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When dealing with the mechanics of deformable bodies, the variation of the applied force is
one of the most important factors to be considered. The mechanical force acting on a body
cannot be measured directly. If a body is loaded quasi-statically and if the body deforms
linear-elastically, the deformation at any point of the body is proportional to the applied force.
Therefore, the variation of the force can be measured indirectly by measuring the variation of
the deformation. However, this principle cannot be applied when a body is subjected to an
impulsive force. In this case, the propagation of stress waves inside the body cannot be ne-
glected so that the variation of the deformation at any point of the body is no longer the same
as the variation of the applied force. Therefore, impact force is much more difficult to mea-
sure than quasi-static force. In order to overcome this difficulty, inverse analysis methods to
estimate variations of impact force from measured responses of a body have been studied ex-
tensively during the last two decades. This article presents a review of methods of inverse
analysis for the indirect measurement of impact for¢BOI: 10.1115/1.1420194

1 INTRODUCTION not suffer from the limitations mentioned above, and the

The measurement of impact force or, more precisely, tﬁ%easgrement of impact force is still difficult in many prac-
measurement of the impact force history is a fundamenfiffd! situations.

issue in impact engineering. The simplest approach to the!n order to ()Ivercome these difgcu:ties, a new approack?
measurement of impact force is to measure the mass been widely studied during the last two decades. The

acceleration of the body subjected to impact. This approaBFfs'C idea is to estimate the impact force from measurements

neglects the deformation of the body and, therefore, is valld response@‘or examp_le, d|§placement, velocity, a ccelera-
tion, or strain at certain points of the body subjected to

only when the body can be considered to be rigid, that i'r%pact. The impact force is, therefore, measured indirectly in

when the impact duration is much longer than the tran%ﬁis approach. Since a variety of sensors are available to

time of stress waves through the body. Another approaChnH%asure such responses nowadays and, i

the transducer is sufficiently smaller and softer than the c@ls impact force identification, impact force reconstruction,
liding bodies. It is also the case that the impact force can peerse filtering of impact force, deconvolution of impact
measured indirectly in a few special cases: for example, thfice etc. In this article, the various procedures and methods
impact force induced by the longitudinal impact of elastigre categorized as inverse analyses of impact force since they
rods can be measured using strain gauges attached to theaiedbased on the solution of one or more inverse problems to
and applying the theory of one-dimensional stress waiifer causesthe impact forcg from effects or resultgthe
propagation(Lundberg and Henchofl]). However, there responses

have been few comprehensive methods proposed which doAlthough the measurement of the impact force history has
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been referred to so far, for a full understanding of the impaist the case, for example, when the body can be considered to
force it may be required to know:) the time history, 2the be linearly elastic during the impact process and when the
direction, and Bthe location of the impact force. It is pos-deformation of the body can be considered to be small
sible to pose problems in which each one of these three emough to neglect geometric nonlinearity. In such cases, the
any combination of them is required; for example, an acctesponsee(t) at a point of the body can be related to the
rate measurement of the time history is usually required impact forcef(t) by a linear convolution integral as
the impact testing of materials while the direction and loca- .
tion are major concerns in the monitoring of structures sub- e(t)zj h(t—7)f(r)d7, 1)
jected to impact by foreign objects. All such problems can be 0
regardeq as inverse pr.oblems for which the solution prowd\?v%ere h(t) is the impulse response function of the linear
information about the impact force. o

Inverse problems are given attention in many fields gp/stem and it is assumed thégt)=h(t)=e(t)=0 for t

. : . i < 0. If the impulse response function for the chosen point on
science and engme_enr@g, Englet al [2],_Groetsch[3]). . thF body is known and if the respons@) is measured there,
There are many topics closely related to inverse analysis

impact force. One of them is the exciting force identificatiohRe impact forcd (t) can be estimated by solving the integral

for vibrating machines or structures. Although the main Coqelgrt:agonﬁ;.isE\;en I\il(\g(ta)?etirf]?ht()—:‘osgslsoi:te)]?gttehdetiom 'ng'g f?r?:-e
cern there is the frequency content of the exciting force " =9- PP P P
cr?n be separated from the total response. Thus the problem

rather than the time history, techniques used for vibratio estimating the time history can be reduced to the Drocess
problems are basically similar to those used for impact proB— 9 y P

lems. Steven$4]| gave an excellent overview of this topic,Of deconvolution.
which includes some early studies on inverse analysis of iB-1.2 Deconvolution in the time domain
pact force. Other closely related topics include the sourgehasic scheme for deconvolution is to discretize the integral
characterization of acoustic emissions or the mechanics gfuation(1) into algebraic equations in the time domain as
earthquake sources.

It is well known that inverse problems are often ill-posed €= hf, 2
in the mathematical sense, that is one pfte existence, 2
the uniqueness, or) 3he stability of the solution is violated.
This is also the case in inverse problems for impact forc

and it causes many difficulties in obtaining good estimates ﬁ)lg to an appropriate quadrature formula. The impact force
the impact force. Therefore, the relaxation of the i”history can be estimated by solving E@) for f

posedness_is a key step_ in e_stablishing a comprehensiverhe earliest work using the time domain method was that
methpd of Inverse analy5|s_ Of. Impact force. Several m_ath Goodieret al[5]. They estimated the impact force excited
ematical techniques for achieving this have been PTStab“SIRgthe collision of small balls onto a large block, which can
and some of them have been shown to be eflective for 'Be modeled as an elastic half space, from the strain measured

verlsets_nalyss of Impact ftorcr(]a.. for | vsi af a point on the surface of the block. Doyig| also em-
N IS paper, various techniques for INVErse ana yS'St?oyed time domain deconvolution to estimate the impact

wheree and f are vectors composed of discrete values of
e(t) andf(t), respectively, andh is a matrix composed of
crete values olfi(t), all of which are determined accord-

impact force including the essential difficulties, mathema arce acting on a beam from the bending strain measured by

cal techniques and applications are summarized. The ai {Fain gauges. In these early studies, fairly satisfactory esti-

to provide an overview of recent advances in order to est

lish hensi t of methods f S ates were obtained by solving E(R) using Gaussian
ISh & comprenensive set of methods for measurng IMPaGimination. However, conventional methods such as Gauss-
force. While most of the techniques have rigorous mat%

) X . “ian elimination are likely to provide severely noisy or un-
ema_t|cal foundations, these are not presented_ here in Wble estimates in practice. The reason is that the coefficient
detail, although appropriate references are provided. matrix h is often ill-conditioned, that is a small perturbation
5 INVERSE ANALYSIS OF TIME HISTORY in e corresponds to a quite large changd.irSinqe experi-
mental data of the response are always contaminated more or
The inverse analysis of the impact force history has begys with unavoidable small errors, such errors are strongly
studied extensively and various techniques have been de\éth”ﬁed by the process of deconvolution using conven-
oped. The most straightforward technique employed ynal methods. Some special technique for solving(Byis
many researchers is deconvolution. In this section, the iRsquired to obtain an accurate and stable estimate of the im-
verse analysis of time history by means of deconvolutigiyct force.
will be the main technique discussed. Other techniques will yse of the least squares method is a common technique to
be mentioned briefly. It is assumed that the direction anghprove the accuracy of the estimate. Chang and Sin
location of the impact force are fixed and known. used a record of response of longer duration than the length
of the impact force pulse to be estimated, which makes the
number of equations greater than the number of unknowns in
2.1.1 Basic formulation Eg. (2). They solved this least squares problem by the con-
The response of a body to an impact force can often hegate gradient method which is an iterative optimization
considered to be linearly dependent on the impact force. Tiéxhnique. However, care must be taken in determining the

2.1 Deconvolution technique
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Fig. 1 Experimental setup in Wat al [8]. (Reprinted with per-
mission from the Society for Experimental Mechanijcs.

number of iterations because too many iterations might pro-
vide an unstable estimate by the same reason as in conven-
tional methods. Unfortunately, no discussion on the iteration
number was given by Chang and Sun.

