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ABSTRACT 

 

본 연구에서는 케이블 구조와 같은 축 부재의 구조건전성 모니터링 

(SHM)을 위한 임피던스 기반 긴장력 추정기법을 제시하였다. 먼저, 

임피던스 기반 축력 추정기법의 원리를 요약하였다. 두번째로, 축력 

모니터링을 위해 케이블 구조에 부착 가능한 PZT 인터페이스를 설계하였다. 

또한 임피던스 모니터링에서 유효 센싱 주파수 범위를 미리 결정하기 위한 

PZT 인터페이스 기술을 제시하였다. 세번째로, 케이블 구조의 축력 변화를 

모니터링하기 위해 제안된 PZT 인터페이스 기법의 가능성을 수치 해석을 

통해 평가하였다. 네번째로, 인터페이스의 기하학적 구조 및 PZT 센서의 

크기와 같은 유효 파라미터에 대해 PZT 인터페이스의 임피던스 응답 

민감도를 수치적으로 분석하였다. 마지막으로, 제안된 PZT 인터페이스의 

적합성을 실험실 규모의 케이블 구조에서의 축력 변화를 추정함으로써 

실험적으로 증명하였다.  
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ABSTRACT 
 

In this study, an impedance-based tension force estimation method is 

developed for structural health monitoring (SHM) of axially loaded members. 

To achieve the objective, the following approaches are implemented. Firstly, 

theories of the impedance-based axial force estimation method are outlined. 

Secondly, a prototype of PZT interface attached to the cable structure is 

designed to monitor the axial force. A PZT interface technique is developed 

for predetermining effective sensing frequency ranges of electro-mechanical 

impedance responses. Thirdly, the feasibility of the proposed PZT interface 

technique is numerically evaluated for monitoring the tension force variation 

of the cable structure. Fourthly, the sensibility of impedance signatures via 

the PZT interface is numerically analyzed with respect to effective parameters 

such as the geometry of the interface and the size of PZT patch. Finally, the 

applicability of the proposed PZT interface is experimentally evaluated via 

estimating the axial force variation in a lab-scale cable structure.  
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INTRODUCTION 

 

1.1 Background 

Axial members such as columns, cables and truss members support 

tension or compression loads along their primary axes. In a cable-stayed 

bridge, the cable subsystem is subjected to various loads induced by vehicles, 

wind and temperature variation. The cable carries most of the load from the 

deck to transfer it into the foundation. Therefore, it is important to maintain 

the design cable force during its operation under the external loading and 

environmental conditions.  

To secure the operational safety of the cable structure, the cable force 

should be monitored appropriately by field measurement and structural 

analysis. Recently, vibration-based techniques have been widely used for 

monitoring cable forces (Shinke et al. 1980, Triantafyllou and Grinfogel 1986, 

Shimada 1994, Kim et al. 2016). Those techniques mostly utilize dynamic 

characteristics which can be monitored from vibration responses of the cable. 

A few researchers have evaluated the vibration techniques not only on small-

scale but also on full-scale cable structures (Zui et al. 1996, Kim et al. 2007, 

Ho et al. 2012, Nguyen and Kim 2012a, Kim et al. 2014). The vibration-based 

techniques require measurements of acceleration responses that can be 

generated by sufficient external excitations. Therefore, the need of the forced 

excitation is required as the restriction of measuring vibration responses for 

the cable structures.  

Meanwhile, other researchers have developed strain-based methods for 

monitoring cable forces. Li et al. (2009) utilized optical Fiber Bragg grating 

(FBG) strain sensors to monitor the tension force of the cable structure. The 
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strain-based technique is simple to estimate the tension force from direct 

monitoring of strain responses, but it is difficult to extract accurate noise-free 

data under various external loading conditions and environmental effects. 

In the past decades, the impedance-based method has been recognized 

as a promising tool for damage detection of civil structures. The concept of 

impedance signatures for damage detection was first published by Liang et al. 

(1994). The impedance-based method utilizes the electro-mechanical (EM) 

impedance signatures as the local dynamic features. The method can be used 

to detect structural changes (i.e., induced by damage) at critical locations by 

monitoring changes in impedance signals sensed by piezoceramic patches 

such as PZT (i.e., lead zirconate titanate). Since the EM impedance response 

contains the information about the structural status, any damage occurred in 

the structural system can be diagnosed by sensing the variation of impedance 

signals.  The impedance-based method has the following unique advantages 

(Park et al. 2000, Giurgiutiu et al. 2002, Park et al. 2003, Huynh et al. 2017): 

(1) self-excitation and examination without external loads, (2) high sensitivity 

to small damage severity, (3) good applicability for complex structures, (4) 

cost-effective sensors and cheap data acquisition system, and (5) autonomous 

and real-time SHM implementations. 

To realize the impedance-based method for SHM in real structures, the 

sensitive frequency band of impedance signatures should be predetermined 

before the measurement (Nguyen and Kim 2012b, Huynh 2017, Ryu et al. 

2017). Generally, the sensitive frequency range is varied dependent on the 

type of target structures and the nature of damages. This causes the difficulty 

when dealing with real structures because the sensitive frequency range is 

almost unknown and may take much effort to obtain it by trial and error. In 

order to overcome the above-mentioned limitations, a portable PZT–interface 
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technique was proposed by Huynh and Kim (2014). The interface device is a 

thin-walled beam-like member with a PZT patch mounted on it. A partial free 

surface in the bottom of the interface is intentionally designed to make the 

PZT patch freely vibrating and also allow to predetermine effective frequency 

ranges in the impedance-based technique. The implementation of the PZT-

interface with pre-determined frequency bands was successful to indicate the 

change in tension forces when it was tested for a model tendon-anchorage 

(Huynh et al. 2015a, 2015b). 

By utilizing the advantage of the PZT interface technique, in this study 

an impedance-based method is newly developed to estimate the tension force 

in axial members. 

 

1.2 Objective and Scope 

The objective of this study is to develop a tension force estimation 

method for axially-loaded cable structures using the EM impedance responses 

measured by using the PZT interface technique. To achieve the objective, the 

following approaches are conducted: 

(1) Theories of the impedance-based PZT interface technique are 

outlined. An algorithm is proposed to estimate the tension force by 

using the resonant frequencies of the PZT interface. 

(2) A prototype of PZT interface attached to the cable structure is 

designed to monitor the axial force. A PZT interface technique is 

developed for predetermining effective sensing frequency ranges for 

impedance responses. 

(3) The feasibility of the proposed PZT interface technique is 

numerically evaluated for monitoring the tension force variation of 

the cable structure. 
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(4) The sensibility of impedance signatures via the PZT interface is 

numerically analyzed with respect to effective parameters such as 

the geometry of the interface and the size of PZT patch. 

(5) The applicability of the PZT interface is experimentally evaluated 

via estimating the axial force variations in a lab-scale cable structure.  
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IMPEDANCE-BASED AXIAL FORCE MONITORING 

METHOD 

 

2.1 Introduction 

In this chapter, the impedance-based axial force monitoring method for 

axially loaded members is presented. Firstly, the PZT interface-based 

impedance monitoring technique is outlined. Next, the tension force 

estimation method for axially loaded members is described. The relationship 

between the tension force change and the PZT interface’s frequencies are 

analyzed. Then, a scheme of axial force estimation using the PZT interface’s 

impedance signatures is designed. 

 

2.2 PZT Interface-based Impedance Monitoring Technique 

In this study, the PZT interface technique developed by Huynh et al. 

(2014) is adopted to acquire the impedance signatures of the sensitive 

frequency bands from the target structure (i.e., axially loaded member). As 

schematized in Fig. 2.1(a), the PZT interface, which is a beam-like structure 

embedded with a PZT sensor, is mounted to a general target structure. Under 

a harmonic voltage excitation V(), the PZT sensor would induce 

deformations into the interface and the host structure via the contacting force 

F(). The PZT interface is specially designed with a middle flexible part to 

provide the free vibrations of the PZT during the voltage excitation. This 

special design results in sharp impedance peaks at resonant frequencies of the 

PZT interface which are sensitive to structural damage (Huynh et al. 2014).  
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(a) PZT interface mounted to host structure 

 

(b) 2-DOF impedance model 

Fig. 2.1 PZT interface-based impedance monitoring technique (Huynh and 

Kim 2017)  

 

As shown in Fig. 2.1(b), the coupling response between the PZT 

interface and the host structure can be simplified by a 2-DOF impedance 

model. The PZT interface is modeled by the mass mi, the stiffness ki, and the 

damping coefficient ci; and the host structure is modeled by the structural 

parameters mc, kc, cc. In the impedance model, the host structure has the 

structural mechanical (SM) impedance Zs, the PZT interface has SM 

impedance Zi, and Za is the SM impedance of the PZT patch. 

