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T ih s pap er rp esents the ht eo er t ci al for lum ation and initi la  ex ep ir me tn al  
oitagitsevni n fo  citats  dna  cimanyd  niarts  gnisnes  gnisu  eht  etisopmoC  gnoL -  egnar  

Va ir a elb - erid c E noit m ti ting Radar (CLo EV R) t snar ud rec .s  CL  era srecudsnart REVo  
m na u af c ut r de  su in  g ht e p ei z eo l ce tric fi eb rs int rge at de  wi ht  the int re dig ti ated el ce t or d se   
w ti h ew dge- hs a dep  sec ot rs a arr nged in a ci cr ular way. A oc upled-field analy it ac l model  

saw  depoleved  desab  no  the piezoelectricity oc sn titut vi e equa it ons iw th the  
noitaredisnoc  fo  eht  ciportosina  lairetam  seitreporp  fo  REVoLC  .srecudsnart  The  

lana y it ac lumrof l a it o w n a ed s r evi d ednu r c a y rdnil i  lac c oo rdinate sy nis a rof mets gle  
CLo EV R s ce t ro . The final s ne s ni g formulation oc nta ni ed thr ee  str ia n c mo po nen ts and  

xis  niarts  .stneidarg  gnisneS  slangis  morf  enin  tnednepedni  REVoLC  srotces   htiw  
tnereffid  noitallatsni  neiro snoitat  erew  desu  ot  etupmoc  rof  eht  enin  nwonknu   niarts  

relat de  components. wT o opera it on condi it ons erew  disc su sed: (1) static str ia n sen is ng  
and )2(  dyna im c strain se isn ng. T v o a dil ate our analy it ca m l odel and ed mon ts ar te ht e  

tilibapac gnisnes niarts y fo  REVoLC eht  ,srecudsnart  evitarapmoc  stnemirepxe   htiw  
convention la  stra ni  gauges were oc nduct de  on a fix-fr ee  a mul inum lp ate. The dyna im c  

niarts  gnisnes  ecnamrofrep  fo  eht  REVoLC  recudsnart  dna  eht  niarts  seguag   erew  
c pmo ared. retfA  eht  ,noitarbilac  eht  tnemerusaem  ytiraenil  saw  .denimaxe  The  
ip e oz electric er ps o sn e  s rf ht mo e CL Vo s RE ce t sro  w ere  c mo pare  d w ti h the analy it cal  
rp e id ct oi n.  
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Figure 1: CLoVER transducer and a functional sector with an arbitrary installation angle. 

Figure 1 presents the CLoVER transducer with 12 independent sectors 

manufactured with piezoelectric fibers. Each sector consists of an inner portion and an 

outer portion. These two parts can work independently or jointly as transmitters and 

receivers. The piezo-fibers are aligned in the radial direction, while the interdigitated 

electrodes cover the sectors in the hoop direction. 

As a novel multifunctional transducer, CLoVER not only enables the generation 

and reception of directional ultrasonic guided waves for SHM applications, but also may 

be used as a strain sensing device for structural usage and load monitoring. Farrar and 

Lieven addressed the importance of usage monitoring for the damage prognosis in their 

vision of future SHM systems [2]. It was pointed out that the database of the loading 

and usage history plays a critical role in the diagnosis of structural fatigue stage and the 

prognosis of the residual service life. Maley et al. have identified load/strain prediction 

as an essential aspect for SHM from a U.S. Navy point of view [3]. Previous studies 

have demonstrated the capability of rectangular piezoelectric Macro-Fiber Composite 

(MFC) patches for single directional strain sensing [4, 5]. Matt and Lanza di Scalea 

combined three MFC patches installed in different orientations to form a MFC rosette 

for acoustic source location in complex structures [6]. Such an application potential is 

drawing increasing interest to achieve the multifunctional performance of SHM 

transducers. 

This study aims to extend the CLoVER formulation to include the strain sensing 

capability for structural usage monitoring. What distinguishes the CLoVER transducers 

from other technologies resides in the following two aspects: (1) CLoVER not only 

measures the strain components at its center, but also enables to predict the gradients of 

these stain components; (2) CLoVER has been developed as a multifunctional 

transducer, which can switch into active sensing mode for damage detection upon the 

identification of severe operation/loading conditions. This paper starts with the 

analytical formulation of a single CLoVER sector for static/dynamic strain sensing. 