Wu et al [8] also utilized the least squares method, in
which several records of responses measured at multiple lo-
cations were considered simultaneously. In addition, in order
to obtain a stable estimate, they imposed the physical con-
straint that the impact force must be non-negative. This
means that the impact force induced by collision of bodies is
always compressive or zefexcept when the colliding bod-

ies stick to each othgrThis least squares problem with theFig. 3
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non-negativity constraint was solved by an iterative optimirinted with permission from the Society for Experimental Mechan-

zation technique called the gradient projection method. AgS)
experiment to measure the impact force applied to an alumi-
num plate with an impact hammer was conducted as shown
in Fig. 1. The estimate obtained from three strain records by
this technique(Fig. 2 matches the direct measurement by
the impact hammer better than those obtained from each
strain recordFig. 3). The effectiveness of the non-negativity
constraint was demonstrated by Yen and Mas shown in

Fig. 4 which was obtained by conducting an experiment for a
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Fig. 2 Impact force estimated from three strain recof8& method(without non-negativity constrainandb) the gradient pro-
(Reprinted with permission from the Society for Experimentgkection method(with non-negativity constraint the solid curves
Mechanics. represent the forces measured directly by the impact harf@her
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rectangular plate in a similar manner to Fig. 1. It can be seglmpact force(N X 107 Impact force(N X 10
that the estimate obtained by imposing the non-negativity * i | %
constraint matches well to the direct measurement. In thei ’|

subsequent paper, Wat al [10] performed a numerical ’w

simulation of impact of a laminated plate and showed tha i
their technique improves the quality of the estimate ever l 1‘1
when the response records are very neibg signal-to-noise 0
ratio was set to twp They also discussed the number of

|

b 1
0 0.4 08 12 0 0.4 0.8 1.2

iterations of the gradient projection method and showed the Time(ms) ' Time(ms)
too many iterations cause the estimate to become unstable.

criterion for the iteration number which results in an accurate (@) Rank p=130 (b) Rank p=100
and stable estimate was given. Unfortunately, the criterion ismpact forcev x 10°) Impact force(N X 10%

30

not fully quantitative but has qualitative features. Their tech- *

niqgue was also applied to impact of sandwich pariékai

et al[11]). 20
Various mathematical techniques classed as regularizatic

techniquegeg, Englet al[2]; Groetsch 3]) are available for

relaxing the ill-conditioning. Truncated Singular Value De-

composition (TSVD) is one of the simplest techniques

. 0 . 08 2
among otherseg, Groetsch3]; Hansen[12]). The singular Fimemny R S S
value decomposition of a matrix is defined as
p {€) Rank p=70 (d) Rank p=40
h= UEVH, (3) lrnpz;cot force(N X 10%) lmpa;()l force(N X 10

whereU andV are unitary matricesy'u=v"v=1),3 is a
diagonal matrix, and superscript denotes the conjugate
transpose of a matrix. The diagonal elemeatsof % are 1
non-negative real numbers called the singular valueh. of

The number of non-zero singular values is called the rank o o

h: The minimum-norm least-squares solution of E). is T T T R S
given by Time(ms) Time(ms)
~ () Rank p=10 (f) Rank p=72
—hte=VyStUH
f=h'e= VE U e, (4) (Minimized error norm case)

whereh' denotes the Moore-Penrose generalized inversem§. 5 Estimates of an impact force at various values of the rank;
h andX" is a diagonal matrix whose elements are the recigelid curve: estimated data, broken curve: directly measured data,
rocals ofo; (the reciprocal of zero is replaced with zgrf  dotted curve: calibration dafa3]. (Reprinted with permission from
there are singular values much smaller than the largest offt¢, Japan Society of Mechanical Enginekrs.

their reciprocals become very large and cause amplification

of small errors involved ire, which results in instability of

the solutionf. The idea of the TSVD is to reduce the rank openalty quadratic form, in order to determine the appropriate
h, that is to replace small singular values with zeros so asdegree of regularization. It was shown that this is achieved at
prevent the amplification of errors. This can be considered g rank of 73 where the magnitude of the penalty quadratic
ignoring information of low quality. It is important to deter-form becomes minimum.

mine appropriately the degree of regularization, ie, the num- Another well known technique of regularization is
ber of singular values to be replaced with zeros. Tanaka amiéthonov regularization which imposes an additional con-
Ohkami[13] employed the TSVD in estimating the impacktraint on the solution to be obtainddg, Englet al [2];
force acting on a pipe from its response measured by @noetsch3]). The simplest form of Tikhonov regularization
accelerometer. They obtained estimates of the impact forcef@tthe problem represented by E@) is to find a solutiorf,
various values of the rank as shown in Fig. 5. The estimatesis as to minimize the functional

severely noisy when the rank is 130 that is when none of the||hf ENTIRNTNT ®)
singular values is replaced with zero. As the rank is reduced," "* A
the estimate becomes more stable and approaches the dindwre| - | denotes the Euclidean norm and the parametsr
measurement obtained by an impact hammer. At the rankapositive constant called the regularization parameter. The
72, the mean square discrepancy between the estimate fumdtional(5) indicates that Tikhonov regularization is based
the direct measurement becomes minimum. However, as tirethe least squares meth(te first term with an additional
rank is reduced further, the estimate becomes inaccurate andstraint on the norm of the solutidthe second termThis
approaches the data which were obtained by calibration f@onstraint makes the solution stable at the expense of allow-
determiningh experimentally. In Figs. &and %, estimated ing the original Eqg.(2) not to be satisfied perfectly in the
data coincide with calibration data. They compared tweast squares sense. The solutfgnis unstable if\ is too
evaluation criteria, the Akaike information criterion and themall while it becomes inaccurateNfis too large. Therefore,
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the parametek should be determined appropriately in order
to obtain an accurate and stable solution. The solution which
minimizes the functiona(5) is given by
2 _ et H
h=Vvx\UTe, (6) strain gage
where3 is a diagonal matrix whose elements are expressed Fo(®), Fa(t)
as g; /(0'i2+ \) instead of 14, in 3T. Unfortunately, to the " .
; . pact point 1
authors’ knowledge, no researcher has applied Tikhonov x o
regularization to time domain deconvolution for estimating L
the impact force. However, since it is one of the standard T Ld |\s'rroin ﬁgo
techniques for solving ill-conditioned problems, it is worth $500 €o(t), £(1)
mentioning here. A comparison of Tikhonov regularization .
with the Wiener filter described later is interesting. Fig. 6 Impact on a steel plate with a steel f@d].
Other methods using deconvolution in the time domain
have been provided by Hojet al[14] and Zhu and LU15].
. . the frequency domain deconvolution to estimate the time his-
2.1.3  Deconvolution in the frequency domain tories of impact forces acting on various structural compo-
Another _bas!c sche_me for degor_wolunon is to trgnsfqrm theants (Doyle [18—20, Martin and Doyle[21], Rizzi and
convolution in the time doma!n into a muIt|pI|cat|9n in theDoer [22]). In addition, he showed that padding the re-
frequency domain using Fourier transforms resulting in - gponse data with zeros before deconvolution is effective in
E(w)=H(w)F(w), @) reducing the error due to discretization of the Fourier in'Fe-
gral. Hojo et al [14] also compared the frequency domain
where the symbols in uppercase denote the Fourier transethod to the time domain method and demonstrated that
forms of the corresponding ones in lowercase. If the transfirere are very few qualitative differences between the esti-
function H(w), which is the Fourier transform of the im-mates obtained by these two methods.
pulse response function, is known in advance, the impactFourier transforms are defined by infinite integrals, but
force can be estimated by evaluating the Fourier transformtofincation of data to a finite length is necessary for practical
the measured response, findiRfw) from Eq.(7) and evalu- computations. This truncation introduces a discontinuity at
ating its inverse. It is well known that the use of Fast Fourighe end of the data and causes errors which are teteadd
Transforms(FFT) makes the computational task for deconage The leakage can be reduced by applying an exponential
volution in the frequency domain much less than that favindow exp(-+t) to the data, where is a positive constant.
deconvolution in the time domain. However care must Hexponential windowing introduces a linear damping which
taken to reduce errors due to numerical discretization addcreases the severity of the discontinuity. Inoeieal
truncation of the Fourier integral when applying the FF[23,24 adopted exponential windowing to estimate impact
algorithm. forces on a beam and a plate from the bending strain mea-
One of the earliest uses of frequency domain deconvolsdred by a strain gauge. For the case of impact on a steel
tion was made by Holzdr16] who corrected the force-time plate with a steel rodFig. 6), a satisfactory estimate was
records of high-speed compression tests obtained by shalitained at an appropriate value pfFig. 7). The appropri-
load cells. He pointed out that high frequency noise tends ate value ofy is empirically known to be about2/T if the
be amplified by the divisioft(w)/H(w) and hence that it is signal to be processed is free from nofgdilcox [25]; Inoue
necessary to employ low pass filters. As discussed later, thisal [26]), whereT is the time duration of the signal to be
amplification of noise is due to the ill-conditioned nature gbrocessed. If the signal is contaminated with noise, however,
deconvolution. Although low-pass filtering is certainly a smaller value is recommended in order to avoid the expo-
simple and effective technique for removing high frequenayential amplification of noisgFig. 7c]. Hojo et al [14] also
noise, it also removes information in the high frequencyointed out that exponential windowing is necessary to ob-
range which is important in some cases. For example, t&in a good estimate by the frequency domain method. Note
dynamic crushing tests of materials, a steep peak in the lodldat the equivalence of convolution in the time domain to
ing history is an important factor when characterizing suahnultiplication in the frequency domain is violated if other
materials. Careless application of a low-pass filter might digspes of window such as a Hanning winddwsually used
tort such a peak. This disadvantage of the low-pass filter mfy evaluating the power spectrinare used. Nakaet al
be overcome by using the Wiener filter described later.  [27] applied a Hanning window, but unfortunately obtained
Doyle [17] applied frequency domain deconvolution tcighly distorted estimates.
estimating the impact force acting on beams from the bend- In fact, a Fourier transform with an exponential window is
ing strain measured by a strain gauge. Comparing the res@tglivalent to the Laplace transform and hence numerical in-
with those obtained in his preceding work in which he usegkrsion to obtairf (t) from F(w) by FFT can be regarded as
time domain deconvolutio6], Doyle claimed that fre- a numerical inverse Laplace transformatid25], [26]).
guency domain deconvolution is preferable mainly becauSénce the inverse Laplace transform is a typical ill-posed
of its simplicity. He and his co-workers subsequently appligotoblem(eg, Englet al [2]), care must be taken to obtain a