Assuming the excitation force at the PZT driving point is harmonic as:  

 

𝐹(𝜔) = 𝐹଴𝑒௜ఠ௧                        (2.1) 

Host structure (ks,cs,ms)

V(ω)

Ⅰ(ω)

F(ω) Interface 
(ki,ci,mi)

PZT

miPZT Kms

ks

cs

Interface Host StructurePZT Sensor

Z (ω)sZ (ω)i

K

i

ci

k

sin( )V v t

sin( )I i t  

PZT Patch Host StructureInterface
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where 𝜔 is the forcing frequency and 𝐹଴ is the forcing magnitude. Then, the 

equation of motion for the 2-DOF model is written as: 

 

൤
𝑚௜ 0
0 𝑚௦

൨ ൜
𝑥̈௜

𝑥̈௦
ൠ + ቂ

𝑐௜ −𝑐௜

−𝑐௜ 𝑐௜ + 𝑐௦
ቃ ൜

𝑥̇௜

𝑥̇௦
ൠ + ൤

𝑘௜ −𝑘௜

−𝑘௜ 𝑘௜ + 𝑘௦
൨ ቄ

𝑥௜

𝑥௦
ቅ = ቄ

𝐹
0

ቅ (2.2) 

 

where 𝑥̈௜, 𝑥̈௦, 𝑥̇௜, 𝑥̇௦, 𝑥௜, 𝑥௦  are accelerations, velocities, and displacement of 

interface and the host structure, respectively.  

The steady state solution can be written as: 

 

                 𝑥௜(𝜔) = 𝑋௜𝑒௜ఠ௧;  𝑥௦(𝜔) = 𝑋௦𝑒௜ఠ௧ (2.3) 

 

where 𝑋௜ and 𝑋௦ are, in general, complex quantities that depend on 𝜔 and the 

system parameters. By substituting Eqs. (2.1) and (2.3) into Eq. (2.2), we can 

obtain: 

 

  ൤
−𝜔ଶ𝑚௜ + 𝑖𝜔𝑐௜ + 𝑘௜ −𝑖𝜔𝑐௜ − 𝑘௜

−𝑖𝜔𝑐௜ − 𝑘௜ −𝜔ଶ𝑚௦ + 𝑖𝜔(𝑐௜+𝑐௦) + (𝑘௜ + 𝑘௦)
൨ ൜

𝑋௜

𝑋௦
ൠ = ቄ

𝐹଴

0
ቅ (2.4) 

 

or     ൤
𝐾ଵଵ(𝜔) 𝐾ଵଶ(𝜔)
𝐾ଵଶ(𝜔) 𝐾ଶଶ(𝜔)

൨ ൜
𝑋௜

𝑋௦
ൠ = ቄ

𝐹଴

0
ቅ (2.5) 

 

where the terms [𝐾௠௡(𝜔)] are the dynamic stiffness (m, n = 1, 2). The 

solutions of Eq. (2.5) can be obtained by inversing the dynamic stiffness 

matrix, as follows: 

 

  𝑋௜ =
𝐾ଶଶ(𝜔)𝐹଴

𝐾ଵଵ(𝜔)𝐾ଶଶ(𝜔) − 𝐾ଵଶ
ଶ (𝜔)

;   𝑋௦ =
−𝐾ଵଶ(𝜔)𝐹଴

𝐾ଵଵ(𝜔)𝐾ଶଶ(𝜔) − 𝐾ଵଶ
ଶ (𝜔)

 (2.6) 

 



8 
 

where 𝑋௜  and 𝑋௦  are displacement quantities of the two coupled vibration 

modes for the interface-host structure system.  

The coupled SM impedance of the interface-host structure is computed 

by the ratio of the excitation force 𝐹(𝜔) to the velocity at the PZT driving 

point 𝑥̇௜(), as follows: 

 

              𝑍̅(𝜔) =
𝐹(𝜔)

𝑥̇௜(𝜔)
=

𝐹଴𝑒௜ఠ௧

𝑖𝜔𝑋௜𝑒௜ఠ௧
=

𝐾ଵଵ(𝜔)𝐾ଶଶ(𝜔) − 𝐾ଵଶ
ଶ (𝜔)

𝑖𝜔𝐾ଶଶ(𝜔)
 (2.7) 

 

The overall impedance of the system Z(𝜔)  is a function of the SM 

impedances Zത(𝜔)  of the interface-host structure system and the SM 

impedances Z௔(𝜔) of the PZT patch, as follows (Liang et al. 1994): 

 

               𝑍(𝜔) = ቊ𝑖𝜔
𝑤௔𝑙௔

𝑡௔
ቈ𝜀ଷ̅ଷ

் −
𝑍௔(𝜔)

𝑍̅(𝜔) + 𝑍௔(𝜔)
𝑑ଷଵ

ଶ 𝑌തଵଵ
ா ቉ቋ

ିଵ

 (2.8) 

 

where 𝑡௔ , 𝑙௔ , 𝑤௔ are the thickness, length, and width of the PZT patch; 𝜀ଷ̅ଷ
் =

(1 − 𝑖𝛿)𝜀ଷଷ
்  is the complex dielectric constant at zero stress; 𝑌തଵଵ

ா = (1 + 𝑖𝜂)𝑌ଵଵ
ா  

is the complex Young’s modulus of PZT patch at zero electric field; 𝑑ଷଵ is 

the coupling piezoelectric constant in the 1-direction at zero stress; and 

parameters 𝜂  and 𝛿  are structural damping loss factor and dielectric loss 

factor of piezoelectric material, respectively. The SM impedance of the PZT 

is computed as Z௔(𝜔) =  −𝑖𝑌തଵଵ
ா 𝑤௔𝑡௔/𝜔𝑙௔. 

From Eqs. (2.7)-(2.8), it is shown that the impedance response obtained 

from the PZT interface would contain the structural parameters of both the 

interface device and the host structure. This suggests that the structural 

changes (e.g., force change) in the host structure (or interface) can be assessed 

from the resonant peak changes in the impedance signatures. 
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2.3 Force Estimation Method for Axially Loaded Members 

2.3.1 Relationship between Axial Force Change and PZT Interface’s 

Frequencies 

As schematized in Fig. 2.2(a), a PZT interface is attached to an axial 

member to monitor the tension force. In the figure, a tension force F applied 

to the axial member would induce an external axial load T into the PZT 

interface. By assuming the PZT interface is perfectly attached to the axial 

member, the structural model of the PZT interface can be simplified as a 

fixed-fixed beam or pinned-pinned beam, as shown in Fig. 2.2(b) and (c). 

 

  

(a) Axial member equipped with PZT interface 

 

(b) Structural model of fixed-fixed boundary 

 

(c) Structural model of pinned-pinned boundary 

Fig. 2.2 Schematic of PZT interface-tension member system 

 

Axial Member

PZT Interface

PZT

PZT

Ei, Ai, miPZT Interface

PZT

Ei, Ai, miPZT Interface
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The governing differential equation of the interface under axial force T 

is given by (Clough and Penzien 1995). 

 

𝜕ସ𝜈(𝑥, 𝑡)

𝜕𝑥ସ
−

𝑇

𝐸௜𝐼௜

𝜕ଶ𝜈(𝑥, 𝑡)

𝜕𝑥ଶ
+

𝑚௜

𝐸௜𝐼௜

𝜕ଶ𝜈(𝑥, 𝑡)

𝜕𝑡ଶ
= 0 (2.9) 

 
where 𝑚௜ is mass per unit area; 𝐸௜ and 𝐼௜ are Young’s modulus and moment 

of inertia of the interface, respectively. By solving Eq. (2.9), the nth natural 

frequency 𝑓௡  of interface that dependent on the support condition is 

determined as follow: 

 

     𝑓௡ =
𝐶௡

2𝜋𝐿௜
ଶ

ඨ1 +
𝑇𝐿௜

ଶ

4𝐸௜𝐼௜𝜋ଶ

𝐶ଵ

𝐶௡
ඨ

𝐸௜𝐼௜

𝑚௜
 ; for fixed − fixed boundary (2.10a) 

 

𝑓௡ =
𝐶௡

2𝜋𝐿௜
ଶ

ඨ1 +
𝑇𝐿௜

ଶ

𝐸௜𝐼௜𝜋ଶ

𝐶ଵ

𝐶௡
ඨ

𝐸௜𝐼௜

𝑚௜
  ; for pinned − pinned boundary  (2.10b) 

 

where C1, and Cn are non-dimensional frequencies of the 1st mode and the nth 

mode, respectively, in Table 2.1; and 𝐿௜ is the length of the flexible part of the 

interface. 

