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摘    要

由美國機械工程學會在歐洲地區籌備的第七屆工程系統設計與分析國際研討會雙年會(The 7th Biennial Conference on Engineering System Design and Analysis, ESDA)由英國的曼徹斯特大學主辦並於該校進行四天。其會議包括以下17個相關領域：Advanced Energy Systems、Advanced Heat Transfer in Engineering Systems、Advanced Material Systems、Advances in Flow Visualisation、Applied Mechanics: Control、Dynamics、Tribology、Vibro-Acoustics、Applied Thermofluids、Automation and Robotics、Automotive Engineering Systems、Bio-engineering、Design Engineering、Maintenance Engineering、Manufacturing Engineering、Medical and Healthcare Engineering、Microsystems, MEMS, and Microfluidics、Sensor Technology、Social Aspects of Engineering:Systems Engineering。本文就筆者參與該研討會過程以及發表之論文作簡短之心得摘要與建議。
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一、目的

本次出國出席參加2004年美國機械工程學會在歐洲地區籌備的第七屆工程系統設計與分析國際研討會雙年會(The 7th Biennial Conference on Engineering System Design and Analysis, ESDA)主要目的是發表學術研究論文，題目為：應用模態分析於複合材料疊層板之破壞偵測(Application of Modal Analysis to Damage Detection in Composite Laminates)，藉由出席會議與國際相關研究領域人士學術交流，並學習材料破壞偵測與模態分析領域之新知與發展動態，做為未來國內學術研究發展之參考。

二、與會過程

今年的美國機械工程學會在歐洲地區籌備的第七屆工程系統設計與分析國際研討會雙年會(ESDA)於英國曼徹斯特大學舉行四天(7月19-22日)，與會專家學者來自世界各國尤其以美國與西歐各國最多，大會除了安排之專題演講(Keynote Speeches)之外，四天分別同時進行15個場次的論文發表以及討論。此研討會每兩年舉辦一次，主要提供產業界、學術界以及研究單位相互交換在工程系統設計與分析之創新觀念、方法與研究成果。其會議包括以下17個相關領域：

1. Advanced Energy Systems

2. Advanced Heat Transfer in Engineering Systems

3. Advanced Material Systems

4. Advances in Flow Visualisation

5. Applied Mechanics:

Control

Dynamics

Tribology

Vibro-Acoustics

6. Applied Thermofluids

7. Automation and Robotics

8. Automotive Engineering Systems

9. Bio-engineering

10. Design Engineering

11. Maintenance Engineering

12. Manufacturing Engineering

13. Medical and Healthcare Engineering

14. Microsystems, MEMS, and Microfluidics

15. Sensor Technology

16. Social Aspects of Engineering:

17. Systems Engineering

今年ESDA年會的投稿的論文高達560篇，經過兩階段的審核篩選，最後保留了289篇，其中來自台灣的論文有42篇，作者來自清華大學、交通大學、中正大學、屏東科技大學、高雄應用科技大學、逢甲大學、明志技術學院、工研院等相關單位，在本年度研討會中之成績相當亮麗。本人投稿之論文為第5領域(Applied Mechanics: Dynamics)，發表時間被安排在會議的第二天(7月20日)下午，論文題目為：應用模態分析於複合材料疊層板之破壞偵測(Application of Modal Analysis to Damage Detection in Composite Laminates)。內容主要探討複合材料準等項性疊層板之表面裂縫破壞偵測。研究方法是利用複合材料疊層板破壞前後造成之模態振型差異、振型斜率差異以及疊層板之應變能值差異，定義出破壞指標並用來偵測疊層板之破壞位置。研究結果顯示不論實驗或電腦分析都可以成功地預測複合材料疊層板破壞的位置。發表過程順利，與會的各國學者發問相當踴躍，並提供不少寶貴意見，本人穫益良多。
除了發表自己的研究論文之外，筆者參與之研討會場次多集中與複合材料以及航太、車輛工程相關之研究論文。圖一、二分別為筆者於研討會場外以及歡迎酒會會場。
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圖一、筆者於研討會場外
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圖二、筆者在研討會歡迎會場與日本田中隆治教授留影
三、與會心得

此研討會為相當重要之國際學術會議，吸引來自世界各國學術與研究單位的學者與專家的參與。與會期間認識多位在各個研究領域的傑出教授，尤其是大會安排的8場keynote speeches最為精采，其演講人與題目如下：