=)

Downloaded 13 Sep 2012 to 159.226.100.225. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



508 Inoue et al: Measurement of impact force Appl Mech Rev vol 54, no 6, November 2001

—— 254 mm —

(@)y=0
201 1 PO,
=z { . - 7
e
_‘IO- A — 381 mm —— 8
2
w sensor 1
oF enraes sensor 2
by y=5/T
20
z
X
~10
E

N
(=2

F(t) kN)
=

semi-finite

05 L0 15 20
¢ ms] /’"/me
Fig. 7 Impact force estimated from bending strain of the plate TN B ST AT SO |
[24]. 0 5 10 15 20 25

Freguency [kHz]

good result. Inouet al [28] applied Tikhonov regularization Fig. 8 Moduli of transfer functions for simple beam structures
to numerical Laplace inversion to improve the accuracy $21]. (Reprinted with permission from Elsevier Science.
the estimate. It was shown that Hansen’s L-curve method
[12,29 is effective in determining an optimal value of the
regularization parameter.

The least squares method considering responses measured
at multiple locations is effective for improving the accuracy
of the estimate also in the frequency domain method. The
benefit of the use of multiple responses can be explained as '_25""";;;""25‘"""_*
follows. The modulus of the transfer function can become C ! |- )
very small at a certain frequency and at a certain location at N -
which the response is measured. In such a case, the respons
at that location contains little information about the impact
force at that frequency. However, the responses at other lo-
cations may contain sufficient information about the impact
force at the same frequency because the transfer function
varies with the location. Therefore, the use of responses mea-
sured at more than two locations is beneficial in compensat-
ing for the lack of information at each location. Inoeeal .
[30] applied the least squares method for estimating the im- % 200.
pact force applied to a GFRP plate from strain responses s o
measured at multiple locations. Martin and Doy ] illus- ' sensor 2
trated the benefit clearly by a simple example of impact on
beams as shown in Figs. 8 and 9. The anti-resonant frequen-
cies at location 1 are different from those at location 2. As a
result, the impact force estimated from two records measured
at locations 1 and 2 is much better than those estimated from
each record.

An explicit consideration of the small noise involved in R e
the response data makes the difficulty of accurate deconvo- 0 1000 2000 3000 4000
lution clearer. Suppose that the measured resppfi$es the Time [ys]
sum of the true responsxt) and a small noisa(t). If y(t)  Fig. 9 Impact forces on the finite beam estimated from each
is used as an approximation égt), the estimate of the im- record and from two records of respong@d]. (Reprinted with
pact force in the frequency domain is given as permission from Elsevier Scienge.
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If |H(w)| is very small at a certain frequendi(w)| is also z I
very small and hence the second term of E). becomes s 5r
dominant over the first term at that frequency. Then the noise L
N(w) is considerably amplified due to the division by the g [
small value|H(w)| and, as a result, the estimdtéw) be- E I il
comes very noisy and far from the true impact foFegy). S I T T
Inoueet al[31] adopted the Wiener filter to overcome this 9 ©0.2 04 06 0.8 1.0
difficulty. The Wiener filter is an optimal inverse system to Time [ms]
minimize the mean square error of the estimate. If the noise by optimal i tem (k = 10)
n(t) is uncorrelated withf(t) and e(t), the non-causal (b) optimal inverse system
Wiener filter is given by Fig. 11 Impact force estimated bg) direct deconvolution ant)
Syf( ) H* (o) the Wiener filter{ 31].

G735 (@) TP S(@)S@) ©)
where S, (»)=Y* (w)F(w) is the cross-spectrum betweerft al[33]). Roughly speaking, the Fourier transformation and
y(t) and f(t), and the superscript denotes the complex the inversion correspond to the matridé8 andV in Eq. (6)
conjugate. The estimate in the frequency domain is given SPectively. In addition, the fact@(w)/Sis(w) in Eg. (9)
. corresponds to the regularization parameXein o /(o'iz

H* (0)[E(w) +N(w)] (10) M) which is the diagonal element of the matl in Eq.
[H(w)|*+ Syn(@)/Si(w) (6). When it is difficult to evaluate the fact®,(w)/Si(®)
I there is no noise(that is N(w)=0), the estimater(w) a5 afpnction of the_ frequency, an appropriate constant can be
becomesE(w)/H(w) which is the true impact force (w). used in place of this factor as suggested by Martin and Doyle

) T . [21] and Doyle[34].
On the other_ hand, if the noise is very large th_a_tN%_w)l Other work using deconvolution in the frequency domain
—, the estimatd-(w) tends to zero. The amplification of

f d by Whistof35], Jord d Whistoh36],
noise is suppressed to an appropriate degree depending\l’zaS performed By IstofBs], Jordan an Istofi36]

im [[37], In I Batemanet al
the signal to_noise rati8¢(w)/Syn(w). The effegtiven.ess of K%Inh ancc);ltoLjér? [ AEg],]i_in Zl;zeé:pﬁj]i]’ :;Z I\fll c(e:tazrath[ys?r,wd
the Wiener filter was demonstrated by numerical S|mulat|q_n on [42]
in which the impact force acting on a rod was estimated fron¥ '
its strain responséFig. 10 [31]. Each signal used in this 2.1.4 Deconvolution using wavelets
simulation was contaminated artificially with random nois&@he use of wavelets for deconvolution has become possible
having amplitude 1% of the maximum value of the signalith the recent development of the mathematical theory for
While the estimate obtained by direct deconvolutiéiig. wavelet transformgeg, Daubechie§43]). One of the most
11a) suffers oscillations due to the amplification of smalimportant features of the wavelet transform is that a function
noise, such oscillations are successfully suppressed by apjdyexpressed as a linear combination of wavelets whose du-
ing the Wiener filter(Fig. 11b). The effectiveness of the rations are usually finite in time. This is in contrast to the
Wiener filter was also verified experimentally through th&ourier transform in which a function is expressed by a lin-
measurement of impact force on a cantiley&ishimoto ear combination of sinusoidal functions having infinite dura-
et al[32)). tions.

Some additional comments concerning the Wiener filter Doyle [34] developed a deconvolution method using
may be of interest. An important point is that the Wienawavelets for estimating impact force. The impact force is
filter is not equal to the reciprocal of the true transfer fun@xpressed as a linear combination of wavelets which are pro-
tion. This means that a precise prediction of the transfduced by shifting a basic wavelet in time. This expression
function does not always lead to an accurate estimate of t®ems quite reasonable since impact force has a finite dura-
impact force. Another interesting point is the similarity betion in many cases. On the other hand, the response is ex-
tween the Wiener filter and Tikhonov regularizati@ertero pressed as a linear combination of responses to the wavelet

F(0)=G(w)Y(w)=
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forces. Substituting these expressions into the convolutionder consideration, but also the dynamic response charac-
integral and applying the least squares method, he obtainei@stics of the equipment used for measuring the response.
system of algebraic equations to be solved for the coeffiven slight errors in the experimental set(guch as mis-
cients of the wavelet forces. alignment of strain gauges for measuring the strain response
Doyle used wavelets produced only by shifting the bas@@n be compensated for because they are incorporated in the
wavelet. However, according to the theory of wavel@g, transfer function. On the other hand, the impact force in the
Daubechie$43)), it would be interesting to make an attempgalibration test must be measured as accurately as possible
to use wavelets produced not only by shifting, but also djecause the accuracy of the impact force estimated by de-

dilating the basic wavelet in time. convolution can never be better than the accuracy of the
o ) impact force measured in the calibration test. Inaiel
2.1.5 Identification of the transfer function used slender rods with attached strain gauges as the impactor

