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Abstract
This paper explores the possibility of the precise determination of mechanical vibra-
tions using metamaterial split ring resonator (SRR) structure. The amplitude of the 
interacting electromagnetic wave in the range of GHz frequency is directly varied in 
accordance with the amplitude of mechanical vibration, using a Broadside Coupled 
SRR (BCSRR) acting as a vibration sensor. Dependence of the spacing between the 
two rings on the resonance frequency of the BCSRR is used for the detection of 
vibration and it is achieved by allowing the spacing to change in accordance with the 
amplitude of mechanical vibration. For the effective sensing of mechanical vibra-
tion, the electromagnetic wave frequency is chosen at the center of the linear portion 
of the rising or the falling slope of the resonant curve of the BCSRR. By properly 
choosing the parameters of the BCSRR along with the effective tuning of the oper-
ating frequency, it is possible to detect even very weak vibrations. The chances of 
various distortions in the detected vibration waveform in connection with selection 
of the operating frequency and intensity of vibrations are also analyzed. The qualita-
tive formulation of the detection process along with its experimental verification is 
presented. This novel method may find applications in the detection of mechanical 
vibrations caused by various man made and natural sources and may find manifold 
possibilities in the field of communication and instrumentation.
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1  Introduction

Metamaterials, recently introduced artificially engineered materials, have evoked 
immense curiosity in scientific circles due to its unique characteristics and its poten-
tiality for many phenomenal applications [5, 8, 24]. The rapid research in metamate-
rial inspired sensors have opened up new horizons in various fields of science and 
technology. The negative permeability inclusion of metamaterials called split ring 
resonators (SRR) usually place a major role in the development of different sensors 
[4, 10]. Sensors based on metamaterials are proved to be useful in different fields 
like material characterization, bio - medical applications, and in specific applica-
tions like vibration detection, food quality checking and identification of the changes 
in physical quantities like temperature, density and pressure [2, 11, 15–17, 21].

There were a few attempts, mostly in terahertz region, to modulate the resonant 
frequency by employing structural changes of the resonator or by incorporating 
some active electronic components in relation to some external physical param-
eters [3, 6, 9, 12, 19, 20, 22, 23]. Here we are introducing a method for detecting 
mechanical vibrations even of weak amplitude by employing a Broadside Cou-
pled SRR (BCSRR) unit. The possibilities of changing the resonance frequency 
by varying the spacing between the two rings of the BCSRR in response to the 
amplitude of vibration in a controllable and sensitive way makes it an ideal can-
didate among different SRR structures for the proposed sensor [7, 13, 14]. The 
rings of the BCSRR used for the sensor are fabricated on two separate pieces of 
same substrate which helps to tune the spacing and the resulting capacitance of 
the resonator to any desired value. This BCSRR unit, capable of making vibra-
tions of any of its rings in accordance with the mechanical vibration, attached 
to the microwave transmission system, the desired detection is achieved. The 
detailed qualitative formulation of the process along with various chances of dis-
tortions together with their experimental confirmation are presented. This novel 
proposal using BCSRR as a sensitive vibration sensor may find applications in 
fields like tunneling, piling, quarrying, seismic vibrational effects, usage of heavy 
machineries, hectic transportation etc where vibrational effects are dominant and 
in various fields of communication, instrumentation and surveillance.

2 � Working of Sensor: A Qualitative Analysis

Conventional BCSRR consists of two co-axial rings on either sides of a single 
substrate of a low-loss material, where the splits of the rings are at diametrically 
opposite ends. For the proposed purpose of vibration sensor, the two metallic 
rings have to be arranged on two different pieces of substrate of the same mate-
rial, so that it may have the capability of changing the spacing between the rings 
resulting in sensitive tuning of the resonance frequency. The resonance frequency 
of BCSRR depends on the inductance L and the capacitance C, which in this case 
varies in accordance with the spacing between the rings of the structure.
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A possible resonance curve of a BCSRR structure for a particular spacing sis 
shown in Fig.  1a as a solid curve (reference curve) with resonance frequencyf0. 
The two dotted curves on either sides correspond to the resonance graphsfor spac-
ing slightly less (curve 2 with resonance frequency f1) and slightlygreater (curve 3 
with resonance frequency f2) than the initial spacing s. The qualitative formulation 
of the working of the vibration sensor is explained using the resonance curves of 
Fig. 1a as follows. We select a single frequency fc on the linear portion either on 
the rising or the falling slope of the reference resonance curve (in this case, point A 
on the rising slope). If the resonance frequency of the BCSRR structure is slightly 
varied by changing the spacing between the rings, the absorption level correspond-
ing to selected frequency fc increases or decreases. If the changes in the spacing 
between the rings of the BCSRR is made in relation to the amplitude of mechani-
cal vibration, the resonance frequency will also show a corresponding change. The 
curves 2 and 3 in Fig.  1a are two such typical cases. If the resonance frequency 
decreases from f

