sticks made from silica with ~80µm in diameter for each with ~3cm 

long; one of them is fixed while the other is mechanically connected to the PZT. By moving the 

PZT, the displacement was fully transmitted to the sensing element leading to a change in its 

morphology and therefore shifts of its optical resonances. By tracking these shifts and comparing 

them with typical electronic strain gauges used within piezo-nanopositioners, it is possible to 

determine the displacement of the PZT in high resolution. The resolution for the new design was 

recorded to be up to ~3.16nm with sensitivity up to ~2nm/µm. The novelty for the proposed design 

could be used for several mechatronics applications like the feedback on the linear actuators for 

the micro/nano robots, and also it can extend for structural health monitoring in nanoscale.  

  

Keywords: Displacement measurement; high resolution sensor; mechanical vibration; piezo-stack 

actuator; force transmissibility.  
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 الملخص العربي:

المثال  و  الميكاترونيات  هندسة  تطبيقات  من  لكثير  الدقة  عالي  الاستشعار   بدراسة  البحث  هذا  يهتم سبيل   مع  المستخدمة  التطبيقات  علي 

 يستدعي  مما  وجه؛  اكمل  علي  لها  المخصصة  بالمهام  للقيام   الخطية  المحركات  من  الكثير  تستخدم  الميكاترونيات  هندسة  ان  وحيث.  الروبوتات

 في  الدقيق  التحكم  بهدف  وذلك  الخطية  المحركات  تلك  حركة  من  الناتجة  الخطية  الحركات  لتلك  الدقة  و  الحساسية  عالية  استشعار  اجهزة  وجود

  المرونة   عالية  خواص  ذات  مواد  من  جدا  صغيرة  كريات  شكل  علي  دقيقة  حساسات  لتصنيع  وافي  عرض  البحث  هذا  ففي.  التطبيقاتهذة  

 هندسة   تطبيقات  في  المستخدمة  الدقيقة  المحركات  تلك  من  الناشئة  الحركة  قيمة  من  النانو  الي  تصل  بدقة  الخطية  الحركات  لاستشعار

 الحساسات   لتلك   الخارجي  السطح  علي  تنشأ  قد  التي   التغيرات  قراءة  علي  الحساسات  تلك  في  الاستشعار  طريقة  تعتمد   حيث.  الميكاترونيات

  تلك   فبمراقبة.  الميكاترونيات  هندسة  تطبيقات  من  كثير  في  المستخدمة  الخطية  المحركات  من  الناتجة  للاهتزازات  مباشر  بشكل  تعرضها  عند

  او   بالاستطالة  سواء  المحركات  لتلك  الحركة  اتجاهات  من  اي  في   عالية  بدقة  المحركات  تلك  حركة  استشعار  يتم   التغيرات  او  التشوهات

 الحساسات  تلك لمعايرة يستخدم رياضي نموذج عمل و الخطية الحركات تلك لإستشعار تحليلي و عملي  عرض يقدم البحث فهذا. بالانكماش

  عرض   تم   فقد .  معملي  و  عملي  بشكل  المحركات  لتلك  معرفتها  المراد  المعلومات  كافة  إستخراج  كيفية  كذلك  و  تصنيعها  كيفية  لعرض  بالاضافة

. خطي  محرك  بواسطة  جدا  دقيقة  ترددية  لإهتزازات  تعريضها  عند  ذلك  و  الخطية  الازاحات  و  الحركات  وقراءة  الحساسات  لتلك   عملي  نموذج

 الاستشعار   البحث  هذا  يفتح  قد  وبذلك  متر  نانو  3.16  الي  تصل  بدقة  الترددية  الحركات  لتلك  الاستشعار  علي  الحساسات  قدرة  النتائج  اثبتت  وقد

  في  المباني  جودة لمراقبة  كمثال  الخرسانية  المباني  اجسام  في  التشوهات  و  بالكسور  الميكاترونيات كالتنبؤ  فقط لهندسة  ليست  اخري  لمجالات

 .المدنية للهندسة  الانشائية الاعمال

 