The impulse response function or its Fourier transform, the the calibration test to identify the transfer functions of
transfer function, is necessary for estimating the impact foreeamg 23,37, plates[24,30, and a Charpy testing machine
history by the deconvolution technique. Since the quality ¢88,45. A similar method was adopted by Hogt al [14]

the transfer function significantly affects the quality of thevho utilized the method developed by Lundberg and Hen-
estimate of the impact force, a discussion of how to obtaithoz[1]. Kishimotoet al [37] used a steel ball instrumented
the transfer function is important. There are three approachgish an accelerometer. Impact hammétgpically used for

to obtain the transfer function:) Jprediction by theoretical experimental modal analygisvere employed by Bateman
analysis, 2 identification by experimental analysis, angl 3et al [39], Zhu and Lu[15], Kim and Lyon[40], McCarthy
identification by numerical analysis, each of which has sona@d Lyon[42], and Tanaka and Ohkarfi3].

advantages and disadvantages in estimating accurately th&he identification of the transfer function from experi-
impact force. mental data has many difficulties similar to those encoun-

The prediction by theoretical analysis requires precigered in estimating the impact force since it is also an inverse
modeling of the structure under consideration which muptoblem. Small errors involved in the calibration data cause
include all factors such as shape, size, material propertisgnificant errors in the transfer function and, as a result,
boundary conditions, etc. Even if there are slight errors in timeakes the estimate of the impact force very poor. Several
model and hence in the prediction of the transfer functiotgchniques applied to the estimation of the impact force are
the estimate of the impact force might become very poaiso effective for the identification of the transfer function. In
because of the ill-posedness of the inverse problem. Nevparticular, exponential windowing is effective for obtaining a
theless some compromises to simplify the model are requiréansfer function which provides a stable estimate of the im-
at the expense of the accuracy of the estimate of the imp&éct force. If the transfer function has non-minimum-phase
force since too precise modeling makes the theoretical anaf@ros which are not true ones, but ones introduced in error by
sis difficult. Whiston[35] and Jordan and Whistdi36] pre- the identification process, then the deconvolution process to
dicted the transfer function of beams according to Timosgstimate the impact force becomes unstdlelg, Kim and
enko theory, in which they considered an infinite beam, $¢/0n [40], McCarthy and Lyor{42]). Exponential window-
ignoring the reflections from Supports_ Doy|e and his Cdl:lg is also effective in aVOiding the introduction of such non-
workers also ignored reflections from boundaries in predidhinimum-phase zergsi6]. o
ing transfer functions for beani,17], plates[18], orthotro- Inoueet al L45] compared five methods of |dent|fy|ng the
pic plates[19], plates subjected to in-plane impd2e], and transfer functlon and. showed that one of them proylde§ a
bimaterial beam§20]. Ignoring these reflections is justifiedd00d estimate of the impact force. The method is to identify
only when the wave components reflected from the bounie transfer function from many sets of data obtained by
aries are clearly separated from those arriving directly froffPeating the calibration test according to the equation
the impact site in the record of the measured response. Doyle
[17] proposed countermeasures to compensate for ignoring E Yi(o)Yi(w)
the reflections but they are not definitive. Gooditral [5], f(w)= k (11)

Lin and Bapa{41], Tsaiet al[11], Wu et al [8,10], and Yen . '
and Wu[9,44] also predicted transfer functions by theoretical zk Yic (@)X (@)
analyses.

In experimental identification, the transfer function is bawhereX,(w) andY,(w) denote the Fourier transforms of the
sically identified by conducting a calibration test: that is apmpact force and the response measured irkthealibration
plying an impact force to the structure, measuring both thest. In their subsequent papénoue et al [31]), it was
impact force and the response and deconvolving the impaéiown that the transfer function identified by Edl) is a
force from the response basically in the same manner gsod approximation to the reciprocal of the Wiener filter
estimating the impact force from the response. ExperimentdG(w). It is interesting that the fact@®,,(w)/Si;(w) in Eq.
identification is quite different from analytical prediction in(9), which is a key factor in obtaining an accurate and stable
the sense thatll factors can be taken into account withoutestimate of the impact force, is determined automatically.
any modeling in so far as they are linear. Halefactors In some practical applications such as the diagnosis of
include, not only the true transfer function of the structureommercial products, the transfer function identified for a
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particular sample is used for the diagnosis of a humber wherex(t), f(t) ande(t) are vectors composed of state vari-
nominally identical products. However, there always existbles, inputs and outputs of the system, respectivelykand
variability in the transfer functions of individual productsT and Q are matrices determined by the properties of the
Kim and Lyon[40] and McCarthy and Lyof42] considered system.

the effect of this variability on the estimate of the impact Hollandsworth and Busb}51] adopted the state variable
force. The transfer function and the response can have néormulation and considered the minimization of the follow-
minimum-phase zeros which ideally cancel each other. If tlirey expression:

cancellation is imperfect because of the variability of the

transfer function, then the non-minimum-phase zeros causey [||d(kAt)—Qx(kAt)||+ bf(kAt)|2], (15)
instability in the deconvolution process. They proposed a k

technique named minimum-phase processing in which tWEereAt is the time interval for discretizatiowl(kAt) is the

instability is avoided by using' only the minimum-phase CONMK easurement for(kAt) and b is an appropriate constant.
ponents of the _transf_er fun_ctlon. L . Note that minimization of the above functional is equivalent
Some techniques in which deconvolution is not requirg

. . . Tikhonov regularization. They described a general method
for identifying the transfer function have also been proposegl: <1 this problem using the dynamic programming tech-
If the duration of the impact force in the calibration test iﬁ-

h sh h h fthe i f b . que which is often used for solving optimal control prob-
much shorter than t atoft € |mpact orce to be estimatqg, They demonstrated its validity by estimating the im-
then the response in the calibration test can be a good

T he i : ; . Holpb6 ﬁBE:t force acting on a cantilever from its acceleratist.
prc:ijr:nhatmn todt Se rlympu Sj respo“sg ”unct|ﬁn._ olze6] . Busby and Truijillo[52] applied a similar method for estimat-
an ang and Sur7] used a small ball as the impactor Ir\ng the impact force acting on a plate, in which the regular-

the calibrat'ion test to produce; an i.mpact force with a Very tion parameteb was optimized by the method of gener-
short duration. Another technique is proposed by &l alized cross-validatiorieg, Engl et al [2]; Hansen[12]).

[8]- They derived a relationship These techniques are summarized in a monograph by Trujillo
t t and Busby[50].

foec(t— nf(r)dr= foe(t— nf(7)dr, (12)  The advantage of this technique may be that various so-

phisticated techniques developed in the field of control engi-

where the subscript denotes the data obtained by the calineering are available. Unfortunately, this technique requires

bration test. Since(t), e;(t) andf.(t) are given, the above that the differential equations describing the system can be

equation can be solved fdi(t) by the gradient projection formulated adequately, which might be difficult in many
method with the non-negativity constraint mentioned abovgractical cases.

It is interesting that no explicit deconvolution is required not ] )

only for the identification of the transfer function, but als@-2-2 Sum of weighted accelerations

for the estimation of the impact force. The validity of thif3atemanet al[39,53 proposed a technique termed the Sum

technique was demonstrated by experiments on impact offaVeighted Accelerations TechniqU®WAT) to measure the

laminated plat¢8]. Further verification of this technique wasmpact force and moment acting on structures with free

conducted by Wtet al [47] where impacts on rods and aboundary conditions. If the body subjected to impact can be

honeycomb_cored sandwich pane| were considered. considered as a rlgld bOdy, the impaCt force may be obtained
When it is difficult to conduct a calibration test, numericapy measuring the mass and acceleration of the body. SWAT

analysis is a good alternative for identifying the transfdp something of an extension of this simple idea for applica-

function of actual structures. It is important to check th#on to deformable bodies. In SWAT, the impact forb)

validity of the numerical analysis much more carefully thagnd momentM(t) are estimated by

usual because the estimate of the impact force may become

very poor even if there are slight errors in the transfer func- f(t)=2 W, a(t), (16)
tion. Harriganet al [48] employed the FEM to identify the K
transfer function of pressure bars used in high-speed com-
pression tests of cellular materials. M(t)z}k: Giax(t), a7
2.2 Other techniques wherea,(t) is the measured acceleration at #th location
of the body andV, andG, are weighting factors having the
2.2.1 State variable formulation units of mass and first-moment-of-mass, respectively. These

The input-output relationship of a linear system can be efactors are determined so as to eliminate the elastic response
pressed also by a linear differential equation. The differentiaf the body on the basis of modal analysis. They applied
equation can generally be reduced to a set of first-order dBWAT to measure the impact force applied to real structures,
ferential equations in terms of state variables as folloggs a scale model nuclear transportation cask and an energy-

DeRusscet al [49], Trujillo and Busby[50]): absorbing nose used for the delivery of bombs. They also
“(t)=Kx(t) + Tf(1), 13 compared SWAT with th(_a deconvolgtion technique and con-
X(1)=Kx(t) ® (13) cluded that both techniques provided satisfactory results
e(t) =Qx(t), (14) [39].
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Fig. 13 Impact force history estimated by a neural netw&.
(Reprinted with permission from Elsevier Science.