Then, the methodology of strain component measurement using multiple sectors is 

introduced. Experimental case studies are presented. This paper finishes with 

concluding remarks and suggestions for future work. 

 

 

CLOVER STRAIN SENSING ANALYTICAL FORMULATION 

 

Consider a single CLoVER sector in an arbitrary orientation   with respect to the 

global coordinate system as shown in Figure 1. The CLoVER sector can be modeled as 

an orthotropic lamina of piezoelectric fibers in a cylindrical coordinate system, with the 



polling direction along the radial direction [1, 7, 8]. It covers an angular range  , with 

an inner radius ir , an outer radius or , and a thickness t . Consider the constitutive 

equation of direct piezoelectric effect 
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where iD  is the electrical displacement (charge per unit area); ikld  is the piezoelectric 

constant, which couples the electrical and mechanical fields; klT  is the mechanical stress; 

T

ike  is the dielectric permittivity measured at zero mechanical stress ( 0T   ); kE  is the 

electrical field. Casting Eq. (1) in matrix form and expanding the expression under the 

cylindrical coordinate system yields 
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The stiffness matrix  Q  can be calculated from the elastic modulus of the piezo 

fibers. The subscript numbers adhere the nomenclature for laminate composites. In the 

cylindrical coordinate system, they coincide with the radial and hoop directions. It 

should be noted that, in Eq. (2), the mechanical-induced strain equals the total strain 

( 11 22 12, ,   ) minus the piezoelectric-induced strain. Solving for the electric 

displacement 1D  yields 
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It should be noted that the strain components 11 22 12, ,    in the cylindrical 

coordinate are expressed by the strain components , ,xx yy xy    in the global Cartesian 

coordinate through coordinate transformation. In this formulation, a non-uniform strain 

field is considered. Since the CLoVER area is small, we assume that the strain gradients 

are constants under the sectors and the strain field can be expressed by the stain 

components 
o

xx , 
o

yy , 
o

xy  at the CLoVER center and the strain gradients through a 

spatial Taylor expansion. 

In this derivation, the influence from the measuring instrument is considered. Figure 

2 shows the equivalent measuring electronic circuits for the static and dynamic strain 

sensing cases. For static strain sensing, the measuring instrument is treated as a capacitor 



with a capacitance of eC . For dynamic strain sensing, the measuring instrument is 

treated as a resister with an impedance of eZ  and admittance of eY  ( 1e eY Z ) [9]. 

Figure 2c shows the interdigitated electrodes and the electric field within a CLoVER 

sector. 
 

 
 

Figure 2: Equivalent measuring electronic circuits: (a) static strain sensing; (b) dynamic strain sensing; 

(c) interdigitated electrodes and electric field of a CLoVER sector. 

 

Static Strain Sensing Formulation of a Single CLoVER Sector 

 

Recall the relation between electric field and voltage 
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where A  is the effective electrode area shown in Figure 2c. It can be estimated by 

 2 2 2o iA t r r d  , where d  is the distance between the neighboring electrodes; t  is 

the thickness of the sectors. The electric field 1E  in Eq. (5) can be solved from Eq. (3). 

Conducting the integration of the electric displacement 1D  over the sector volume 

yields 
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Substituting Eq. (6) into Eq. (5), one arrives at the final sensing voltage of a 

CLoVER sector, which is a function of the strain components at the center, the strain 

gradients, the installation angle, and the sector dimensions. 
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where  XX  ,  YY  ,  XY   etc. are the explicit coefficients containing the 

installation angle and CLoVER dimensions calculated from the integration. 

 

Dynamic Strain Sensing Formulation of a Single CLoVER Sector 

 

For dynamic measurement, we assume a measuring instrument of input impedance 

eZ  and admittance eY  ( 1e eY Z ). The CLoVER sector dynamics is ignored, i.e., it is 

assumed that the operational frequencies are well below the resonance frequency of the 

sensing sector (e.g., hundreds of Hz to low kHz operational frequencies). The dynamic 

sensing equation is derived from the time derivative of Eq. (5). 
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Conducting the volume integration of the electric displacement rate 1D  yields 
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Consider a harmonic solution, the dynamic response and the strain field have the 

following time derivative relations 
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where i  is the imaginary unit;   is the angular frequency. For a lossless measuring 

instrument 
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Combine Eqs. (9), (10), and (11) to solve Eq. (8) yields the sensing formulation, 

which one finds the same solution as the static case given in Eq. (7). It should be noted 

that practical measuring instruments do not have a purely capacitive input admittance, 

since some resistive losses and inductive coupling are always present; similarly actual 

CLoVER transducers always have internal dissipation, especially at high frequencies. 