	Name
	Affiliation
	Title

	Simon Howison
	BAE Systems
	Future Technology - An Aerospace View

	Nick Otter
	Alstom
	Zero Emission Power Generation - Technology Implications

	David Clarke
	Rolls Royce
	Rolls Royce 100 Years

	Izhak Etsion
	Technion, Israel
	State of the Art in Laser Surface Texturing

	Daniel J Inman
	Virginia Tech
	Morphing Aircraft Structures - Predictions and Experiments

	Aric Menon
	Technical University of Denmark
	Biosensing using Micro/Nanoscale Cantilevers

	Richard Normann
	University of Utah
	Neuroprosthetics: New Engineering Approaches to Disorders of the Nervous System

	Ken Wallace
	University of Cambridge
	Researching the Engineering Design Process


由於本人目前的專長與研究領域在航太工程，因此來自美國維吉尼亞理工學院的知名教授Dr. Inman演講的Morphing Aircraft Structures - Predictions and Experiments令本人收穫最多，其內容主要敘述目前美國航太科技在可變形結構飛行器之設計與發展成果。可變形結構飛行器之設計目標主要是因應各種不同環境、天候，當飛行器要從事不同飛行目的時所能需的最少能量，而進行結構外型的改變。如同大自然界鳥類與昆蟲的飛行原理，可變形結構飛行器利用壓電驅動馬達來改變飛行翼的長短、角度甚至翼面位置用來因應不同環境、天候而產生所需的升力。特別值得一提，結合了無人飛行器 (UAV)，可變形結構飛行器的設計、分析與測試均可在合理的預算下進行研究，並可避免人員傷亡的危險。其應用方面也相當廣泛，包括軍事偵察、救災、氣象、地理研究等。美國在這方面的設計成果已經有相當的進展，本系目前發展的無人飛行載具研究計劃應可朝此方向邁進。

本研討會論文在第5領域：應用力學 (Applied Mechanics) 的論文數目高達69篇，為所有領域最多之論文數，特別是動態領域 (Dynamics) 論文數目又是在應用力學中最多，應用的範圍也最廣，因此得以和多國學者專家交換許多寶貴的經驗，此現象也顯示各先進國家在工程力學的基礎研究上仍舊投入相當多的能量，可見其重要性。本人之論文題目為模態分析在複合材料疊層板之破壞檢測的應用，亦在動態領域之內，主要探討利用振動法之模態分析檢測複合材料疊層板之表面裂縫，本論文採用模態振形之應變能法比較複合材料疊層板破壞前後之應變能比例，可以成功辨識材料破壞的位置。另外，研討會中亦發現台灣在微系統 (Microsystems, MEMS, and Microfluidics) 發表論文數目最多，成績亦相當亮麗。
本次ESDA研討會之歡迎會在曼徹斯特的科學與工藝博物館舉行。該博物館收藏了英國百年來科學與工藝發展的各項發明成果，特別是工業革命以來的機械工藝，例如各項蒸汽機、汽機車、傳動機構等，可以想見英國當年科技的先進程度與其強大的國力。然而相較於今天的英國，傳統產業幾乎一蹶不振(幾乎所有英國的汽車公司均被美國、德國等汽車公司併購)，失業率高居不下的窘境，台灣應該引以為戒。反之英國在文藝與歷史的教育上相當用心，古典與現代空間之融合，處處可見其巧思、人文素養與其教育民眾的意義，這也是台灣在快速發展經濟的同時應該思考改進的地方。
四、建議
本次研討會在英國舉行，由於英鎊對換新台幣的匯率高達1比63，英國物價亦相當高，研討會之註冊費與機票幾乎佔了國科會計劃所補助的所有經費，與會的台灣學者均表示要倒貼數萬元的生活費，這樣對有心將研究發表於國際學術會議的人來說，負擔相當沉重。反觀其他國家，特別是日本，補助經費多可支援教授帶領研究生一齊與會，如此可以擴展學生的眼界與國際觀，站在培育英才的角度看來意義相當深遠。
五、攜回資料名稱及內容

攜回研討會光碟一片，內容包含所有接受論文之文章。大會除提供論文摘要之書面資料外並未提供全文之書面資料。
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Abstract

A nondestructive detection of damage in composite laminates by using modal analysis is investigated in this paper. Continued fiber-reinforced composite AS4/PEEK was used to fabricate a symmetrical laminate plate and a surface crack was created in one side of the laminate plate. The results of modal testing are presented for the application of modal analysis to the laminate plate before and after damage. Changes in mode shapes, mode shape slopes and strain energies were used to calculate the damage index for indicating the damage location. Differential quadrature method (DQM) was introduced to solve the problem of partial derivatives function in strain energy formula. A 3-D finite element model was created for comparison with the experimental results. The model accurately predicted the dynamic responses. It was found that damage index using strain energy method provides a more promising result than other methods in locating the damage.