Fig. 12 A back-propagation neural network for estimation of im- . . .
pact force54]. (Reprinted with permission from Elsevier Science.0etween the impact force and the response is nonlinear, al-
though some difficulties may arise when there are strong

nonlinearities. Another advantage is that the estimation pro-

The main disadvantage of SWAT is the difficulty of detercedure is very simple once the training process is completed.
mining the weighting factors. However, the post-processifgn the other hand, the architecture and parameters of the
of the measured acceleration is very simple which is tigtwork should be determined appropriately so as to obtain
most favorable feature of this technique. an accurate estimate of impact force, which requires experi-
ence. It is also a drawback of the neural network technique

2.2.3 Neural network that a large number of data sets are required to train the
Neural networks are systems composed of a large numbegyork adequately.

interconnected parallel processing units. Each unit receives
inputs from other units and sends a common output to otheB  Practical applications

units. The Input-output relat|onsh|p of each unit is d.e‘scr'be;&]typical application of inverse analysis of the impact force
by some simple rule. Although various network architectur story is the measurement of impact forces in the impact

can be constructed, one of the most popular ones is a b Sting of materials. An accurate measurement of impact

propagation network having a multilayered architecture Hree is necessary in order to evaluate mechanical properties

_shown IQ'FIngdzd I 'T made UE; ofan |nput| Iayer,Tcr)]ne_ or mo?’ materials adequately. Some examples are discussed here
Interme .|a.1te( ! er).ayer.s andan ou_tput ayer. 1he INPUt Ot yemonstrate the importance of accurate measurement of
each unit in a layer is a simple function of the weighted su pact force

of outputs from units in the previous layer. The weights o
each unit are determined by theining procedure: for a 2.3.1 Instrumented Charpy impact test
given set of many input-output pairs of a network, th&@he Charpy impact test is one of the most classical methods
weights are adjusted so as to match the outputs derived fréon evaluating the toughness of materials under impact load-
the true inputs to the corresponding true outputs. An algmg. Unfortunately, in its original form, it gives only the en-
rithm called error back-propagation is employed for thergy required to break the specimen by the pendulum ham-
training procedure. mer. In order to obtain more detailed information relevant to
Chandrashekharat al [54] applied the neural network the mechanical behavior of the specimen during impact, in-
technique to estimating the impact force acting on composggumentation of the Charpy testing machine has been widely
plates from their bending strains. A back-propagation nettudied by many researchers. The measurement of the impact
work with one input laye(six unitg, three hidden layer@0 force acting on the specimen is one of the most important
or 10 unitg, and one output layeione uni} was usedFig. issues. The impact force is usually measured by attaching
12). The inputs to the network are in-plane normal strains abme sensor to the head of the hamitikee tup. However,
three different locations of a plate while the output is thsince the hammer has a somewhat complicated shape from
impact force. This network was trained using 180 inputhe view point of the propagation of stress waves, the signal
output pairs generated by finite element analyses. After tetected by the sensor usually experiences contributions
training, several input-output pairs which were not used fnom multiple reflections of stress waves within the hammer
the training were generated for testing the performance of thed, therefore, does not represent the true impact force. Sev-
network. An example of the test result is shown in Fig. 13. #ral attempts to obtain an accurate measurement of the im-
can be seen that the estimate obtained by the network ispict force have been made but they are not definitive.
good agreement with the result of the finite element analysis. Inoue et al [38,45 applied inverse analysis to this prob-
The most important advantage of the neural network teclem. First, a steel rod which was placed horizontally in the
nique is that it can be applied even when the relationshiiace of the specimen was impacted longitudinally by the
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fit) Fig. 16 Strain responses of the hammer in the testing of PMMA
specimer[45].

Fig. 14 Impact of a rod with the hammer of the Charpy testing

machine: calibration tegt5]. and, therefore, must not be neglected in order to understand
the mechanical behavior of the specimen correctly.

The same technique was further applied to measuring im-
hammer to conduct a calibration te#lig. 14). The impact pact fracture toughness of materials using the Charpy testing
force acting between the tup and the rod was measured f¥chine and pre-cracked specini&s].
using strain gauges attached to the rod while the strain re-
sponse of the hammer was also measured by strain gauges2 Dynamic compression test
attached to the tup as shown in Fig. 15. It can be seen tiinamic compression tests are often conducted for evaluat-
the impact force pulse is almost rectangular while the strajily the performance of materials and structures used in im-
response has a slow sinusoidal vibration superposed on(ﬁ;&t damage protection applications. The split Hopkinson

e

rectangular pulse. This sinusoidal vibration is caused ssure bar apparatus or a drop weight testing machine is

wave propagation within the hammer. The transfer funcFi urEuaIIy employed for such purposes. The measurement of
between the impact force and the strain response was iden- '

tified according to Eq(11). Then testing of a PMMA speci- IMpact force acting on the specimen is of course a fundamen-
men was conducted and the strain responses of the hamfAkfSSue in such tests.

were measured as shown in Fig. 16. Frequency domain de-Harriganet al [48,5¢ conducted drop hammer tests on
convolution of the transfer function from these strain reseveral materials and applied the deconvolution technique to
sponse records resulted in estimates of the impact forcesolgain the impact force history. The specimen is placed on
shown in Fig. 17. The slow sinusoidal vibration seen in thiae upper surface of a load cell assem@g. 18 and im-
strain responses was successfully removed. The imppekted with a drop hammer. The signal detected by the pi-
forces are oscillatory before reaching their maximum valueszoelectric load cell does not represent the true impact force
which is due to mechanical interaction between the tup agdnsmitted to the die due to wave propagation within the
the specimen. It should be emphasized that this oscillatigf, 4 ce| assembly. The transfer function between the impact

does not correspond to wave propagation within the hamn}SFce acting on the upper surface and the signal detected by

the load cell was identified by conducting a calibration test in
which a long rod was used as an impactor as shown in Fig.

-]

' 18. Figures 19 and 20 show typical results for testing of an
_5 7 American oak cylinder and a mild steel tube, respectively. In
2. 4 both cases, the time histories before and after deconvolution
s, i are quite different although the results are not perfect as
~ some erroneous oscillation occurred after impact. The saw
0 A tooth pattern seen in the deconvolved force history of the
L L ! 1 mild steel tube corresponds to the formation of folds in the
¢ 0.5 1.0 1.5 2.0
. tube.
time [ms)
150
<100
S
X 50 "o " 22107 (vo=0.47 m/s) " @=30° (vo=1.40m/s)
v 0] Zo.
...50 :
0 0.5 1.0 1.5 2.0 -
time [ms)
Fig. 15 Results of the calibration tes:impact force between the ¢ s t,.,L(;([)ms] 820008 tj)n;’?ms] e
tup and the rodb) strain response of the hammer. release angle
of the hammer[45]. Fig. 17 Impact forces estimated by deconvolutids].
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Fig. 20 Result of drop-hammer test on a mild steel tube: befpre
plastic ring and afterb) deconvolution48].
gauges
T bronze cylinder be expressed as a sum of responses each of which is induced
+—die by each of three components of the impact force:
t) 3
= e t |
load cell ej(t)=21 fohji(t_T)fi(T)dTu (i=1,2;-+), (18)
=

wheref;(t) is theith component of the impact forcey(t) is
Fig. 18 The load cell assembly used in the drop-hammer dynamFtr:]-eJth compon(_ant of the response angl(t) is the impulse
compression teg#i8]. response function betweeh(t) and e;(t). The response
component;(t) (j=1,2;--) can be one or several compo-
nents of response at a certain or several different points of
3 INVERSE ANALYSIS OF DIRECTION the body. If all of the impulse response functions are identi-
. . N . fi?d in some manner and if the response components are
There are many cases in which the direction of the impac . o
easured, then the time histories of all components can be

force is required to be measured in addition to the impac

force history. For example, knowledge of the magnitude ar?&t'mated by solving a set of integral equatidas), and

direction of the impact force is helpful in understanding thhence the magnitude and direction of the impact force are

mechanisms of structural damage caused by impact with fgrqnved.