NOMENCLATURE 

d  Distance between the partially reflected surfaces   

n Index of refraction of the sphere 

n  Changes in the index of refraction 

p  The multiple integer 

Q  The quality factor 

r Radius of the sphere 

∆𝑟 Deformation in the radius of the elastic sphere 

x  Original value for the radius of the sphere 

x  Vibration input from the Piezo-stack 

𝜀𝑟 Strain along the polar direction of the sphere 

𝜀𝑥 Axial strain along the x-direction 

 Wavelength of the light 

∆ Resonance optical shifts of the wavelength 
𝑑

𝑑𝑥
 Sensitivity of the elastic sphere 

𝜈 Poisson’s ratio 

𝜎𝑦 Standard deviation 
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1. INTRODUCTION AND THEORY OF OPERATION 

Recently, the exact measurement of motions on the nanometer scale, either directly or indirectly, 

involves many applications in technology [1, 2]. Nano-positioners, the microfabrication industry, 

vibration isolation devices, calibration equipment, surface topography, and measurements of thin 

film are examples of the importance of measuring motions and displacements on the nanoscale. 

Nowadays, in the mechanical nano-manufacturing facilities and laboratories, nanometer 

displacement sensors have become very essential. Much work has been done on the growth of 

nano-sensors in general and displacement sensors in particular [3]. Several techniques have 

therefore been developed to address this problem, including mechanical sensors [4-7], high-

performance capacitive sensors [8-12], Eddy-current sensors [13-15], laser interferometers and 

optical encoders [16-21]. The high quality factor (Q) for the techniques that are depending on any 

of the optical metrology methods made it a powerful tool for detection that can be used in many 

different fields [22]. In this paper, an elastic micro-sphere was basically used as the sensing 

element to detect the displacement of piezo-stack on the nanoscale. Mechanical vibrations 

generated by the piezo-stack were fully transmitted to the elastic sphere through the micro silica-

stick. By monitoring these vibrations on the elastic sphere optically through tracking its optical 

resonance shifts on the transmission spectrum, in turn the displacement of the piezo-stack actuator 

can be determined. 

To start tracking the optical shifts due to the mechanical vibration, the optical resonance must be 

occur first and resonate inside the optical resonator [23]. Figure 1 shows the optical resonance 

condition occurs in a planar resonator in figure 1a versus the spherical resonator in figure 1b. In 

general; the optical resonance condition occurs in any waveguide once the travel distance of the 

light through the waveguide becomes equal to the multiple integer p, of its wavelength , the 

optical resonance condition will be satisfied and will be seen as a sharp dips on the transmission 

spectrum [24-29] as clear in figure 1c. In this paper the waveguide that used, was the micro-

spherical elastic resonator similar to the schematic shown in figure 1b, so the travel distance of the 

light through it was equal to 2𝜋𝑟, where the r, is the radius of the sphere. Equation 1 shows that 

the optical resonance that used in this paper will be satisfy when the following condition occurs 

2𝜋𝑟𝑛 ≅ 𝑝                   (1) 

where is n, is the index of refraction. From equation 1 it is clear that any minute change caused by 

the mechanical vibration coming from the piezo-stack and perturbs the radius of the elastic sphere 

by, ∆𝑟 will lead to perturb the optical shifts by, ∆ on the transmission spectrum and this relation 

could be described in equation 2. 

∆


=

∆𝑟

𝑟
+

∆𝑛

𝑛
                  (2) 

where n is the changes of the index of refraction and it has almost no effect because the dominant 

effect will be due to the mechanical deformation on the radius on the elastic sphere, ∆𝑟. 

Figure 1d shows a block diagram for the feedback loop of the experimental setup that was used in 

the paper. The piezo-stack provides the vibration to drive a mechanical displacement, x in the x-

direction as an input for the proposed sensor. Due to the opto-mechanical coupling, mechanical 

vibration perturbs the radius of the elastic sphere [30, 31]. In turn, tunes the optical modes of the 

optical resonance for the sphere on the transmission spectrum with ∆, wherein ∆ contains 
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information on the mechanical displacement, x. Finally, the piezo driver controller was using the 

electronic strain gauges within piezo-nanopositioners to close the feedback loop for the mechanical 

input. 