For these reasons, the simplification using Eq. (11) may not be always possible. It is 

also noticed that, in practice, the static measuring voltage will decay due to the resistive 

losses within the electronic circuits. 

 

 

STRAIN MEASUREMENTS USING MULTIPLE CLOVER SECTORS 

 

Recall the static and dynamic strain sensing equations of a single CLoVER sector 

in Eq. (7). For a specific design, the sector coverage angle   is a constant. For a 



specific installation orientation with respect to the global Cartesian coordinate system, 

  is also a constant. For a measurement  V  , the only unknowns are the target strain 

components and their gradients. Given nine CLoVER sectors with different installation 

orientations, we can arrive at nine equations of sensing voltage with nine unknowns. 

Thus, we can solve for the target strains and strain gradients. Since CLoVER may have 

more than nine sectors, we can use all the sectors and arrive at an overdetermined 

equation system. The equations of the measurements for various orientations can be 

casted into matrix form as 
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where   is the calibration factor. Thus, the strain can be estimated by Eq. (16). For 

dynamic strain sensing, ̂  becomes the harmonic strain amplitude and V̂  is the 

harmonic voltage amplitude. 
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EXPERIMENTS FOR CLOVER STRAIN SENSING 

 

Figure 3 presents the experimental setup for CLoVER strain sensing tests. A 32-in 

long, 17-in wide, and 0.128-in thick aluminum plate was used as the test structure with 

a fix-free boundary condition. A 12-sector CLoVER transducer, with an inner radius of 

10 mm and an outer radius of 15 mm, was surface-bonded on the center top of the plate. 

A strain gauge rosette was installed on the center bottom of the plate. A fourth strain 

gauge was installed 10 mm away from the rosette and closer to the fixed end for the 

calculation of strain gradient. A quarter bridge circuit and a post-amplifier were used to 

obtain the strain gauge readings, while the CLoVER sectors were directly connected to 

the oscilloscope. Initial deformations were introduced at the plate free end and were 

rapidly removed to trigger free vibrations of the plate. The readings from the strain 

gauges and the CLoVER sectors were recorded. 



Figure 4 presents the comparison of sensing signals between a strain gauge and a 

CLoVER sector. The CLoVER sector signal shows good performance in monitoring 

the structural vibration. Its advantage over the conventional strain gauge can be noticed 

in its sensitivity for high frequency vibration components. The conventional strain 

gauge, on the other hand, does not exhibit satisfying performance at higher frequencies. 
 

 
 

Figure 3: Experiment setup for CLoVER strain sensing. 

 

 
 

Figure 4: Comparison of sensing signals between a strain gauge and a CLoVER sector: (a) time domain 

signal; (b) frequency domain signal. 

Figure 5a shows the sensing response linearity test of the 180 degree CLoVER 

sector under various plate free end deformations. It can be noticed that the CLoVER 

sector presents good response linearity, which means the measurements are accurate 

after a calibration with the strain gauge at an arbitrary deformation within the tested 

range. 
 

 
 

Figure 5: (a) Linearity test of sensing signals; (b) comparison between theoretical responses with 

experimental data; (c) poor sensing signal due to bad bonding. 

Figure 5b presents the comparison between the theoretical responses (after 

calibration) with experimental measurements. Many of the experimental data points 

agree well with the theoretical prediction, however several sectors did not match the 

prediction. Figure 5c shows the sensing signals of two sectors. The signal from the 0 



degree sector, which demonstrates good agreement with theoretical prediction, shows 

clear free vibration pattern. However, the signal from the 30 degree sector, which 

deviates from the prediction, shows nonlinear response due to bad bonding of the sector. 

 

 

CONCLUDING REMARKS 

 

In this paper, we presented the theoretical formulation and initial experimental 

investigation of using CLoVER transducers for strain sensing. The formulation was 

derived using the piezoelectric constitutive equations, treating CLoVER sectors as 

orthotropic composite laminate in a cylindrical coordinate system. The methodology of 

strain measurement using multiple CLoVER sectors was proposed. The theoretical 

study showed that CLoVER not only enables the monitoring of strain components, but 

also allows the estimation of strain gradients. The initial experimental investigation 

demonstrated potential of CLoVER transducers for strain measurements. Further 

experimental investigations are still required to validate the CLoVER measurements. 
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