 
Table 2.1 Non-dimensional natural frequencies 

nth 
mode 

fixed-fixed boundary pinned-pinned boundary 

Cn Cn 

1 22.3733 π2 

2 61.6728 4π2 

3 120.9034 9π2 

4 199.8594 16π2 

5 298.5555 25π2 
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When the axial force in the tension member experiences a variation F 

= F*  F, the interface experiences a change in its tension force T = T*  T. 

As the results, the natural frequency of the interface is turned to 𝑓௡
∗. By using 

Eq. (2.10), the relationship between the tension force change T and the 

changes in square frequencies ∆(𝑓௡
ଶ) = 𝑓௡

∗ଶ − 𝑓௡
ଶ can be derived, as follows: 

 

                        ∆𝑇 =
16𝑚௜𝜋ସ𝐿௜

ଶ

𝐶ଵ𝐶௡
∆(𝑓௡

ଶ) (2.11a) 

 

                      ∆𝑇 =
4𝑚௜𝜋ସ𝐿௜

ଶ

𝐶ଵ𝐶௡
∆(𝑓௡

ଶ) (2.11b) 

 

Assuming that the strain of the tension member and the interface are 

same, the axial load change F can be easily obtained by: 

 

                   ∆𝐹 =
𝐸௖𝐴௖

𝐸௜𝐴௜
∆𝑇 (2.12) 

 

where Ec and Ac are Young’s modulus and area of the tension member, 

respectively. 

By substituting Eq. (2.11) into Eq. (2.12), the tension force change in 

the axially loaded member can be obtained as: 

 

                 ∆𝐹 =
𝐸௖𝐴௖

𝐸௜𝐴௜

16𝑚௜𝜋ସ𝐿௜
ଶ

𝐶ଵ𝐶௡
∆(𝑓௡

ଶ) (2.13a) 

 

              ∆𝐹 =
𝐸௖𝐴௖

𝐸௜𝐴௜

4𝑚௜𝜋ସ𝐿௜
ଶ

𝐶ଵ𝐶௡
∆(𝑓௡

ଶ) (2.13b) 
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When the 𝑁𝑀  number of vibration modes of the interface are 

considered, Eq. (2.13) can be modified as Eq. (2.14).  

 

                 ∆𝐹 =
𝐸௖𝐴௖

𝐸௜𝐴௜

16𝑚௜𝜋ସ𝐿ଶ

𝐶ଵ𝐶௡

1

𝑁𝑀
෍ ∆(𝑓௡

ଶ)

ேெ

௡ୀଵ

 (2.14a) 

 

                 ∆𝐹 =
𝐸௖𝐴௖

𝐸௜𝐴௜

4𝑚௜𝜋ସ𝐿ଶ

𝐶ଵ𝐶௡

1

𝑁𝑀
෍ ∆(𝑓௡

ଶ)

ேெ

௡ୀଵ

 (2.14b) 

 

Eq. (2.14) shows that the tension force change of the axially loaded 

member can be estimated from the natural frequencies of the PZT interface 

attached to it.  

 

2.3.2 Axial Force Estimation using PZT Interface’s Impedance 

Signatures 

From the previous works, it is proved that the peaks of impedance 

signatures represent the modal frequencies of the PZT-driven system (Liang 

et al. 1994, Park et al. 1999, Huynh et al. 2015a, Huynh et al. 2015b). This 

suggests that the natural frequencies of the PZT interface can be extracted 

from the resonant peaks of impedance signatures. By utilizing this advantage, 

an impedance-based axial force estimation method is proposed, as shown in 

Fig. 2.3. The proposed method is performed as follows: 

• Step 1: Design a PZT interface prototype for predetermination of 

effective frequency range and analyze its local dynamic characteristics to 

identify the natural frequencies of the interface corresponding to the 

impedance peaks; 
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Step 2: Attach the PZT interface to a host axial member to measure the 

impedance signatures before and after tension-change events; 

Step 3: Extract the natural frequencies of the interface from the measured 

impedance signatures and estimate the tension-change in the axial 

member using Eq. (2.14). 

 

 

Fig. 2.3 Impedance-based axial force estimation method 

  

Step 2: Impedance Measurement

Step 1: Analysis of Sensing Frequency Range

• Design a PZT interface prototype

• Predetermination of effective frequency range

• Analyze local dynamic characteristics of PZT interface

• Identify natural frequencies corresponding to 
impedance peaks

Step 3: Axial Force Estimation

• Extract natural frequencies of PZT interface from 
measured impedance signal

• Estimate tension-change in axial member using 
Eq. (2.14)

• Attach PZT interface to axial member

• Acquire impedance signals before & after tension-
change events

F +
F

Im
pe

da
nc

e

Frequency

nf *
nf



14 
 

  

NUMERICAL EVALUATION FOR IMPEDANCE-BASED 

TENSION FORCE MONITORING OF CABLE STRUCTURE 

 

3.1 Introduction 

In this chapter, a numerical evaluation for impedance-based tension 

force monitoring of steel cable structure is performed. Firstly, the prototype 

design of PZT interface is proposed based the analysis of local dynamic 

characteristics. Next, by using a commercial software COMSOL, the PZT 

interface and the target cable structure are simulated and the numerical 

impedance signatures are numerically obtained under cable force changes. 

Finally, the boundary condition of PZT interface is determined and the 

tension force changes are estimated by the impedance-based axial force 

estimation method. 

 

3.2 Prototype Design of PZT Interface 

3.2.1 Geometric Design 

To monitor the tension force of a cable structure, a novel design of PZT 

interface is proposed, as shown in Fig. 3.1. The PZT interface is designed to 

attach to a cable structure to acquire the impedance signatures of resonant 

frequency bands. The proposed PZT interface has a beam-like flexible part at 

the middle and two outside contacting parts. The flexible part is designed with 

a thin and long beam to provide the free vibration of the PZT sensor and to 

enhance the effect of the tension force on the natural frequencies. The two 

outside parts uses hoop-type contact bodies to make the proposed interface 

fully attached to the cable structure.  
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As shown in Fig. 3.1, the proposed interface device has the following 

dimensions: 50x10x1 mm for the flexible body, 10x10x2 mm for the upper 

part of the outside body, and 8x8x0.127 mm for the PZT patch. The hoop-

type contact bodies of the interface has the thickness of 1 mm and the 

diameter of cable. The interface’s dimensions are selected so that the resonant 

frequencies can be occurred within 1-100 kHz for the implementation of the 

low-cost impedance sensing device (Mascarenas et al. 2007, Park et al. 2015). 

In order to minimize the effect of the PZT sensor on the natural frequency of 

the interface, the PZT’s dimensions are selected so that its mass is ignorable 

as compared to the mass of the interface. 

 

  

(a) 3D view (b) Side view 

Fig. 3.1 Prototype of PZT interface (unit: mm) 

 

3.2.2 Local Dynamic Characteristics 

The local dynamic responses of the PZT interface were analyzed by 

using a commercial program, COMSOL Multiphysics. A finite element (FE) 

model of the PZT interface was established as shown in Fig. 3.2. The fixed 

boundary condition was applied to the inner surfaces of contacting hoops of 

the PZT interface, as shown in Fig. 3.2(a). The FE model was discretized by 

3D solid elements, as shown in Fig. 3.2(b). The meshing includes 24 elements 

for the PZT patch and 440 elements for the interface body. 
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In practices, most of axially loaded members are fabricated from steel. 

Thus, the material of the interface was selected as the steel in order to 

minimize the errors caused by the different deformation behaviors of the 

materials. The material properties of the steel interface are listed in Table 3.1. 

The piezoelectric properties of the PZT patch, PZT-5A, are listed in Table 3.2. 

 

Fig. 3.2 FE model of PZT interface 

 
Table 3.1 Material properties of interface 

Elastic Modulus 
(GPa) 

Mass Density 
(kg/m3) 

Poisson’s ratio, 
υ 

Damping loss fa
ctor, η 

200 7850 0.3 0.02 

 

Table 3.2 Piezoelectric properties of PZT patches 

Young Modulus 
YE

11 (N/m2) 
Mass Density 
 (kg/m3) 

Coupling 
Constant 
d31 (m/V) 

Dielectric 
Constant 

T
33 (Farads/m) 

6.1x1010 7650 -1.71x10-10 1.53x10-8 

 

The numerical impedance analysis of the PZT interface was performed 

for the swept frequency of 1-30 kHz, as shown in Fig. 3.3. It is identified that 

the PZT interface showed the first, second and third peak frequencies at 2.11 

 
 

(a) Boundary condition (b) Meshing solid elements 
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kHz, 11.55 kHz and 28.54 kHz, respectively. Next, the numerical modal 

analysis of the PZT interface was conducted. As the results of the numerical 

modal analyses, the first nine mode shapes representing the local vibration of 

the interface were obtained as shown in Fig. 3.4. Among them, Modes 1, 2, 

4, 7, and 9 are longitudinal flexural motions. Mode 6 is lateral bending motion. 