 

Fig. (1): Schematic for, (a) the planar resonator that acts a linear waveguide which contains from pair of 

partially reflected surfaces, (b) the micro elastic spherical resonator that used as a sensor in this paper as a 

Mechanical resonator (PZT) 

vibrates in x-direction 
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spherical waveguide with radius r, (c) the transmission spectrum that will be detected using the photodiode, (d) 

the block diagram for the feedback loop of the experimental setup that was used to measure the displacement. 

So figure 1 shows as schematic for the optical resonance conditions when the light with 

wavelength,   was circumnavigates inside a high quality factor optical waveguides (planar and 

spherical). Meanwhile, the concept of the spherical optical waveguide shown in figure 1b can be 

understood as part of the sphere can be represented as a pair of partially reflective glass optical 

flats spaced with distance d, part, with the reflective surfaces facing each other as you can see in 

figure 1a. The light emitted from a point on the source and only one ray is traced. As the ray passes 

through the paired flats, it is repeatedly reflected to produce multiple transmitted rays which are 

collected by the focusing lens or photodiode and brought to the transmission spectrum on the 

computer as clear in figure 1c. On the other side the piezo-stack that acts as a mechanical oscillator 

can be represented with a spring constant kPZT. As seen in figure 1a and 1b both of the mechanical 

and optical cavities are mechanically connected together. The motion of the piezo-stack in the x-

direction brings a vibration in the optical path length to alter the cavity resonance,  which in 

turn causes a shift on the optical resonance on the transmission spectrum. Now, any minute change 

in the morphology of the elastic-sphere caused by the displacement generated from the piezo-stack 

will cause a change in the wavelength of the light. Due to the high quality factor that optical 

techniques can reach, we will exploit that factor in this paper to detect and measure the mechanical 

displacement of the piezo-stack with high resolution. Based on that, the proposed sensor design 

can enhance the overall control process for the mechatronics applications that require a very high-

resolution for the linear motion feedback. The applications that can use the proposed sensing 

technique will be; the Stewart platform, delta robots, gantry robots and the linear prismatic joint 

at the end-effector mechanism in the SCARA robots. Controlling all these types of robots using 

high-resolution sensing elements for the feedback will definitely enhance the closed loop feedback 

on the systems. 
 

2. ANALYSIS OF THE PROPOSED SENSOR 

In this paper the sensing element was an elastic sphere subjected to mechanical strain using piezo-

stack actuator (PZT). The sphere is connected between two micro silica sticks, one of them is fixed 

in the base while the other is connected to the PZT. When moving the PZT; the vibration of the 

mechanical forces will be transmitted to the elastic sphere. The response of the elastic sphere can 

be detected optically, by monitoring the shifts on the optical resonances (modes) through the 

transmission spectrum. The change of the optical modes will be depending on the elastic 

deformation in the polar direction of the sphere, so the changes of the index of refraction in 

equation 2 will be negligible [32, 33] as also clear in figure 1b. Tracking the shifts of the optical 

modes in the polar direction of the sphere can lead to determining the displacement of the PZT. 

The strain along the x-direction that is generated using the PZT is given by 𝜀𝑥 = ∆𝑥 𝑥⁄ , where ∆𝑥 

is the mechanical displacement of the PZT in x-direction and, 𝑥 will have the same value for the 

radius of the sphere, r. The strain of the elastic sphere in the polar direction that is induced by the 

changes in displacement of the PZT is proportional to the application of a force from the PZT on 

the x-direction and it is given by 𝜀𝑟 = ∆𝑟 𝑟⁄ , where ∆𝑟 is the change of the sphere’s radius with 

respect to the original radius, r . The ratio between the polar stain, 𝜀𝑟 and the axial stain, 𝜀𝑥 is 

governed by Poisson’s ratio, 𝜈 = − 𝜀𝑟 𝜀𝑥⁄  [34]. Therefore, the optical shift, ∆ from equation 2 

can be written as a function of the displacement of the PZT for small displacement as 
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Δ𝜆 𝜆 = −𝜈𝜀𝑥⁄  and then Δ𝜆 = −𝜆𝜈𝜀𝑥. From this relation, the change in the mechanical 

displacement act upon the PZT can be written in equation 3 as follows:  

 

Δ𝑥 =  − 
𝑟

𝜆𝜈
 Δ𝜆                 (3) 

 

So based on equation 3 the proposed design for the displacement measurements can be used not 

only for mechanical sensing applications but also can be extended to the biosensing applications 

[35]. 