Keywords: modal analysis, composite laminate, surface crack, strain energy, DQM

introduction

Many nondestructive testing techniques have been well developed to detect the damage in composite materials, such as scanning acoustic microscopy, radiography and ultrasonics. However, these techniques are time-consuming, costly, and impractical for large components and structures. Thus, the methods of modal analysis have been increasingly adopted in the detection of damage in composite materials due to their flexibility of measurement and relatively low cost. The basic idea of these methods is to use the information of modal parameters, such as frequency, mode shape and damping ratio, to access the structural damage.

Cawley and Adams [1,2] simply used the frequency shifts for different modes to detect the damage in composite structures. Tracy and Pardoen [3] found that the natural frequencies of a composite beam were affected by the size and location of delamination damage. Shen and Grady [4] found that local delamination does not have a noticeable effect on global mode shape of vibration of composite beams, but delamination does cause the irregularity of mode shape. Pandey et al. [5] also show that the irregular of mode shape is significant for relatively large damage. However, Saravanos and Hopkins [6] indicated that small delamination may not be detectable by monitoring global modal characteristic of the composite beam. Ratcliffe and Bagaria [7] converted the displacement eigenvector to curvature mode shape and extracted the reductions in stiffness from the curvature. The advantage of this approach is that damage location can be predicted without a baseline of the undamaged structure. Zou et al. [8] provided a thorough review in vibration-based techniques and indicated that the above methods were unable to detect very small damage and require large data storage capacity for comparisons. 

Cornwell et al. [9] utilized the measured mode shapes to calculate the strain energy of a plate-like structure, and established a damage index to locate the damage in the structure. The method only requires the mode shapes of the structure before and after damage and the modes do not need to be mass normalized making it very advantageous when using ambient excitation. Nevertheless, the challenge of the method lies in the accuracy of measured modes. Large amount of data points are required for further analysis to predict the damage location. To solve this problem, Wang and Tsao [10] adopted the differential quadrature method (DQM) to rapidly obtain the accurate solution of strain energy and successfully predicted the edge-crack location in a steel plate. It was reported that the original DQM was first used in structural mechanics problems by Bert et al. [11], and it was able to rapidly compute accurate solutions of partial differential equations by using only a few grid points in the respective solution domains. 

The objective of this study is to investigate the application of modal analysis method to detect the surface crack damages in composite laminates. The changes of mode shape, mode shape slope and strain energy obtained from the experiments were used to define the damage indices, which were used to locate the surface crack damage. DQM was employed to obtain the modal quantities using the measured mode shapes. This method provides effective solution by using only few grid data point of experiment. Finite element analysis was also performed for comparison with the experimental results.

damage index by using modal analysis

Three approaches to define damage index were investigated in this study. The mode shapes of composite laminate obtained from the modal analysis were adopted to calculate the damage index. Considering a laminate as shown in Figure 1, we divided the laminate into Nx×Ny sub-region and denoted the location of each point by (xi,yj). The first approach is to examine the mode shape change of laminate before and after damage. The difference of the kth mode shape in location (xi,yj) is given by
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 refer to the transverse displacement of the kth mode shapes in the location (xi,yj) of the laminate before and after damage. 
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 at the location. Thus, the total damage index in location (xi,yj) is defined by the summation of all the damaged indices of measured modes, i.e.,
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The second approach is to examine mode shape slope change of laminate before and after damage. The differences of the kth mode shape slope in x direction and y direction in location (xi,yj) are given by
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 at the location. Thus, the total damage index in location (xi,yj) is defined by the summation of all the damage indices of measured mode, i.e.,
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The third approach is to examine strain energy change of laminate before and after damage. Considering a symmetrical composite laminate, we have the strain energy during elastic deformation as
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where w is the transverse displacement of the laminate, Dij are the bending stiffnesses of the laminate. For a particular mode shape
[image: image19.wmf]k
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, the energy associated with the mode shape is expressed as
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Cornwell et al. [9] suggested that if the damage is located at a single sub-region then change in the bending stiffness of the sub-region can be used to indicate the damage location. Thus, the energy associated with sub-region (i,j) for the kth mode is given by 
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A fractional energy is defined as
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and, we have
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Similarly, the quantities 
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represent the total strain energy and the sub-regional strain energy of the kth mode shapes
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for damaged laminate. Thus, a fractional energy of damage laminate is given by
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Certainly, we have
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Considering all the measured modes, m, in the calculation, we defined the damage index of sub-region (i,j) as
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It is noted that the partial differential terms in strain energy formula are difficult to be calculated. An alternative numerical method, differential quadrature method (DQM) was therefore introduced to solve problems in structural mechanics field.