Mode 3, 5, and 8 are longitudinal twist motion. 

Matching to the piezoelectric deformation of the PZT interface (as 

illustrated in Fig. 2.1(a)), the first bending motion (Mode 1) is identical to the 

first impedance peak that represents the first resonant frequency. And, the 

third bending motion (Mode 4) is identical to the second impedance. Also, 

the fifth bending motion (Mode 9) is identical to the third impedance peak.  

It should be noted that the second and forth bending motions were not 

identified on the impedance signature. This is because the PZT sensor was 

located at the nodes of the second and forth bending motions. Thus, the ability 

of the PZT sensor to excite these modal motions was very low, resulting to 

the absence of these bending modes in the impedance signatures. 

 

 

Fig. 3.3 Numerical impedance signatures of PZT interface 
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Fig. 3.4 The 1st ~ 9th modal shapes of PZT interface 
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3.3 Numerical Impedance Measurement of Cable Structure via PZT 

Interface 

3.3.1 Finite Element Modeling 

A FE model of a steel cable structure equipped with the PZT interface 

was established using COMSOL Multiphysics, as shown in Fig. 3.5. In the 

FE model, the steel cable structure has the diameter of 15.2 mm and the length 

of 150mm. The fixed boundary condition was applied at one end of the cable, 

and the tension force F was introduced into the cable at the other end, see Fig. 

3.5. The FE model was discretized by 3D solid elements. The meshing 

includes 24 elements for the PZT patch and 440 elements for the interface 

body and 1080 elements for the cable structure. 

The material properties of the cable structure and the interface are listed 

in Table 3.3. The fixed parts of the interface have the stiffness 10 times larger 

than the flexible part to ensure that the interface device is fully attached on 

the cable. For acquiring the EM impedance from the PZT interface, a 

harmonic excitation voltage with an amplitude of 1V was applied to the top 

surface of the PZT patch while the bottom was set as the ground electrode. 

Five scenarios of the cable force (i.e., F1-F5) were introduced into the 

cable structure, as listed in Table 3.4. The impedance signatures in the 

frequency band of 1-32 kHz were numerically analyzed under the cable force 

changes.  
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Fig. 3.5 FE model of cable structure with PZT interface 

 

Table 3.3 Material properties of cable structure and PZT interface 

Properties 
Cable 

structure 
PZT interface 
(flexible part) 

PZT interface 
(fixed part) 

Elastic modulus, E (GPa) 200 200 2000 

Poisson’s ratio, υ 0.3 0.3 0.3 

Mass density, ρ (kg/m3) 7850 7850 7850 

Damping loss factor, η 0.02 0.02 0.02 

 

Table 3.4 Scenarios of cable’s tension force 

Properties 
Inflicted cable force 

F (kN) △F (kN) 

F1 9.81 0 

F2 19.62 9.81 

F3 29.43 19.62 

F4 39.24 29.43 

F5 49.05 39.24 
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3.3.2 Numerical Impedance Signatures 

Figure 3.6 shows the numerical impedance responses in 1-32 kHz 

obtained from PZT interface attached to the cable structure for the five tension 

forces (i.e., F1-F5). As identified previously, the first impedance peak (Peak 

1) was corresponding to the first bending mode, the second impedance peak 

(Peak 2) was corresponding to the third bending mode, and the third 

impedance peak (Peak 3) was identical to the fifth bending mode of the PZT 

interface. 

The three frequency bands containing the three impedance peaks (i.e., 

2-3 kHz, 11-13.5 kHz, and 27-31 kHz) were zoomed in Fig. 3.7(a)-(c), 

respectively. It is observed that the three impedance peaks were sensitively 

shifted to the right when the cable force was went up from F1 to F5. The 

increased peak frequency suggested the increment in the cable stiffness along 

with the increased tension force. When the tension force of cable was 

increased from F1 = 9.81 kN to F5 = 49.05 kN, the frequencies of Peak 1, 

Peak 2 and Peak 3 were increased steadily to 2.25 kHz - 2.77 kHz, 11.78 kHz 

-12.71 kHz and 28.61 kHz – 29.62 kHz, respectively.  

The peak frequencies by the impedance analysis were compared with 

those by the modal analysis results, as shown in Fig. 3.8. As observed from 

the figure, the numerical peak frequencies were well-matched with the modal 

analysis results, indicating the reliability of the natural frequencies extracted 

from the impedance signals. 
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Fig. 3.6 Impedance signatures of PZT interface under cable force variations 

 

  

(a) Peak 1 (2-3 kHz) (b) Peak 2 (11-13.5 kHz) 

 

(c) Peak 3 (27-31 kHz) 

Fig. 3.7 Shifts in three impedance peaks due to cable force variation 
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(a) Peak 1 (b) Peak 2 

 

(c) Peak 3 

 Fig. 3.8 Comparison of natural frequencies of PZT interface between 

impedance analysis and modal analysis 
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3.4 Tension Force Estimation for Cable Structure 

3.4.1 Boundary Condition of PZT Interface 

It should be noted that the interface was assumed to be fully fixed to the 

cable structure. In order to determine the boundary condition of the interface’s 

flexible part by these assumptions, the natural frequencies of the PZT 

interface obtained from numerical modal analysis were compared with those 

obtained from analytical solutions Eqs. (2.10a) and (2.10b) of two different 

boundary conditions: fixed-fixed and pined-pined, as listed in Table 3.5. 

As observed from Fig. 3.9, for the 1st, 3rd and 5th bending modes, the 

natural frequencies of the FE model was well-matched with the fixed-fixed 

boundary condition than the pinned-pinned one. This result suggested that the 

boundary condition of the PZT interface is close to fixed-fixed. 

 

Table 3.5 Comparison of natural frequencies of PZT interface between 

modal analysis and analytical solutions 

Tension 
force 

Natural frequency of 
Mode 1 (kHz) 

Natural frequency of 
Mode 3 (kHz) 

Natural frequency of 
Mode 5 (kHz) 

FE 
model 

fixed-
fixed  

pinned-
pinned  

FE 
model 

fixed-
fixed  

pinned-
pinned  

FE 
model 

fixed-
fixed  

pinned-
pinned 

F1 2.250 2.279 1.235 11.751 11.426 8.603 28.550 27.907 23.248 

F2 2.391 2.465 1.487 11.985 11.634 8.951 28.801 28.118 23.603 

F3 2.524 2.639 1.702 12.218 11.838 9.285 29.054 28.327 23.952 

F4 2.649 2.80 1.892 12.450 12.039 9.608 29.306 28.536 24.295 

F5 2.766 2.956 2.065 12.679 12.236 9.920 29.556 28.742 24.634 
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(a) Mode 1 (b) Mode 3 

 
(c) Mode 5 

Fig. 3.9 Comparison of natural frequencies of PZT interface between 
numerical analysis and analytical solutions 
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3.4.2 Estimated Tension Force in Cable Structure 

The tension force changes in the cable structure were computed from 

Eq. (2.14) when the boundary conditions of the interface were fixed-fixed and 

pinned-pinned using three impedance resonant peaks (Peaks 1-3) obtained 

from the impedance response of the PZT interface. As listed in Table 3.6 

about fixed-fixed boundary, if only Peak 1 was used to predict the cable force, 

the error could be up to 26 % of the inflicted value. The error when using 

Peak 2 was relatively smaller, about 20 %. The error corresponding to the use 

of Peak 3 was relatively significant, about 30 %. If all peaks were considered, 

the error was reduced significantly and very close to the inflicted value of the 

cable force (about 5-8 % error). 

Table 3.7 about pinned-pinned boundary, if only Peak 1 was used to 

predict the cable force, the error was relatively smaller about 5 % of the 

inflicted value. The error when using Peak 2 could be up to about 8 %. The 

error corresponding to the use of Peak 3 was relatively significant, about 15 %. 