 

3. MATERIAL AND EXPERIMENTAL METHODS 

3.1. Fabrication of The Sensing Element  

A mixture of silicon base and crosslinker of the polydimethylsiloxane (PDMS)-base was used to 

fabricate the elastic micro-sphere that acts as the sensing element in this paper. The ratio between 

the silicon polymeric base to the crosslinker was 60:1, 60 parts of the polymeric base and one part 

of the crosslinker, by volume with Poisson’s ratio (ν = 0.49) [17]. In figure 2, the elastic-sphere 

was fabricated with 60020µm in diameter using this mixture right after the end of mixing process 

when the mixture takes the consistency of a fluid with high viscosity. The mixture was injected 

between two micro silica sticks with ~80µm in diameter with ~3cm long optical fibers. The 

injection process was depending on using typical commercially available syringes. Due to the 

surface tension force and gravity the micro-sphere was formed between the tips of the optical 

fibers. After heating the mixture of the PDMS 60:1 on the top of the optical fibers in the oven at 

100oC for 4 hours, it becomes elastic with a spherical shape and ready to use in the experiment. 

One of the optical fibers was fixed on the translation stage while the other fiber is mechanically 

connected to the piezo-stack (PZT) that acts as an input source of displacement. In turn, this 

displacement was transmitted to the elastic micro-sphere and changed its morphology. Optical 

tracking for these morphologically changed on the sphere leads to be used as a displacement sensor 

with high-resolution. 
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Fig. (2): Schematic and photograph for the fabrication process of the elastic micro-sphere with 60020µm in 

diameter using 60 parts of polymeric base and one part of the crosslinker by volume (PDMS 60:1). 

 

3.2. Experimental Setup  

A schematic for the displacement measurement experiment using the micro-elastic sphere is shown 

in figure 3. The nominal wavelength,  of the used laser was ~1314.6nm. The output of the laser 

diode is connected to a single-mode optical fiber. In order to monitor the morphology change on 

the micro-sphere efficiently, optical coupling between the sphere and the light should be occur. 

This may be achieved by melting the protective buffer layer using a micro-torch to create a tapered 

section to let the light propagate from the optical fiber to the elastic sphere by mechanically 

coupling (based on Van Der Waals force) [30]. Once the round trip of the light circumnavigates 

through the sphere it returns back to the optical fiber and the intensity of the light will be seen 

using the photodiode. The piezo-stack (Thorlabs PZS001) with the typical electronic strain gauges 

connected on it was used to measure the displacement that was generated from the piezo driver 

and then compared to the shifts of the transmission spectrum for the micro-sphere. The host 

personal computer (PC) performs the scanning, data acquisition and analysis. A software module, 

developed in-house, identifies the optical resonance of the sphere in the transmission spectrum and 

monitors their shifts. It provides a reliable and fast fit to an experimental spectrum and enables a 

continuous tracking and recording of resonance shifts in real time. 
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Fig. (3): Schematic of the displacement measurement experiment using the micro-elastic sphere. 

A photograph for the elastic microsphere and its setup is shown in figure 4. The elastic sphere is 

fabricated between two micro-sticks made from silica. One of them is connected to the fixed base 

while the other is connected to the source of the displacement which is the piezo stack. The 

displacement is mechanically transmitted to the sphere by using the PZT that vibrates the sphere 

in the direction perpendicular to the tapered section of the optical fiber. Then the circumferential 

optical mode shifts on the equatorial plane are tracked. The piezo driver is used to control the piezo 

stack and provide a harmonic vibration on the elastic sphere with a fixed amplitude.  