Differential quadrature method

The basic idea of the DQM is to approximate the partial derivatives of a function f(xi,yj) with respect to a spatial variable at any discrete point as the weighted linear sum of the function values at all the discrete points chosen in the solution domain of spatial variable [12]. This can be expressed mathematically as
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where i = 1,2,…,Nx and j =1,2,…,Ny are the grid points in the solution domain having Nx × Ny discrete number of points. 
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with respect to x and y at the discrete point (xi, yj) and n=1, 2,…,Nx-1, m=1, 2,…,Ny-1. The weighting coefficients can be obtained using the following recurrence formulae
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where i,r=1,2,…Nx but r≠i ; n= 2,3,…,Nx-1; also j,s = 1,2,…,Ny but s≠j; m= 2,3, …,Ny-1. The weighting coefficients when r=i and s=j are given as
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For equations (21) and (22), M(1) and P(1) are denoted by the following expressions
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The above equations are applied to calculate the strain energy once the kth mode shape 
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 is obtained from the experiment.

experiment 

Carbon/epoxy composite AS4/PEEK was used for this study. A sixteen-ply composite panel with 0-degree fiber orientation, [0]16, was stacked and cured in a hot-press machine. After curing, the panel was cut to a 209×126×2.3 mm3 laminate using a diamond saw. 

Modal testing was conducted to obtain the dynamic response. A laminate plate was marked to 13×13 parallel grid points, and vertically hanged by two cotton strings to simulate a free-free condition. The laminate plate was excited throughout all grid points by using an impulse hammer with a force transducer, and the dynamic responses were measured by an accelerometer fixing to the corner. The test setup is shown in Figure 2.
Siglab, Model 20-40, was used to record the frequency response functions (FRFs) between measured acceleration and impact force. ME’Scope, a software for the general purpose curve fitting, was used to extract modal parameters, i.e., natural frequencies, damping ratios and mode shapes from the FRFs. In particular, the transverse displacements of mode shape of laminate before and after damage were determined, respectively.

Two types of damage, surface crack and penetrated crack, were created in the undamaged laminate plate. Firstly, a 35 mm long and 1 mm deep surface crack perpendicular to the fiber direction was created by using a laser cutting machine. Secondly, a penetrated crack at the same location was created by cutting the surface crack to pass through the laminate. Consequently, modal parameters of the laminate before and after damage were obtained from the same plate for the further analysis.

finite element model

   A finite element analysis (FEA) was performed to determine the modal parameters of the composite laminate. ANSYS, a FEA software was used for this study. Eight-node solid elements were adopted to model the 209×126×2.3 mm3, 0-degree and sixteen-ply laminate plate [13]. A convergence study was performed to obtain a 40×30×8 mesh, which was optimal to solve the normal mode problem. To simulate a 35 mm long and 1 mm deep surface crack, we replaced the nodes at location of crack by separate nodes as shown in Figure 3.

The mechanical properties of composite material (E1=140.3GPa, E2=E3=9.4GPa, G12=G13=5.4GPa, ν12=ν13=0.253, ρ=1485kg/m3) were obtained from the quasi-static tensile tests, and then were entered into ANSYS. A normal mode analysis was performed to obtain the natural frequencies up to 1 KHz and their corresponding mode shapes. Since the finite element model is to simulate the real case in experiment, the mass effect of accelerometer should be taken into consideration. A mass element with 0.002 kg was assigned to the laminate plate model.
results

The first six natural frequencies and mode shapes of the laminate plate before and after damage obtained are shown in Table 1 and Table 2. Damage1 refers to the surface crack and damage2 refers to the penetrated crack. Apparently, the damage of surface crack decreases the natural frequency of laminate plate. It is reasonable that laminate plate will lose some degree of bending stiffness due to the damage.