If all peaks were considered, the error was reduced significantly and very 

close to the inflicted value of the cable force (about 7-10 % error). The 

predicted tension force changes using all peaks were compared with the real 

ones (inflicted tension force changes) in Fig. 3.10. It is observed that the 

prediction result of the cable force in both cases of boundary conditions was 

very good. As mentioned before, however, the results with the pinned-pinned 

boundary condition are not logical, since the proposed interface has the 

boundary conditions close to fixed-fixed. Conclusively, the cable forces can 

be accurately estimated using the natural frequencies of the PZT interface 

identified from the impedance measurement. 
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Table 3.6 Estimated tension force change: fixed-fixed boundary 

Input 
tension 
force 
(kN) 

Tension 
force 

change 
ΔF (kN) 

Estimate tension force change (kN) 

Using Peak 1 Using Peak 2 Using Peak 3 Using all Peaks 

estimated 
ΔF (kN) 

error 
(%) 

estimated 
ΔF (kN) 

error 
(%) 

estimated 
ΔF (kN) 

error 
(%) 

estimated 
ΔF (kN) 

error 
(%) 

9.81 - - - - - - - - - 

19.62 9.81 7.21 26.50 11.72 19.47 12.90 31.50 10.61 8.15 

29.43 19.62 14.84 24.36 23.17 18.09 24.46 24.67 20.82 6.13 

39.24 29.43 21.73 26.16 34.84 18.38 36.13 22.77 30.90 4.99 

49.05 39.24 28.94 26.25 46.73 19.09 48.87 24.54 41.51 5.79 

 

Table 3.7 Estimated tension force change: pinned-pinned boundary 

Input 
tension 
force 
(kN) 

Tension 
force 

change 
ΔF (kN) 

Estimate tension force change (kN) 

Using Peak 1 Using Peak 2 Using Peak 3 Using all Peaks 

estimated 
ΔF (kN) 

error 
(%) 

estimated 
ΔF (kN) 

error 
(%) 

estimated 
ΔF (kN) 

error 
(%) 

estimated 
ΔF (kN) 

error 
(%) 

9.81 - - - - - - - - - 

19.62 9.81 9.25 5.71 9.04 7.85 8.84 9.89 9.04 7.82 

29.43 19.62 19.07 2.80 17.88 8.87 16.78 14.48 17.91 8.72 

39.24 29.43 27.92 5.13 26.88 8.66 24.77 15.83 26.52 9.88 

49.05 39.24 37.18 5.25 36.05 8.13 33.51 14.60 35.58 9.33 

 

 

Fig. 3.10 Estimated tension force: fixed-fixed vs pinned-pinned boundary 
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EFFECT OF PZT INTERFACE’S GEOMETRY ON TENSION 

FORCE ESTIMATION 

 

4.1 Introduction 

The impedance-based tension force estimation mainly relies on the 

change in peak frequencies of the PZT interface that are dependent on the 

geometric sizes of the PZT sensor and the interface. In this chapter, a 

parametric study is performed to examine the effect of the PZT interface’s 

geometric sizes on the result of tension force estimation. Firstly, the previous 

FE model of a steel cable structure equipped with the PZT interface is used 

for the analysis. Secondly, various geometric sizes of the PZT and the 

interface are simulated and the impedance responses are obtained under the 

cable force change. Finally, the effect of the PZT interface’s geometry on the 

sensitivity of impedance signatures to the tension force is analyzed to 

determine an optimal geometric design of the PZT interface.  

 

4.2 FE Modeling Scenarios 

A FE model of a steel cable structure, which was previously established 

in Section 3.2, was selected to investigate the effect of the geometric 

parameters of the PZT interface on the impedance’s sensitivity. Two 

simulation scenarios were conducted. The first scenario was to examine the 

effect of the PZT sensor’s size and the second one was to study the effect of 

the interface’s size. 
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4.2.1 Scenario 1: Effect of PZT’s Size 

The numerical analyses for the effect of PZT’s size are divided into two 

cases: length effect and thickness effect. The eight different PZT patches 

(PZT 1-8) were designed for the scenario 1, as shown in Table 4.1. While the 

width (w) of the PZT was set to be constant as 8mm, the length (lp) of the PZT 

was ranging from 4 mm to 16 mm with an interval of 4 mm (PZT 1-4) and 

the thickness (tp) of the PZT was set to 0.127 mm, 0.508 mm, 1.02 mm, 2.03 

mm (PZT 5-8). PZT 1 and PZT 8 are shown in Fig. 4.1(b). While the PZT’s 

size was varied, the interface’s size was fixed as: the length (li) of 50 mm, 

width (b) of 10mm, thickness (ti) of 1mm and fixed part length (lf) of 10 mm, 

as shown in Fig. 4.1(a).  

For the eight PZTs (PZT 1-8), the EM impedance responses were 

analyzed in the frequency range of 1-35 kHz. Two tension levels in the cable 

were investigated: F1 = 9.81 kN and F3 = 29.43 kN (F = 19.62 kN). 

 

   

(a) Geometry of PZT interface (b) FE simulation of PZTs 

Fig. 4.1 Geometric description of PZT interfaces: PZT’s size effect 

 
Table 4.1 Dimensions of PZT patches (unit: mm) 

Name 
Effect of PZT’s length Effect of PZT’s thickness 

PZT 1 PZT 2 PZT 3 PZT 4 PZT 5 PZT 6 PZT 7 PZT 8 
Length 
l (mm) 

4 8 12 16 8 8 8 8 

Thickness 
t (mm) 

0.127 0.127 0.127 0.127 0.127 0.508 1.02 2.03 

 

b

li

PZT tp wp
lp

ti

lf lf

lp = 4mm 
tp = 0.127mm 

lp = 8mm 
tp = 2.03mm 

PZT 1 PZT 8 
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4.2.2 Scenario 2: Effect of Interface’s Size 

The numerical analyses for the effect of interface’s size are also divided 

into two cases: length effect and thickness effect. As shown in Table 4.2, eight 

different interfaces (Interface 1-8) were designed to examine the effect of the 

interface’s size. The length (li) of the interface is ranging from 20 mm to 110 

mm with an interval of 30 mm (Interface 1-4) and the thickness (ti) of the 

interface is ranging from 0.5 mm to 2 mm with an interval of 0.5 mm 

(Interface 5-8) while the other geometric sizes remain the same. Among them, 

Interface 1 and Interface 4 are shown in Fig. 4.2(a) and (b), respectively. 

With the designs, Interface 1 is near the plate-like structure while the 

others are close to the beam-like structure. For the frequency ranges in which 

three resonant peaks can be obtained, the impedance signatures were 

numerically analyzed the two tension forces: F1 = 9.81 kN and F3 = 29.43 

kN (F = 19.62 kN). 

 

   

(a) Interface 1 (b) Interface 8 

Fig. 4.2 Geometric description of PZT interfaces: Interface’s size effect 

 
Table 4.2 Dimensions of PZT interfaces (unit: mm) 

Name 
Effect of Interface’s length Effect of Interface’s thickness 

Interface 
1 

Interface 
2 

Interface 
3 

Interface 
4 

Interface 
5 

Interface 
6 

Interface 
7 

Interface 
8 

Length 
l (mm) 

20 50 80 110 80 80 80 80 

Thickness 
t (mm) 

1 1 1 1 0.5 1 1.5 2 

li = 20mm 
ti = 1mm 

li = 80mm 
ti = 2mm 
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4.3 Effects of PZT’s Size on Tension Force Estimation 

4.3.1 Effect of PZT Length 

Impedance Signatures 

Numerical impedance signatures in the frequency band of 1-35 kHz 

were obtained from the four PZT patches (PZT 1-4) under F1 = 9.81 kN, as 

shown in Fig. 4.3. Three clear impedance peaks (Peaks 1-3) can be seen 

within the examined frequency range. Generally, the four PZT patches 

showed the similar impedance patterns. The comparison of the peak 

frequencies between PZT 1-4 is shown in Fig. 4.4. It is observed that the 

frequencies of Peak 1-3 were increased with the increment of PZT length. 

This is because the increased PZT length caused increases in the flexural 

stiffness of the interface’s flexible part. As compared to Peak 1, the 

frequencies of Peak 2-3 varied more significantly with the PZT length. 

 

  
(a) PZT 1 (1-35 kHz) (b) PZT 2 (1-35 kHz) 

  
(c) PZT 3 (1-35 kHz) (d) PZT 4 (1-35 kHz) 

Fig. 4.3 Numerical impedance signatures of PZT 1-4 
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Fig. 4.4 Peak frequencies vs PZT length 

 

Sensitivity of Peak Frequencies 

Figure 4.5 shows shifts in the impedance peaks (Peak 1-3) under tension 

force change (F = 19.62 kN) for PZT 1 and PZT 4. As observed from the 

figure, the impedance signatures of each peak tended to shift right when the 

tension force of the cable was increased. Figure 4.6 shows tension force-

induced peak frequency changes plotting according to PZT length. It is 

observed that as the length of PZT was increased, the sensitivities of Peak 1 

and Peak 2 to the tension force were decreased while that of Peak 3 was 

increased in general. 