eign objects. Such measurements were difficult even j
simple cases such as oblique impact of a plate with a small ) ) o
ball. Some techniques of inverse analysis have been deJdichaels and Pag57,58 first considered this kind of prob-
oped to overcome this difficulty. In this section, it is assumd§M in which an oblique impact force acting on an infinite
that the location of the impact force is known while both thBlate was estimated from displacements normal to the plate

Techniques of inverse analysis

magnitude and the direction are to be estimated. measured at different locations of the plate. They introduced
a simplification that the time histories of all components of
3.1 Basic formulation the impact force are identical, which makes it possible to

The estimation of the magnitude and direction of an impaf:‘?duce Eq(18) into a simpler form as

force can be accomplished by extending the method for es- t

timating the time history by deconvolution to the three di- € (t)=>, fif hji(t—7)s(7)dr (19)
mensional case. If the relationship between the impact force 'm0

and the response can be assumed to be linear as in the &gtieref; is the magnitude of théth component and(t) is
mation of the time history, then the principle of superpositiothe time variation of all components. The problem of solving
can apply. Therefore, the response at a point of the body dan. (19) was separated into the following two subproblems:

1) When f; (i=1,2,3) are given, determing(t) so as to

IR N L minimize the least squares error between the displace-
100 - i (R ment calculated by Eq19) and the measured displace-
Z2 F i E ment. This subproblem corresponds to one-dimensional
~ 50 - Jq k- deconvolution for estimating a functicsft).
§ 2) Whens(t) is given, determiné; (i=1,2,3) so as to mini-
ok 1L mize the least squares error between the displacement cal-
s Lo e d el g 3 culated by Eq(19) and the measured displacement. This
0 1 2 0 1 2 subproblem corresponds to solving a set of algebraic
Time, ms Time, ms equations forf; (i=1,2,3).
Fig. 19 Result of drop-hammer test on an American oak cylindeFhese two subproblems were solved alternately starting with
before(left) and after(right) deconvolution48]. an initial guess foff; (i=1,2,3). Final estimates of the time
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history s(t) and directionf; (i=1,2,3) of the impact force

Impactor

were obtained after repeating this alternate procedure. Time (Stepel, #10 x 500 mm)
domain discretization of the integral in Ed.9) was adopted ’
for numerical solution of these two subproblems. The im- § /
pulse response functiors; (t) were predicted by theoretical
analysis for a thick infinite plate. For this particular problem Strain Gage A
of Michaels and Pao, the direction of the impact force can be X2 AN \V4
determined from displacements at only two different points —_— Z‘E?) - \
with a special choice of the spatial coordinate system. : @) Beam 4]

Buttle and Scruby59,6Q studied normal and oblique im- 100 mm "7 (Brass, $20 x 2000 mm)
pacts of a plate with small particles, in which an equation the 750 mm —

same as Eq(18) was presented for oblique elastic impact.
For oblique plastic impact, they proposed an equation

3 t
e,-(t):;1 Johji(t—T)fi(T)dT

3
+21 thji'i(t—T)di(T)dT, (20)
i= 0

whered;(t) is theith component of the force dipole induced
by the plastic deformation in the vicinity of the impact site.
Unfortunately, no technique to solve E(0) was given. Fig. 21 A simply supported.beam subjected to two-dimensional
They conducted experiments only for cases of normal elasfigpact force at the center of its sp].

impact in which the direction of the impact force is known in

advance.

Inoueet al[61] proposed a general method to estimate ttgngular values. In practice, however, the algebraic equations
magnitude and direction of the impact force. They applideecome close to being linearly dependent, that is the coeffi-
Fourier transformation to Eq18) resulting in cient matrix in Eq.(22) is ill-conditioned. If this is the case,
then the solution for the force components becomes ex-
tremely sensitive to small errors involved in the response
data and is likely to be highly inaccurate. The degree of
ill-conditioning can be evaluated by the condition number of
the coefficient matrix which is defined as the ratio of the
Ei(w) Hif(w) Hixw) Hizw) largest singglgr value tp the smalles_t non-zero singular value
Ex(w) p =| Ho(w) How) How) |[{ Falw) ;. of the coefficient matrix. The condition number is always

3
E,-<w>=i§l Hji(o)Fi(w), (j=1,2;-), (21)

or in matrix form

n

=
S

SN—"

greater than unity. The degree of ill-conditioning becomes

worse as the condition number increases. If the condition
(22) number is very large, then the combination of the response
If the transfer functions are identified in advance, then tlmponents should be rearranged by changing some of the
time histories of all components of the impact force are elcations and directions in which the response components
timated by transforming all components of the measured r@e measured. A regularization technique is applicable in
sponses, solving the algebraic equati@®g) for F,(w) (i principle in order to relax the ill-conditioning but it does not
=1,2,3) and transforming them back into the time domaimork very well because the number of unknowns is only
To improve the accuracy of the estimate, both exponentiafree.
windowing and the Wiener filter mentioned above can be Inoueet al [61] conducted an experiment to measure the
applied. The least squares method can also be appliedrbggnitude and direction of a two-dimensional impact force
setting the number of response components more than #wting on a simply supported beam as shown in Fig. 21. The
number of force components. However, more importantly, titansfer functions were identified experimentally by conduct-
was pointed out that care must be taken for a combinationinfj calibration tests. An impact force induced by longitudinal
response components. impact of a steel rod in the direction @f=75° was mea-

In principle, the combination of the response componengsired and compared with a direct measurement using strain
must be arranged so that the number of mutually independgatiges attached to the impactor. The estimate obtained from
equations in the algebraic equatiof®2) does not become a good pair of strain responséer which the condition num-
less than the number of unknowttee number of force com- ber of the coefficient matrix is smalis in good agreement
ponents. Since the number of mutually independent equavith the direct measuremerifig. 22 while the estimate
tions is equal to the rank of the coefficient matrix, it can bebtained from a bad paifor which the condition number is
checked by computing the singular value decomposition lafrge) is very noisy and inaccuraigig. 23. The reason for
the coefficient matrix and counting the number of non-zetbe difference between these two estimates is understood

'I'I

=N
S

SN—
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Fig. 22 The magnitude and direction of impact force estimatddd- 24 The cpndition numbers of the transfer fun_ction maFrix at
from a good pair of strain responss (t) ande,(t)) (Ref.[61]). €Very frequencies for the good pair and the bad paib) of strain

response$61].
from Fig. 24 in which the condition number of the transfer 3N
function matrix is plotted against frequency for both cases. ej(t)ZE hi(t—nfi(ndr, (j=1,2;-), (23)
The condition number is much larger in the bad pair case i=1Jo

(Fig. 2%) than in the good pair cag€ig. 24a) especially at wheref(t) (i=1,2;-,3N) are three components of impact

lower frequencies. Although a simple regularization tecg_ir_ces acting aN different locations. Wiet al [62] studied

nique was applied to the bad pair case, the accuracy of eSh S ) o . . .
mation was not improved very much. the estimation of time histories of impact forces acting si-

The technique to estimate the direction of an impact foréBultaneously at multiple locations of laminated plates
can be easily extended to estimating the magnitude and @tough numerical simulation and experiment. They con-
rection of more than two impact forces acting simultaneousfiicted an experiment in which a freely-supported graphite-
at multiple locations. Since Eq18) holds for each of the €Poxy-laminated plate was subjected to impact forces at

impact forces acting at multiple points of the body, it followghree locations and the strain responses were measured at
from the principle of superposition that three locations as shown in Fig. 25. The deconvolution tech-

nigue employed was the same as in their previous papers
[8,10]. Since the directions of impact forces were known in
this experiment, only the time histories of three impact

4
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Fig. 25 Locations of impact and strain gauges of a laminated plate
Fig. 23 The magnitude and direction of impact force estimatd@2]. (Reprinted with permission from the American Institute of
from a bad pair of strain responsgs (t) andes(t)) (Ref. [61]). Aeronautics and Astronautigs.
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cation of an impact force, but will not be presented here.
Instead, attention will be paid to those which directly deal
Fig. 26 Three impact forces estimated from strain responses amdh impact on structures.

measured by impact hammef62]. (Reprinted with permission
from the American Institute of Aeronautics and Astronautics.