The first six measured modes were used to calculate the damage index in this study. In surface crack damage, Figures 4, 5 and 6 show the damage indices obtained from finite element analysis using the changes of mode shape, mode shape slope and strain energy, respectively. Damage index using mode shape changes slightly indicates the location of surface crack as shown in Figure 4. However, in Figure 5, damage index using mode shape slope changes seem not clear and hide in many pseudo morphs. Damage index using strain energy changes as shown in Figure 6 clearly indicate the surface crack location. Moreover, damage indices become clearer when crack was to penetrate the laminate plate as shown in Figures 7, 8 and 9.

In experimental results, Figures 10-15, damage indices obtained from modal testing using mode shape changes and mode shape slope changes, are unable to indicate the location of surface crack and even penetrated crack. Once again, damage indices using strain energy changes successfully locate the surface crack and penetrated crack as shown in Figures 12 and 15.
conclusions

Damage index using modal analysis methods to detect a surface crack in composite laminate is investigated in this paper. This method only requires a few mode shapes of the structure before and after damage. The changes in mode shapes, mode shape slopes and strain energies were used to calculate the damage index. Results from both finite element analysis and modal testing show that damage indices using the strain energy changes of laminate plate before and after damage successfully indicated the damage locations. The application of DQM to solve the partial derivatives function provides us an accurate approach to calculate strain energy by using only a few grid points in laminate plate. Further research interests lie in the implementation of sensitivity of results using various sensors. Future work will focus on a similar study for various types of damage.
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Table 1 Natural frequency of the laminate plate before and after damage (by Finite Element Analysis)

	
	Natural Frequency  (Hz)

	Mode No
	Mode shape
	Before damage
	After damage1
	After damage2
	△1
(%)
	△2
(%)

	1
	(2,2)
	156.5
	156.4
	156.4
	-0.06
	-0.06

	2
	(1,3)
	342.1
	342.3
	342.4
	0.06
	0.09

	3
	(2,3)
	435.1
	434.6
	431.2
	-0.12
	-0.9

	4
	(3,1)
	501.7
	495.5
	466.6
	-1.24
	-7

	5
	(3,2)
	578.3
	565.4
	545.6
	-2.23
	-5.65

	6
	(3,3)
	831.9
	827.8
	822
	-0.49
	-1.19


Table 2 Natural frequency of the laminate plate before and after damage (by modal testing)

	
	Natural Frequency  (Hz)

	Mode No
	Mode shape
	Before damage
	After damage1
	After damage2
	△1
(%)
	△2
(%)

	1
	(2,2)
	180.6
	178.8
	178.8
	-1.0
	-1.0

	2
	(1,3)
	349.4
	348.8
	348.8
	-0.2
	-0.2

	3
	(2,3)
	439.4
	425.6
	402.5
	-3.1
	-8.4

	4
	(3,1)
	481.3
	474.4
	471.3
	-1.4
	-2.1

	5
	(3,2)
	548.8
	528.1
	515
	-3.8
	-6.2

	6
	(3,3)
	833.8
	830
	830.6
	-0.5
	-0.4


Note: damage1 refers to the surface crack of 1 mm deep

damage2 refers to the penetrated crack
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Figure 4  Damage index using mode shape change 

       (FEA for 1 mm deep surface crack)
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Figure 5  Damage index using mode shape slope change 

       (FEA for 1 mm deep surface crack)
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Figure 6  Damage index using strain energy change

        (FEA for 1 mm deep surface crack)
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Figure 7  Damage index using mode shape change 

        (FEA for penetrated crack)
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Figure 8  Damage index using mode shape slope change 

        (FEA for penetrated crack)
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Figure 9  Damage index using strain energy change

      (FEA for penetrated crack)
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Figure 10  Damage index using mode shape change 

          (Experiment for 1 mm deep surface crack)
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Figure 11  Damage index using mode shape slope change

       (Experiment for 1 mm deep surface crack)
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Figure 12  Damage index using strain energy change

         (Experiment for 1 mm deep surface crack)
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Figure 13  Damage index using mode shape change 

      (Experiment for penetrated crack)
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Figure 14  Damage index using mode shape slope change

   (Experiment penetrated crack)
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Figure 15  Damage index using strain energy change

    (Experiment for penetrated crack)
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Figure 1  A schematic illustrating a plate
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Figure 2  Model testing set-up
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Figure 3  Finite element model of the damaged laminate
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