0
 to f

1
 (curve 2) due to decrease of the spacing, the power level for 

selected frequency fc increases from point A to point B (equivalent to point B′ of 
the reference curve). On the other hand, if the spacing increases the resonance curve 
shifts towards right (curve 3 with resonance frequency f

2
 ) resulting in a reduced 

power level for fc (point C, equivalent to point C′ of the reference curve). Hence the 
power level variation of the selected frequency fc is in co-relation with the strength 
of the mechanical vibration used for varying the spacing between the rings of the 
BCSRR. Thus we obtain a change in the microwave amplitude in accordance with 
the strength of the vibrating signal.

The graphical presentation of working process of vibration sensor is depicted 
in Fig. 1b. The spacing variation of the BCSRR rings s in accordance with the 
amplitude of mechanical vibration (input) is given in Fig.  1b-1. As the signal 
amplitude increases the spacing decreases and vice versa. The dependence of s on 
the resonance frequency is depicted in Fig. 1b-2. The capacitance C between the 

Fig. 1   a Possible resonance absorption curves of BCSRR for three different spacings (1—reference curve 
for spacing s, 2—curve for spacing less than s, 3—curve for spacing greater than s). b Graphical repre-
sentation of the various stages involved in detection of mechanical vibration process
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rings is inversely proportional to the spacing s and as C increases the resonance 
frequency f decreases based on the relation f = 1∕2�

√

LC . The amplitude vari-
ation of the operating frequency fc with changes in resonance frequency f is pic-
tured in Fig. 1b-3. The maximum possible peak-to-peak value of the output power 
is the difference in power levels between points B and C as marked in Fig. 1a. 
The comparison of input and output wave forms shows that they are in phase.

If the operating frequency fc is fixed at the center of the linear portion of the 
reference resonance curve (point A), for variation of power level between B and 
C, we will get the sensor output without any change in frequency or shape, detect-
ing faithfully input vibration as shown in Fig. 2. If the amplitude level of the input 
signal causes the output power to exceed levels beyond B and C, it will result in 
distortion in the detected waveform as is shown in Fig. 3a and is explained as fol-
lows. As the frequency shifts towards left, the absorption level moves from A to 
B. For further shift of the resonance frequency beyond that, the absorption level 
remain fixed just above B resulting in a clipping at the positive half cycle of the 
output. On the other hand, as the resonance frequency shifts towards right, the 
output power level decreases to C. If there is further shift, the power level moves 
towards the minimum point of the resonance curve and then increases, result-
ing in a split in the output wave form. As the selection of the operating frequ-
uency moves towards B or C from the center point A, there are chances for dif-
ferent types of distortions in the output wave form. When the selected frequency 
is between A and B, distortion in the form of clipping happens in the positive 
half cycle only and is shown in Fig. 3b. Similarly, if the operating frequency is 
between A and C, positive half cycle is faithfully reproduced whereas the nega-
tive half cycle suffers a split as shown in Fig. 3c. When the operating point coin-
cides with the resonance frequency dip of the reference absorption curve, both 
positive and negative half cycles of the input causes variation in absorption levels 
in a sinusoidal manner resulting in frequency doubling of the signal (Fig. 3d).

Fig. 2   Selection of the working frequency and the output power level variation for the faithful detection 
of a sinusoidal input vibration



1 3

Sensing and Imaging           (2019) 20:17 	 Page 5 of 11     17 

3 � Experimental Confirmation and Results

The two rings of the BCSRR structure which are used for the experimental confir-
mation are fabricated by photochemical etching method on two pieces of FR4 cir-
cuit board (relative permittivity �r = 4.4 , thickness t = 0.8 mm) with inner radius 
r = 2 mm , width of the rings c = 1 mm and split width d = 0.2 mm [21]. For the 
verification of proposed vibration sensor technique, we need to properly attach the 

Fig. 3   The output wave forms for various types of distortion in relation to the intensity of the signal and 
the selection of the Q-points. a clipping due to intense input signal. b–d Distortions due to unexpected 
shifting of the Q-point
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sensor to any structure which undergoes vibration due to any reasons like mechani-
cal tremor, ground vibrations etc. For the proper working of the sensor, the spacing 
between the rings of the BCSRR should change in relation to the input vibration.

In order to demonstrate the qualitative formulation of working of proposed 
vibration sensor including the various possibilities of errors in the vibration shape 
of detected signal, we have artificially generated a sinusoidal mechanical vibration 
using a electric signal with help of a transducer.