 

  
(a) Peak 1 (b) Peak 2 
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(c) Peak 3 

Fig. 4.5 Shifts in numerical impedance peaks under tension force change for 

PZT 1 and PZT 4 

 

 

Fig. 4.6 Peak frequency change (Δf ) vs PZT length 

 

Tension Force Estimation 

The tension force in the cable was estimated using the frequencies of 

Peak 1-3 and plotted according to the length/width ratio (L/W) of PZT in Fig. 

4.7(a). It is observed that the estimated cable forces were relatively higher 

than the real value (inflicted value). As the sensor length was increased, the 

deviation of estimated tension force was increased.  
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The estimation error was plotted according to the length/width ratio 

(L/W) of the PZT in Fig. 4.7(b). PZT 1 and 2 showed the least errors as 

compared to PZT 3 and 4. This means the PZT patch in the form of square or 

short-length could result in the higher accuracy of tension estimation than the 

long-length PZT patch. Among four PZT sensors (PZT1-4), PZT 2 with the 

L/W ratio 1 showed the least error and should be selected for the design of 

PZT interface prototype. 

  

(a) Estimated tension force change (b) Estimation error 

Fig. 4.7 Tension force estimation vs PZT length 

 

4.3.2 Effect of PZT Thickness 

Impedance Signatures 

Figure 4.8 shows the numerical impedance signatures in the frequency 

band of 1-35 kHz were obtained from the four PZT patches (PZT 5-8) under 

the F1 = 9.81 kN of the tension force. Three clear impedance peaks (Peaks 1-

3) can be seen within the examined frequency range. Generally, the four PZT 

sensors showed the similar impedance patterns.  

The comparison of the peak frequencies between PZT 1-4 is shown in 

Fig. 4.9. It is observed that the frequencies of Peak 1 were decreased with the 
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increment of PZT thickness while that of Peak 2 and Peak 3 increased. This 

is because the increased PZT thickness caused increases in the mass effect of 

PZT on the interface’s flexible part. However, in the peak 2 and the peak 3, 

the effect of the increased flexural stiffness is larger than the increased mass 

effect, so that the frequency is gradually increased. As compared to Peak 1, 

the frequencies of Peak 2-3 varied more significantly with the PZT length. 

 

  
(a) PZT 5 (1-35 kHz) (b) PZT 6 (1-35 kHz) 

  
(c) PZT 7 (1-35 kHz) (d) PZT 8 (1-35 kHz) 

Fig. 4.8 Numerical impedance signatures of PZT 5-8 
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Fig. 4.9 Peak frequencies vs PZT thickness 

 

Sensitivity of Peak Frequencies 

Figure 4.10 shows shifts in the impedance peaks (Peak 1-3) under 

tension force change (F = 19.62 kN) for PZT 5 and PZT 8. As observed from 

the figure, the impedance signatures of each peak tended to shift right when 

the tension force of the cable structure was increased. PZT 5 and PZT 8 tended 

to exhibit similar frequency shifts under increased tension force. Figure 4.11 

shows tension force-induced peak frequency changes plotting according to 

PZT thickness. It is observed that as the thickness of PZT was increased, the 

sensitivities of each peak to the tension force were decreased. 
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(c) Peak 3 

Fig. 4.10 Shifts in numerical impedance peaks under tension force change 

for PZT 5 and PZT 8 

 

 

Fig. 4.11 Peak frequency change (Δf ) vs PZT thickness 

 

Tension Force Estimation 

The tension force in the cable was estimated using the frequencies of 

Peak 1-3 and plotted according to the PZT thickness in Fig. 4.12(a). As the 

PZT thickness was increased, the deviation of estimated tension force was 

increased. The estimation error was plotted according to the thickness of the 

PZT in Fig. 4.12(b). PZT 6 with the thickness 0.508 mm provided the highest 

accuracy of the tension force estimation. This is because the increased PZT 
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thickness caused increases in the flexural stiffness of the interface’s flexible 

part. So, it can lead to inaccurate estimation. 

 

  

(a) Estimated tension force change (b) Estimation error 

Fig. 4.12 Tension force estimation vs PZT thickness 

 

 

4.4 Effects of Interface’s Size on Tension Force Estimation 

4.4.1 Effect of Interface Length 

Impedance Signatures 

Numerical impedance signatures were obtained from the four interfaces 

(Interface 1-4) with PZT 6 under F1 = 9.81 kN in the frequency band where 

the three resonant peaks were occurred, as shown in Fig. 4.13. For each 

interface, three clear impedance peaks (Peaks 1-3) can be observed. Generally, 

the four interfaces showed the similar impedance patterns. 

The comparison of the peak frequencies between Interface 1-4 is shown 

in Fig. 4.14. It is observed that the impedance peak frequencies were 

significantly decreased with the increment of interface length. Since the 

interface is a beam-like structure, its natural frequency decreases as the length 

increases. 
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(a) Interface 1 (1-160 kHz) (b) Interface 2 (0.5-35 kHz) 

  
(c) Interface 3 (0.5-15 kHz) (d) Interface 4 (0.1-8 kHz) 

Fig. 4.13 Numerical impedance signatures of Interfaces 1-4 

 

  

Fig. 4.14 Peak frequencies vs interface’s length 
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Sensitivity of Peak Frequencies 

Figure 4.15 shows shifts in the impedance peaks (Peak 1-3) under 

tension force change (F = 19.62 kN) for Interface 1 and Interface 4. As 

observed from the figure, the impedance peak tended to shift right when the 

tension force was increased and the shift in impedance peaks were greater 

when the increment of interface length. Figure 4.16 shows tension force-

induced peak frequency changes plotting according to interface length. It is 

observed that as the length of interface was increased, the sensitivities of Peak 

1 and Peak 2 to the tension force were decreased while that of Peak 3 was 

increased in general. 
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(c) Peak 3 

Fig. 4.15 Shifts in numerical impedance peaks under tension force change 

for Interface 1 and Interface 4 

 

 

Fig. 4.16 Peak frequency change (Δf ) vs interface length 
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For the four interfaces, the flexural motions of the those impedance 

peaks were numerically examined from modal analysis. As shown in Fig. 4.17, 

each peak pf the impedance frequency was matched to the resonant response 

of the corresponding frequency. Interface 1 has an additional peak with a 

lateral flexural motion unlike the other interfaces. This is because Interface 1 

is close to the plate-like structure. 

 

(a) Interface 1 

 
(b) Interface 2 

 
(c) Interface 3 

 
(d) Interface 4 

Fig. 4.17 Flexural modal responses of impedance peaks of Interfaces 1-4 
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Tension Force Estimation 

The tension force in the cable was estimated using the frequencies of 

Peak 1-3 and plotted according to the length/width ratio (L/W) of the flexible 

section, as shown in Fig. 4.18(a). It is observed that the estimated cable forces 

showed similar with the real value (inflicted value) while Interface 1 with 

length of 40mm was relatively lower than the real value. As the interface 

length was increased, the deviation of estimated tension force was decreased. 

The estimation error was plotted according to the length/width ratio 

(L/W) of the flexible section in Fig. 4.18(b). It is found that the Interface 3 

with the L/W ratio 8 provided the highest accuracy of the tension force 

estimation. This means Interface 2-4 of the beam-like structure could result 

in the higher tension estimation accuracy than Interface 1 of the plate-like 

structure. 

 

  

(a) Estimated tension force (b) Estimation error 

Fig. 4.18 Tension force estimation vs PZT length  
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4.4.2 Effect of Interface Thickness 

Impedance Signatures 

Figure 4.19 shows the numerical impedance obtained from the four 

interfaces (Interface 5-8) with PZT 6 under F1 = 9.81 kN within the range 

where the three resonant peaks were occurred. Three clear impedance peaks 

(Peaks 1-3) can be seen within the examined frequency range. The 

comparison of the peak frequencies between Interface 5-8 is shown in Fig. 

4.20. It is observed that the frequencies of Peak 1-3 were increased with the 

increment of interface thickness. This is because the increased interface 

thickness caused increases in the flexural stiffness of the interface’s flexible 

part.  