Time ( p sec)

4.1 Impact location of beams and frames
Whiston[35] and Jordan and WhistdB6] developed a tech-

forces were estimated. The resultant estimates agree Weflue for estimating the impact location on infinite beams.

with measurements obtained by impact hammers as showrT ffis technique is composed of two stages based on Timosh-
Fig. 26. enko beam theory. It is assumed that the impact force is

impulsive, like a half-sine pulse of very short duration. The
first stage provides a relatively rough estimate. If a response
4 INVERSE ANALYSIS OF LOCATION to an impulsive force is recorded at a point away from the
The location of an impact force may be required in the ommpact location, then it has a duration, sayas shown in
line monitoring of structures subjected to impact becausdy. 27, which is caused by wave dispersion. According to
there is a risk of fatal injuries or serious damages for whichimoshenko theory, the fastest wave component in the re-
quick measures should be taken. If further knowledge is reponse has a velocity close to the shear wave velagiiy
quired, then some of the techniques mentioned so far cowld elastic medium. On the other hand, a sloveéghificant
be applied later to estimating the time history or the directiatbmponent has a velocity(wg) at a frequencywy= m/tg,
of the impact force. Therefore, estimating the location is comheret, can be roughly estimated as shown in Fig. 27. From
sidered as the first step to a full understanding of the impabk difference in the arrival times of these two wave compo-
force. nents, the distance from the impact location to the measuring
The inverse problem to estimate the location of the impagbint can be estimated as
force is basically a nonlinear problem even for elastic struc-
tures, and hence there are much greater difficulties in solving® ~ 716s¢(@0)/[Cs~ C(wo)]. (24)
it compared with inverse problems of estimating the tim8ince the above equation provides only the distance from the
history or the direction of the impact force. In principle, thémpact location, two measurements at different points are
location is estimated from the velocities of stress waves anetjuired to determine the impact location uniquely. The sec-
their arrival times at several points of the structure. Howevemd stage is linked with the estimation of the impact force
determination of wave velocities is not an easy task for relistory by means of deconvolution using the transfer func-
structures having complex shapes and, in addition, detectiion predicted by Timoshenko theory. If the distance is un-
of arrival times is also difficult in practice because of refleaerestimated, then the estimate of the time history shows an
tions, refractions and dispersions of stress waves. For thmial negative spike(Fig. 28). If the distance is overesti-
reason, very few techniques have been developed which caated, on the other hand, it has a final negative sfithg.
be applied generally to real structures. Most of the tecB8c). Therefore, the estimate obtained in the first stage is
niques developed so far are applicable only to beams refined if correction is made so that the estimate of the time
plates. history does not have a negative spikég. 2&). The main
A variety of techniques have been developed for detectingstriction on applying this technique in practice is that the
the location of transient disturbances such as earthquakgpact force must be impulsivevhich cannot be verified in
sources, acoustic emission sources and noisy sound souradsancg In addition, a considerable amount of human inter-
Many of them may be also applicable to estimating the lderence is required for determining both the frequency of the
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slowestsignificantcomponentw,, from a response record Time [ps]
and removing the negative spike from the estimate of the ) _ _
time history. Fig. 29 Effect of error in the guess of the impact location on the

Doyle [63] also considered estimation of the impact locaestimates of the time histof$5]. (Reprinted with permission from
tion for beams, in which phase information is utilized. Baselfie Society for Experimental Mechanigs.
on Bernoulli-Euler beam theory, the relationship between the
distance from the impact location and the phase of the

measured responsg(x,w) is expressed as Doyle [65]. This technique is linked with the estimation of
d(X,0)=d(0,0) + 6(X,») — k(w)X, (25) the time history of an impact force based on Timoshenko
) o o ) beam theory. Impact responses of the beam are measured at
where §(w) is the contribution of the ringing term involvedyo points straddling the impact location. With an initial
in Bernoulli-Euler theory ank(w) is the wave number. If guess of the impact location, two independent estimates of
measurements are made at two points,>sagndx,, and if the time history are obtained from these two responses by
the impact location lies between them, ¢ x,=L), then the deconvolution in which the transfer function is predicted as a
distancex, can be expressed as function of the guessed impact location by Timoshenko
d theory. These two estimates coincide well if the guess of the
_ impact location is correct while they differ from each other if
X1 =L Gl e0a,0) = dixz, 0) = 0(xy,0) + 00G,0)] e guess is in errofFig. 29. To quantify the degree of
(26) coincidence, Doyle utilized the correlation between these

In this equation,¢(x;,w) and ¢(X,,w) are obtained from two estimates

Fourier transforms of the measured responses. Although
(X1, w) ar_ld 0(x,,w) are qriginally unknown, they can be  c_,=>" f (kAt)f,(kAt), (27)
computed ifx; andx, are given. Therefore, E§26) can be k
solved forx, in an iterative manner beginning with an ap-
propriate guess fox,. The estimate of the distance is indewhere f;(kAt) and f,(kAt) are two estimates of the time
pendently obtained at each frequency, which means thahiatory in discrete form. An example of the correlation is
more reliable estimate can be deduced from estimates atsibwn in Fig. 30 as a function of guessed impact location. A
frequencies considered. The main disadvantage of this tecbfrect estimate of the location is obtained by maximizing
nigue is that it requires an appropriate guess of the distartbe correlation. Since the correlation has many local maxima,
X1 before the estimate can be refined. he employed a genetic algorithm to search for a global maxi-
Choi and Chand64] studied simultaneous estimation ofmum of the correlation. A genetic algorithm is a stochastic
the location and the impact force history on a beam frosearch technique modeled on the natural process of evolu-
responses obtained by several sensors distributed on tiba. An example of convergence of this algorithm is dem-
beam. They employed a state variable formulation based amnstrated in Fig. 31, in which a correct estimate of the loca-
Bernoulli-Euler theory and considered minimization of ation is obtained after 10 generations. This technique of using
objective function in terms of the location and the time hisa genetic algorithm was further extended by Martin and
tory. Unfortunately, only the outline of the technique waBoyle [66] to be applicable to frame structures. First, an
presented in their paper. In addition, the proposed objectigfficient method was developed for predicting the transfer
function is correct in principle but involves too many varifunction as a function of guessed impact location because a
ables to be optimized, which might cause difficulties in theumber of deconvolutions are required in the search process.
optimization process. Secondly, instead of the correlation mentioned above, they
Most of the shortcomings of the three techniques meproposed another objective function based on the differences
tioned above may be overcome by a technique developedhmtween two estimates of the impact force. It should be noted
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Fig. 32 Arrangement of sensors for estimating the wave velocity

and the impact locatiof67]. (Reprinted with permission from the
Society for Experimental Mechanigs.

Correlation
o

-1o0l....5.

where b, (w) is the arrival time at point B by(w) is an
unknown time lag associated with the wavelet transform and
Cy(w) is the group velocity of the flexural waves in the

.200[--

_300fuekontintiniedeodidioddindodibond

D 2550 75 100 125 150 175 200 225 250 275 300 325 beam. The following equations are derived from E2):
Guessed Position {mm]
l2—14
Fig. 30 Correlation between two estimates of the time history as a Cg(“’) = bo(w)—by(w) (29)
function of guessed impact locatigh5]. (Reprinted with permis-
sion from the Society for Experimental Mechanjcs. and
b Ly b i+l 30
0((1)) 2 1((1)) 3((1)) Cg(w) ( )

that in a genetic algorithm an appropriate tuning of param-
eters is essential for attaining a sufficiently fast convergen&ince the distanced(—1;) and (;+13) are known in ad-
of the searching process. vance and, in addition, the arrival timég(w) (k=1,2,3)

A technigue which does not rely on beam theory waare detected by time-frequency analyses of measured re-
proposed by Inouet al [67]. In their preceding papéKish- sponsescgy(w) is obtained by Eq(29) and thenby(w) is
imoto et al[68]), it was shown that when a pulse propagatingbtained by Eq(30). Oncecy(w) andby(w) are obtained,
in a dispersive medium is recorded at a point, the arrival tintke distances, (k=1,2,3) are easily estimated by HZ8).
of each frequency component of the pulse at that point c&m experiment was conducted on a simply supported beam
be detected by a time-frequency analysis by means of wawvéth a circular cross section subjected to impact with a steel
let transform. They utilized this fact to estimate the waveall. Both the group velocity and the impact location were
velocity and the impact location for beams. The impact r@stimated successfully as shown in Fig. 33. The scatter at
sponses of a beam are measured at two points lying on drigher frequencies is caused by the poor signal-to-noise ratio
side of the impact locatiofP, and B) and at a point on the of the experimental data. The main advantage of this tech-
other side (B) as shown in Fig. 32. The arrival time of eactnique is that the estimate of the impact location is obtained
frequency component is related to the distance from the im-
pact locationl, by

4000 Pty
by (w)=bg(w)+I k/Cg( w), (k=1,2,3, (28) = L Bernoulii-Euler —\//
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Fig. 33 The group velocity and impact location estimated by a
Fig. 31 Convergence of population over the generati8f§. time-frequency analysis by means of wavelet transfd®d].
(Reprinted with permission from the Society for ExperimentalReprinted with permission from the Society for Experimental
Mechanics). Mechanics.