 

Figure 5 shows the transmission spectrum of the elastic micro-sphere when the optical resonance 

contention satisfies and when there is no displacement coming from the piezo stack. The observed 

quality factor for this experiment was ~1.3×106. When the displacement of the piezo-stack was 

changed in turn, the transmission spectrum will change as seen in figure 6a. Significance of 

evolution shifts of the dip wavelength is observed when the piezo-stack increases the amplitude of 

the displacement on the elastic sphere. Figure 6b shows the direct relation between the changes in 

the transmission spectrum of the elastic sphere and the displacement varying from 0.00412µm to 

0.02064µm. The slope of the best linear fitting gives the displacement sensitivity of ~ 2nm/µm as 

seen in figure 6b. 
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Fig. (4): Photograph and close-up of the elastic micro-sphere that was used in the displacement measurement 

experiment. 

 

Fig. (5): Transmission spectrum of the proposed sensor with quality factor~1.3×106. 
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Fig. (6): (a) Transmission spectrum evolution of the sensor when the displacement changes and (b) 

Wavelength shifts of the elastic sphere as a function of displacement. 

 

4. RESULTS AND DISCUSSION 

The measurement in figure 7 shows the step response of the elastic sphere (sensing element) with 

~600µm in diameter via an optical technique and via the typical electronic strain gauges used 

within the piezo-stack. The direct relation between the optical shifts on the transmission spectrum 

and the mechanical displacement caused by the piezo-stack can be easily seen in figure 7. The 

displacement was controlled to increase gradually with 0.02µm every 10 seconds using a closed 

loop algorithm from the piezo driver. It was clear that the optical shifts are following the 

mechanical displacement in the x-direction in a perfect manner and that proves the sensor’s 

reliability and stability. As clear in figure 7, a very stable response from the sensor was observed 

under different displacement conditions and compared with typical electronic strain gauges used 

within piezo-nanopositioners. The elastic sphere showed maximum wavelength deviations during 

the complete measurement cycle of ∼40pm, ∼80pm, ∼120pm, ∼160pm, and ∼200pm 

corresponding to the different displacement of 0.02µm, 0.04µm, 0.06µm, 0.08µm, and 0.1µm, 

respectively.    
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Fig. (7): Optical shift of the elastic sphere stepwise at given displacement. 

Figure 8a shows the response for the elastic sphere under harmonic excitation at a frequency of 

1Hz. The piezo-stack was harmonically driven with an amplitude of 0.02µm at law frequency 1Hz. 

Due to that, the elastic sphere was subjected to a harmonic loading and unloading at a frequency 

of 1Hz and experiences a change on the optical shifts on the transmission spectrum harmonically 

with the same frequency and an amplitude of 40pm wavelength shifts. During this experiment, the 

mechanical displacement was also measured using the same typical electronic strain gauges used 

within piezo-stack. The optical shifts and the mechanical displacement are following each other 

very well. Calibration curve in figure 8b shows the linear relation between the optical shifts of the 

elastic sphere and the mechanical displacement induced by the piezo-stack. The solid line is the 

best fit to the data and its slope represents the sensitivity of the proposed sensor. The sensitivity 

for the elastic sphere with 600µm in diameter was 𝑑 𝑑𝑥 ≈ 2.0747𝑛𝑚/𝜇𝑚⁄  and the standard 

deviation was 𝜎𝑦 ≈ 6.563𝑝𝑚. So, for this configuration using the optical shifts of the elastic 

sphere it could be measured as a mechanical displacement with a high resolution of (𝑑𝑥 𝑑) 𝜎𝑦 ⁄ up 

to 3.16nm.  