 

  
(a) Interface 5 (0.1-8 kHz) (b) Interface 6 (0.5-15 kHz) 

  
(c) Interface 7 (0.5-18 kHz) (d) Interface 8 (0.5-25 kHz) 

Fig. 4.19 Numerical impedance signatures of Interfaces 5-8 
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Fig. 4.20 Peak frequencies vs interface’s thickness 

  
Sensitivity of Peak Frequencies 

Figure 4.21 shows shifts in the impedance peaks (Peak 1-3) under 

tension force change (F = 19.62 kN) for Interface 5 and Interface 8. As 

observed from the figure, the impedance signatures of each peak tended to 

shift right when the tension force of the cable structure was increased, and it 

can be seen that the shift of the peaks was larger when the interface became 

thinner. Figure 4.22 shows tension force-induced peak frequency changes 

plotting according to interface thickness. It is observed that as the thickness 

of interface was increased, the sensitivities of all peaks to the tension force 

were decreased in general. 
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(b) Peak 2 

  

(c) Peak 3 

Fig. 4.21 Shifts in numerical impedance peaks under tension force change 

for Interface 5 and Interface 8 

 

  
Fig. 4.22 Peak frequency change (Δf ) vs interface thickness 
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Tension Force Estimation 

The tension force in the cable was estimated using the frequencies of 

Peak 1-3 and plotted according to thickness of the flexible section in Fig. 

4.23(a). As the interface thickness was increased, the deviation of estimated 

tension force was increased. The estimation error was plotted according to 

thickness of the flexible section in Fig. 4.23(b). It is found that Interface 6 

with the thickness 1 mm provided the highest accuracy of the tension force 

estimation. The simulation results indicates that Interface 6, which consist of 

80x10x1 mm of flexible part, has the most suitable size for tension force 

estimation. 

 

(a) Estimated tension force change (b) Estimation error 

Fig. 4.23 Tension force estimation vs interface thickness 
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4.5 Discussions 

From numerical analysis of PZT interface’s geometry, the optimal 

design of proposed PZT interface for tension force estimation can be 

summarized as follows: 

(1) For the effect of PZT patch’s length when the flexible part is constant 

as 50 x 10 x 1 mm and the PZT’s length/width ratio is 1, the tension 

force was evaluated with the highest accuracy about 6% error. 

(2) For the effect of PZT patch’s thickness, as the PZT thickness was 

increased, the deviation of estimated tension force was increased. 

PZT with thickness 0.508 mm showed the highest accuracy for the 

tension force estimation with 1 % error. 

(3) For the effect of interface’s size, when the interface of 80x10x10 

mm with PZT (8x8x0.508 mm) are used, the tension force was 

evaluated with the highest accuracy about 0.3% error. It is found 

that the beam-like interface structure could result in the higher 

estimation accuracy than the plate-like structure. 

(4) Finally, the results of parametric study on PZT interface’s geometry 

indicates that the PZT interface, having dimension of 80x10x1 mm 

of flexible part and 8x8x0.508 mm of PZT patch, is the most suitable 

prototype for 7-strand steel cable with a diameter of 15.2 mm. 
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EXPERIMENTAL EVALUATION FOR IMPEDANCE-BASED 

TENSION FORCE MONITORING OF LAB SCALED CABLE 

STRUCTURE 

 

5.1 Introduction 

In this chapter, the tension force in a lab-scaled cable structure is 

monitored by using the proposed impedance-based axial force estimation 

method.  Firstly, the sensing frequency band is numerically pre-determined 

for a PZT interface prototype. Secondly, the impedance measurement via the 

PZT interface is experimentally conducted on a lab-scaled cable structure. 

The impedance responses in the pre-determined sensing frequency band are 

measured under various cable forces.  Finally, the tension force of the cable 

structure is estimated and compared with the real values to evaluate the 

practicality of the proposed method. 

 

 

5.2 Numerical Analysis of Sensing Frequency Band 

5.2.1 Design of PZT Interface Prototype 

To experimentally evaluate the applicability of the proposed 

impedance-based tension force estimation method, a design of PZT interface 

is proposed, as shown in Fig. 5.1. Numerical analysis was performed prior to 

the experimental evaluation to determine the effective sensing frequency 

band of the PZT interface. From the numerical analysis in Chapter 4, the 

dimensions of the proposed interface device has the following dimensions: 

97x12x1 mm for the flexible body, 10x12x2 mm for the upper part of the 

outside body, and 20x5x0.508 mm for the PZT patch, as shown in Fig. 5.1. 
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The hoop-type contact bodies of the interface has the thickness of 1 mm 

and the diameter of 15.2 mm (the diameter of target cable). The material of 

interface is selected as steel. 

 

 

 

5.2.2 Pre-determining Sensing Frequency Band 

For the pre-determining sensing frequency band, the local dynamic 

responses of the PZT interface were analyzed by using a commercial program, 

COMSOL Multiphysics. A finite element (FE) model of the PZT interface 

was established as shown in Fig. 5.2. The fixed boundary condition was 

applied to the inner surfaces of contacting hoops of the PZT interface, as 

shown in Fig. 5.2(a). The FE model was discretized by 3D solid elements, as 

shown in Fig. 5.2(b). The meshing includes 24 elements for the PZT patch 

and 528 elements for the interface body. 

The material properties of the steel interface are listed in Table 3.1. The 

piezoelectric properties of the PZT patch, PZT-5A, are listed in Table 3.2. 

 

 
 

(a) 3D view (b) Side view 

Fig. 5.1  Prototype of PZT interface for experiment (unit: mm) 
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Fig. 5.2 FE model of PZT interface for experiment 

 

The numerical impedance analysis of the PZT interface was performed 

for the swept frequency of 0.5-15 kHz, as shown in Fig. 5.3. It is identified 

that the PZT interface showed the first, second and third peak frequencies at 

0.97 kHz, 4.74 kHz and 11.38 kHz, respectively. As shown in this figure, the 

first impedance peak (Peak 1) was corresponding to the first bending mode 

(Mode 1), the second impedance peak (Peak 2) was corresponding to the third 

bending mode (Mode 4), and the third impedance peak (Peak 3) was identical 

to the fifth bending mode (Mode 8) of the PZT interface. 

Therefore, the range of 0.5-15 kHz with three clear resonant peaks of 

the PZT interface was set as the effective frequency band. 

 

 
Fig. 5.3 Sensitive frequency band of PZT interface 

 
 

(a) Boundary condition (b) Meshing solid elements 
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5.3 Experiments on a Lab-scaled Cable Structure 

5.3.1 Experimental Setup 

The feasibility of the impedance-based tension force monitoring method 

was evaluated on a lab-scaled cable model as shown in Fig. 5.4(a). The cable 

is comprised of 7 stainless steel ropes (7 strand cable) and is uncovered, in 

Fig. 5.4(b). The steel cable structure has the diameter of 15.2 mm and the 

length of 6.4m. The specifications of the cable are given in Table 5.1.   

By considering the dimensions of the cable, a PZT interface was 

designed and installed to the cable through a fixed part of interface using the 

high strength adhesive, as shown in Fig. 5.4(c). Figure 5.4(d) shows the 

dimensions of the PZT interface, the interface has length of 120 mm and a 

width of 10 mm. The length, width and thickness of the flexible part of 

interface are 80mm, 10mm, 1mm, respectively.  

The PZT sensor was attached to the center of the interface’ top surface 

with a width of 8 mm and a length of 8 mm, considering the width of the 

interface. The PZT sensor was excited with a harmonic voltage 1V, and the 

EM impedance was measured in 0.2-15.5 kHz (766 swept points) using the 

impedance analyzer HIOKI-3532. To avoid the temperature effect, room 

temperature was kept within 23-24 oC by air-conditioners during the tests. 
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(a) Schematic of experimental setup 

  

(b) PZT interface on uncovered cable (c) Attachment method 

 

(d) Dimensions of PZT interface 

Fig. 5.4 Experimental setup of lab-scaled cable structure 

 
Table 5.1 Specifications of External Cable 

 

Nominal diameter (mm) 15.2 

Nominal area (mm2) 138.7 

Tensile strength (kN) 260 

Elastic moduls (GPa) 190 

Unit mass (kg/m) 1.37 

 

6.4 m

3.2 m

PZT InterfaceExternal Cable

Load cell

SEEE CABLE

Ø
15

.2



54 
 

5.3.2 Experimental Scenarios of Tension Force Change 

Tension forces were introduced into the cable by a hydraulic jack as the 

cable were anchored at one end and pulled out at the other. Four levels of 

tension force (i.e., F1-F3 as indicated in Table 5.2) were consequently applied 

to the cable, in which F1 is considered as the design force. A load cell was 

installed at one of the cable anchorages to measure the applied tension forces. 

Each test was conducted after the desired tension force has been applied and 

the cable has been anchored. For each case, four repeated measurements of 

the impedance signatures were conducted. 