We have chosen a simple system of BCSRR unit cell attached to a speaker sys-
tem (Fig.  4). One ring of the BCSRR is glued on a horizontal platform attached 
to the vibrating diaphragm of the speaker whereas the other is co-axially arranged 
just above it by attaching it to a rigid stand to set the BCSRR (Inset of Fig. 4 shows 
the rings of the BCSRR with spacing s). A sinusoidal audio signal from a func-
tion generator is given to the speaker which causes the speaker diaphragm to vibrate 
mechanically. The BCSRR is arranged between microwave transmitting (port 1) and 
receiving (port 2) probes connected to a Vector Network Analyzer (VNA) [1, 2, 18] 
and the setup is shown in Fig. 4. Before applying the signal from function generator 
the spacing between BCSRR rings is fixed at 1 mm and the corresponding reference 
resonance curve is plotted (Fig. 5) whose resonance frequency f

0
 is 5.6 GHz.

The operating frequency fc = 5.65 GHz is selected at the linear region of the 
rising slope of the resonance curve (equivalent to the point A of Fig. 1a) and the 
BCSRR is excited at this frequency. An input signal of frequency around 100 
Hz and peak-to-peak voltage 0.5 V is directly fed to the speaker which causes 
vibrations of the speaker diaphragm resulting in a sinusoidal spacing variation 
of the BCSRR rings. Due to this, output power absorption level also varies sinu-
soidally with respect to A along the linear region (between B and C), giving an 
amplitude changes to the output wave and the displayed power level variation 
on the VNA screen is plotted in Fig.  6a. When the strength of the input sig-
nal increases beyond 1 V for the present transducer settings, distortion appears 
both on the upper and the lower portions due to excess amplitude of the vibra-
tion. The wave form obtained for this case is plotted in Fig. 6b-1. If the working 

Fig. 4   Schematic representation of the experimental setup showing sensitive BCSRR vibration sensor 
and VNA
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frequency is shifted to B (equivalent to point B′ ), we observe a positive clipping 
and it is shown in Fig. 6b-2. Similarly, a change in the operating frequency to a 
lower value C (equivalent to C′ ) results in the output wave form to show distor-
tion with splitting, which is shown in Fig. 6b-3. By choosing the operating fre-
quency to exactly coincide with the resonance frequency of the reference curve, 
we obtain the doubling of the signal frequency which is given in Fig. 6b-4.

We have also demonstrated the mechanical vibrations caused by a freely fall-
ing standard weight (20 g from a height of 25 cm at a distance of 75 cm from 
the sensor probe) arranged on a wooden table of area 2  m2 [21]. The experi-
mental setup shown in Fig. 4 is used in this case also with slight modification. 
The speaker used for fixing one of the rings of the BCSRR is replaced with a 
sensitive cantilever arrangement. A steel bar of length 15 cm, breadth 2 cm and 
thickness 0.75 mm is mounted on a wooden base to form the cantilever with 
the BCSRR ring attached to its free end. The corresponding output vibration 
patterns are depicted in Fig. 7. Figure 7a depicts vibration when the operating 
frequency is around the center portion of rising slope of resonance curve (point 
A) which is a sinusoidal damped waveform. Figure  7b shows distortion in the 
output vibration signal due to the shifting of operating frequency towards the 
topmost point of the resonance curve (point B). The output power level of the 
sensor not only depends upon the amplitude of the mechanical vibration but also 
on the sensitiveness of the BCSRR arrangement. Even for very weak vibrations, 
by choosing a sensitive arrangement, significant changes in the resonance fre-
quency can be obtained which provides feasible chances for enhanced detection 
of vibrational levels. Alternatively, choosing a BCSRR with sharp resonance 
band width also results in sensitive detection of very weak signals.

Fig. 5   Experimental transmission spectra of BCSRR used for the detection of mechanical vibrations
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Fig. 6   Experimental plot of power variation obtained for a faithful detection, b errors during detection
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4 � Conclusions

In this work we have introduced metamaterial BCSRR as a sensitive tunable sensor for 
efficient detection of mechanical vibrations. A qualitative analysis of the working of 
the sensor is presented along with sufficient experimental support. Various chances of 
distortions are also analyzed with respect to the strength of the input vibration signal 
and selection of the working frequency in relation to the resonance frequency of the 
BCSRR. Our novel sensor can be effectively used in the sensitive detection of mechani-
cal vibrations caused by various man made sources such as tunneling, pilling,quarrying 
etc and vibrations caused by seismic effects. This may find applications in the field of 
communication and in different control systems. It can also be used for the effective 
tuning of the output power level of microwaves with the help of a weak control voltage 
and in the development of microwave instrumentation which employs metamaterial as 
a control element.
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Fig. 7   a Output vibration pattern due to a freely falling standard weight of 20 g. b Distortions in the out-
put due to shifting of operating frequency
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