The displacement transmissibility from the linear actuator to the elastic micro-sphere through the 

micro-silica stick is addressing the novelty for the proposed sensor design. Because, it is the first 

time that the elastic micro-sphere which acts as the sensing element will not be in contact directly 

with the input. However, exploiting the use of the micro-silica stick for transmitting that 

displacement will help in sensing that linear motion in very high-resolution on the order of few 

nanometers as seen in the results section. The novelty also becomes clear from the results while 

using the proposed design to have better displacement sensitivity compared to those techniques 

that had been developed to address this problem using other types of resonators similar to the 

mechanical sensors [6, 7], electrical sensors based on the capacitive transducers [9, 11, 12], Eddy-

current resonators [13-15], and laser interferometers [16-21]. 
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Fig. (8): (a) Optical shift of the elastic sphere versus the mechanical displacement recorded using 

the electronic strain gauge within the piezo-stack as a function of time at 1Hz and (b) Displacement 

sensitivity of the elastic sphere. 

In the above experiments the measurements were made at low frequency (1Hz) of the displacement 

modulations and it shows a promising displacement sensitivity. So the next experiment shows the 

effect of the sensitivity on displacement modulation frequency.  Figure 9 shows the frequency 

dependence of the proposed displacement sensor when a harmonic frequency modulated up to 

1.4kHz is applied. In these experiments, the displacement amplitude was kept constant as the 

frequency is varied.  The figure shows that the proposed sensor starts losing its sensitivity after 

200Hz for the range of investigated frequencies. This frequency study proves that the elastic sphere 

is mechanically over-damped and its sensitivity rapidly drops with increasing frequency [18]. So 

based on that the sensing element which is the elastic sphere can be classified as a mechanical 

over-damped second order system subjected to harmonic excitation. By using harder elastomers 

(like, lower base-to-crosslinker ratio mixtures), the mechanical overdamping may be avoided. 

However, this will cause a reduction in the displacement sensitivity. 
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Fig. (9): Sensitivity of the elastic sphere as function of harmonic displacement. 

Figure 10 shows the effect of the size of the elastic sphere on the sensitivity for two different 

materials PDMS 60:1 and PDMS 10:1. As the results show in this figure, there is a dependency of 

the displacement sensitivity on the diameter of the elastic sphere for both materials. In this study, 

the displacement amplitude is kept constant for both materials (PDMS 60:1 and PDMS 10:1) as 

the diameter of the sphere is changed starting from 600µm to 1500µm in diameter. Results show 

that the sensitivity is affected by the sphere size and that is because the light starts to lose its 

intensity when the sphere becomes bigger and in turn losing its quality factor. So, based on that 

the smaller sphere will increase the displacement sensitivity. 

 

Fig. (10): Sensitivity of the displacement measurements as function of the size of the elastic sphere. 

5. CONCLUSIONS 

In summary, results show that the displacement can be measured with high resolution using a 

micro-elastic sphere. A mathematical model was developed throughout the experiments in order 

to characterize the new sensing design. A piezo-actuator was used in several experiments to induce 

displacement measurement. The measured displacement was done by tracking the optical 

resonance shifts of the elastic sphere through its transmission spectrum with high resolution due 

to the high quality factor that this proposed design can exhibit. The elastic sphere made from 

PDMS 60:1 provides high resolution for the displacement (~3.16nm) with sensitivity up to 

(~2nm/µm). However, the sensor is mechanically over-damped and when increasing the 

displacement frequency the sensitivity drops after 200Hz dramatically. This limits the use of the 

proposed sensor to the transient displacement detection at high frequencies. This problem can be 

avoided when using harder elastomers like the PDMS 10:1 (lower base-to-cure agent ratio 

mixtures) however it has a reduction in the displacement sensitivity as seen in the results above. 

On the other hand, using a softer material to fabricate the sensor leads to lower bandwidth and that 

is because the mechanical resonance of the sensor will decrease as well. However, softer material 
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will enhance the sensor sensitivity. Future work will focus on numerous new designs for the elastic 

sphere geometries, fabrication methods and materials will be investigated to improve mechanical 

bandwidth while maintaining sensitivity of the sensor. The proposed design for the displacement 

measurements can be used for many other mechanical sensing applications because of its 

simplicity of fabrication, reliability, compactness, its low cost and finally its transmissibility from 

the measuring phenomena to the elastic sphere. 
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