 
Table 5.2 Scenarios for experiment of cable’s tension force 

Cace 
Inflicted tension force 

F (kN) ΔF (kN) 

F1 0 0 
F2 9.81 9.81 
F3 19.62 19.62 

 

 

5.4 Impedance-based Tension Force Estimation  

5.4.1 Impedance Measurement for Cable Structure via PZT Interface 

Impedance Signatures 
The impedance signature measured from the PZT interface under the F1 

= 0 kN of the tension force in the frequency band of 0.5-15 kHz as shown in 

Fig. 5.5. Similar to the numerical analysis results, the distinct resonant peaks 

(Peaks 1-3) were found within the examined frequency range at 0.67 kHz, 

3.76 kHz and 9.28 kHz, respectively.  
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(a) Experiment (b) Simulation 

Fig. 5.5 Impedance signatures of PZT interface 

 
Sensitivity of Peak Frequencies 

The three frequency bands containing the three impedance peaks (i.e., 

0.6-1.0 kHz, 3.6-4.2 kHz, and 9.2-9.4 kHz) were zoomed in Fig. 5.6(a)-(c), 

respectively. It is observed that the first and second impedance peaks were 

sensitively shifted to the right when the cable force was went up from F1 to 

F3, while the third peak had no apparent trend. The increased peak frequency 

suggested the increment in the cable stiffness along with the increased tension 

force. When the tension force of cable was increased from F1 = 0 kN to F3 = 

19.62 kN, the frequency of Peak 1 and Peak 2 were increased steadily to 0.67 

kHz - 0.90 kHz and 3.76 kHz - 3.88 kHz, respectively.  

The peak frequencies by the experiment were compared with those by 

the numerical analysis, as shown in Fig. 5.7. As observed from the figure, the 

peak frequencies from experiment were lower than the numerical results. As 

the tension force increased, the changes in numerical peak frequencies were 

more apparent than the changes in experimental ones. 
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(a) Peak 1 (0.6-1 kHz) (b) Peak 2 (3.6-4.2 kHz) 

 

(c) Peak 3 (9.2-9.4 kHz) 

Fig. 5.6 Shifts in three impedance peaks due to cable force change 

 

  

(a) Peak 1 (b) Peak 2 

Fig. 5.7 Comparison of impedance peak frequencies between experiment 

and simulation 
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Determining Boundary Condition of PZT Interface  

Table 5.3 shows the impedance resonant peaks of PZT interface 

obtained from experiment in comparison with the analytical solutions for the 

different boundary conditions: fixed-fixed and pined-pined. It is observed that 

the impedance peak frequencies obtained from experiment are quite different 

compared to the natural frequencies of two boundary conditions 

 

Table 5.3 Comparison of impedance peak frequencies between experiment 

and analytical solutions 

Tension 
force 

Impedance resonant peak 1 
(kHz) 

Impedance resonant peak 2 
(kHz) 

experiment 
fixed-
fixed  

pinned-
pinned  

experiment 
fixed-
fixed  

pinned-
pinned  

F1 0.67 0.81 0.36 3.76 4.38 3.22 

F2 0.78 1.05 0.69 3.88 4.65 3.68 

F3 0.90 1.25 0.91 4.01 4.91 4.09 

 

5.4.2 Tension Force Estimation for Cable Structure 

The tension force changes in the cable structure were computed using 

two impedance resonant peaks (Peaks 1-2) obtained from the impedance 

responses. 

 As listed in Table 5.4, for the fixed-fixed boundary condition, if only 

Peak 1 or Peak 2 was used to predict the cable force, the error could be up to 

49 % of the inflicted value. If all peaks were considered, the error is still 

around 46 % compared to the inflicted value. 

Table 5.5, for the pinned-pinned boundary condition, if only Peak 1 or 

Peak 2 was used to predict the cable force, the error could be up to 70 % of 

the inflicted value. If all peaks were considered, the error is still around 62% 

compared to the inflicted value. 
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In Fig. 5.8, it is observed that when using all impedance peaks (Peaks 

1-2), the estimation results of the tension force showed a lower accuracy than 

the real values, but the fixed-fixed interface exhibited a higher accuracy than 

the pinned-pinned interface.  

 

Table 5.4 Estimated tension force change from experiment: fixed-fixed  

Input 
tension 

force (kN) 

Tension 
force 

change 
ΔF (kN) 

Estimate tension force change (kN) 

Using Peak 1 Using Peak 2 Using all Peaks 

estimated 
ΔF (kN) 

error 
(%) 

estimated 
ΔF (kN) 

error 
(%) 

estimated 
ΔF (kN) 

error 
(%) 

0 - - - - - - - 

9.81 9.81 4.99 49.13 5.21 46.89 5.10 48.01 

19.62 19.62 11.00 43.93 10.86 44.65 10.93 44.29 

 
Table 5.5 Estimated tension force change from experiment: pinned-pinned  

Input 
tension 

force (kN) 

Tension 
force 

change 
ΔF (kN) 

Estimate tension force change (kN) 

Using Peak 1 Using Peak 2 Using all Peaks 

estimated 
ΔF (kN) 

error 
(%) 

estimated 
ΔF (kN) 

error 
(%) 

estimated 
ΔF (kN) 

error 
(%) 

0 - - - - - - - 

9.81 9.81 4.43 54.84 2.96 69.83 3.70 62.33 

19.62 19.62 9.76 50.25 6.16 68.60 7.96 59.43 

 

 
Fig. 5.8 Comparison between estimated tension forces and real values 
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5.4.3 Correlation between Real and Estimated Values 

The estimated tension force change from experiment and real values 

were listed in Table 5.6. Then, scale factors between real and estimated values 

were calculated. As illustrated in Fig. 5.9, the real and estimated tension force 

change have a linear relationship and the scale factors were almost consistent 

with the mean value of 1.86.  

For the experimental conditions performed in this paper, the change of 

the real tension force and the estimated value were related as the following 

equation. 
 

                               𝛥𝐹௥௘௔௟ = 𝐶 x 𝛥𝐹௘௦௧௜௠௔௧௘ௗ (5.1) 
 

where, C is 1.86 as a scale factor. 

Figure 5.10 shows the comparison between the calibrated values of the 

estimated tension force change with the scale factor and the real values. With 

an accuracy of about 97%, the calibrated tension change estimates showed 

very accurate results compared to real values. 

 

Table 5.6 Correlation between real and estimated tension force change 

Input tension 
force (kN) 

Real tension force 
change 

Estimated tension 
force change 

Scale factor 

ΔFreal (kN) ΔFestimated (kN) C 

0 - - - 

9.81 9.81 5.10 1.92 

19.62 19.62 10.93 1.80 
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Fig. 5.9 Real value vs estimated tension force change 

 

 
Fig. 5.10 Comparison between estimation with scale factor and real value 
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CONCLUSIONS 

 

In this study, an impedance-based tension force estimation method was 

developed for structural health monitoring (SHM) of axially loaded members. 

Firstly, theories of the impedance-based axial force estimation method were 

outlined. Secondly, a prototype of PZT interface attached to the cable 

structure was designed to monitor the axial force. A PZT interface technique 

was developed for predetermining effective sensing frequency ranges for 

electro-mechanical impedance responses. Thirdly, the feasibility of the 

proposed PZT interface technique was numerically evaluated for monitoring 

the tension force variation of the cable structure. Fourthly, the sensibility of 

impedance signatures via the PZT interface was numerically analyzed with 

respect to effective parameters such as the geometry of the interface and the 

size of PZT patch. Finally, the applicability of the proposed PZT interface 

was experimentally evaluated via estimating the axial force variation in a lab-

scale cable structure. 

From the research of the study, at least four concluding remarks can be 

made, as follows: 

(1) The resonant peaks shown in the impedance response obtained from 

the proposed PZT interface for monitoring the tension force were 

closely related to a few bending modes of the interface. By 

comparing the natural frequencies obtained from numerical modal 

analysis to those from analytical solutions, the boundary condition 

of the proposed PZT interface was identified as a fixed - fixed beam 

type. 
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(2) The feasibility of the axial force estimation using the impedance 

responses has been numerically verified on the FE model of a cable 

structure. The impedance responses of the PZT interface reacted 

sensitively as the tension forces were varied, and the resonant peaks 

of the impedance responses were increased as the tension force were 

increased.  

(3) From the numerical analysis, the optimal geometry of the proposed 

PZT interface was determined for the tension force estimation. For 

the tested steel cable of 15.2 mm diameter, the tension force was 

accurately estimated with 0.3 % error when the size of interface’s 

flexible part was 80x10x1 mm and the PZT patch was 8x8x0.508 

mm. 

(4) The practicality of the impedance-based tension force estimation 

method was experimentally evaluated on a lab-scaled cable model. 

Similar to the numerical analysis results, distinct resonant peaks 

were found from the measured impedance responses of the PZT 

interface. The tension forces were estimated with about 50% error 

from the comparison between the estimated tension force changes 

and the real values. 
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