Downloaded 13 Sep 2012 to 159.226.100.225. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



520 Inoue et al: Measurement of impact force Appl Mech Rev vol 54, no 6, November 2001

00000 : Generation—1 points DOOOU : TRUE LOCATIONS
sas6b : Generation—2 points P iahishlk IDENTIFIED LOCATIONS
xxxxx : Generation-3 points
== —— . ; 2
3¢
A & x A & g Bos
G—r— D) - 6 L
S " G2
X & a a & & -~
—
7 7
PO —2—G @ ) < Glﬁ .
[
A Kk & a A ‘\ - - & 4
plate 8o B
Ot " ©| border
¥ & a a 5 X 0
0 141
DD X—POSITION (mm)

Fig. 34 Schematic of the procedure for grid point generaiit#. Fig. 35 Comparisons of the id_entified and the true ?mpact loca-
tions for the eight examples using a hammer as the impactor. Ar-

rangement of the strain gagés1, G2, G3 is also showr9].

only from experimental records without using beam theory.

Therefore, this technique can be extended to be applicable t(?_ , . . )
other structures more easily than other techniques. validity of this technique was demonstrated by numerical

simulations[44], as well as by experimen{®]. Figure 35

4.2 Impact location for plates shows typlcgl results Qf experlmer}ts. Every estimate coin-
i . ) ) cides well with the true impact locations. The convergence of

The earliest study on the inverse analysis of the impact Ig;e optimization process seems good.

cation for plates is probably the one by Yen and [i44]. Ohkami and Tanakg69] proposed a two-stage technique

They developed a technique for estimating the impact 106g55eq on classical plate theory. The first stage is to determine

tion for plates subjected to transverse impact from strain '8 elliptic region which may contain the true impact loca-

sponses measured at multiple points on the plate. For a Ralf, The impact responses of a plate are measured at more
of points, they derived the following mutuality relationshignan three points. For a pair of points, say @d B, the

from Eq. (2): differenceAt,, between first arrival times of the pulse origi-
hie=h;e, (31) nhating from the impact location is roughly evaluated to be

equal to the time lag at which the cross-correlation function

where the subscript stands for the measuring point. The VeChween responses at these two points becomes maximum.
torse ande are composed of discrete values of measur en for a set of three points, say, P, and B, a rough

responses while the matricasandh; are composed of dis- estimate of the impact locatiorxfy) is obtained from the

crete valugs of the impulse response funcFions Which.are &Xhe differencesAt,, and Atys and from the fastest phase
prgssed n terms of the impact 'Iocat.|on gcgo@ng R?elocity predicted by plate theory. In the same manner, simi-
Reissner-Mindlin plate Fheory. Equatldj_al) IS Sat'Sf'E?d iy lar estimates of the impact location are obtained for different
andh! are evalu_ated_ using the correct mpact Iocatlor_1. Basgéts of three points. Taking the means, andm,) and the

on this fact, estimation (.)f the unknowr_1 Impact location Wag,ngarg deviationgr, ando,) of these estimates, an elliptic
reduced to an optimization problem minimizing region is determined by setting the cente(rat,m,) and the
NN Ihig, —h;e? semi-axes at &, and 2o, . An example is shown in Fig. 36
Z . “ThelZ (32) in which four estimates of the impact location are obtained
=11 ™ from responses measured at four points. The second stage is
where N is the total number of measuring points and thiénked with the estimation of the impact force history. The
denominator|h;g|* is introduced to avoid meaningless soelliptic region is divided into meshes each of which is a
lutions. Since this objective function has many local minim&andidate for the true impact location. Assuming that one of
they employed a strategy shown schematically in Fig. 3these mesh points is the impact location, the impact force
The objective function is first evaluated at all grid pointhistory is estimated by deconvolution from the response
denoted by Generation-1. Then an optimization procesgasured at some point and the transfer function predicted
based on the conjugate gradient method is performed startingplate theory. Similar estimates of the time history are thus
from a grid point which has the smallest value of the objeobtained for all mesh points. Based on evaluation of a pen-
tive function among all of the grid points. If the value of thalty quadratic form of the estimated time histaiiy has a
objective function at the point obtained by the optimizatiosimilar form as Eq.(5) but the parametek is fixed at an
process is smaller than a prescribed value, this point is cappropriate valug one of these mesh point is selected as a
sidered as the impact location. Otherwise, the same profieal estimate of the impact location. An example of evalua-
dure is repeated for grid points of the next generation. Thien of the penalty quadratic form is shown in Fig. 37 in

=Tj+#i
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! Mean of Estimation ] curate. Since this technique does not rely on plate theory, it
1E (0.8140,0.7129) . should be possible to extend this technique to anisotropic
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N . nttial 4 ]
20 01342 7 herative Meshod 4.3 Impact location for_other structtfres o
o8 b , (1.0,1.0) 4 There are very few studies on techniques for estimating the
. : ] impact location for an arbitrary structure. Briggs and Tse
0.7 2 ,=0.173 7 [71] proposed a technique based on modal analysis and pat-
' ] tern matching. First, the transfer function between an impact
06 b . force and a response is modeled as a summation of different
L ] modes:
L . 1 n
05 b Exact Impact Point ] Ej(w) - 02> Arjk (33)
[ ] Fr(w) =1 wi— w?+inw
04 M DU EPE TR UPITES TIPS B SrTar il AP S AT e
05 06 07 08 09 1 11 12 where Ej(w) and Fk(w) are thg Fourier transforms .of the
x[ml response at locatiop and the impact force at locatiok,

respectively. In additionp, and », are the natural frequency
Fig. 36 Determination of an elliptic region containing the impacand the loss factor of theth mode, respectively, an@rjk is
location [69]. (Reprinted with permission from the Japan Societyhe modal constant. If the impact force is a pulse of short
for Mechanical Engineers. duration,F () has fairly constant magnitude for lower fre-

guencies. When this is the case, E8B) can be rewritten as

which a mesh point at which the penalty quadratic form be- " *
) . . . . . _ 2 rjk

comes maximun(point (i)) coincides with the true impact Ej(w)=—-w E Dl tinal (34)
location. Although it has not been described here in detalil, =1 @ On T O
even in the simple numerical simulation shown in the papemhereAf, =F(w)Aj . Note thatAf;, (which is termed the
by Ohkami and Tanaka, frequent human interferences anecorrected modal constandoes not depend on the fre-
required both in determining the elliptic region and in selectjuency. All parameterA;*jk, o, , and n, are determined in
ing a final estimate of the impact location from candidatesadvance for each locatidnon the structure where impact is

Gaul and Hurlebau$70] extended the technique mendikely to occur. This is accomplished by applying an impact
tioned above for identifying the impact location of beams bfprce of short duration to each locatidqg measuring the
using wavelet§67] to the identification of the impact loca-response at locatiojy and conducting a standard modal pa-
tion of plates. The impact location is estimated by solving mmeter extraction procedufeurve fitting. Thus a database
simple system of nonlinear equations based on arrival timekthe uncorrected modal constants is constructed for all pos-
of flexural waves at several points of a plate. Since the aible impact locations. When an impact occurs at an un-
rival times can be extracted accurately by using the wavelgtown location on the structure, the recorded response signal
transform, the process of estimation of the impact locationiis transformed into the frequency domain and curve-fitted to
much simpler than that by Ohkami and Tandk#®]. The extract the uncorrected modal constants. The extracted modal
result of the estimation shown in this paper seems very amnstants are compared with those in the database. Then an
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used for testing the force identification technidud]. (Reprinted 0.7

with permission from Elsevier Scienge.

estimate of the impact location is obtained by a patterr § oz

matching scheme. Briggs and Tse conducted an experime °';
i i i 1 2 4 6 8 10 12 1

on |mp_act of_an enlarged mc_>de| _of a slider used in magnetl impact Location 2 14

hard disk drives as shown in Fig. 38. After constructing a

database of the modal constants for the first four modes, #ig. 39 Error plots resulting from pattern matching between the

location of impact was estimated as shown in Fig. 39. Thacorrected modal constants and the database of modal constants

error resulting from pattern matching becomes minimum #ging the magnitude and phase information in the acceleration sig-

the true impact location for all cases shown, which demoR@! [71]- (Reprinted with permission from Elsevier Science.

strates the validity of this technique. The main disadvantage

of this technique is that it requires a huge amount of work Qructural response and in the understanding of material be-
construct a database of the uncorrected modal constap‘1 sior under impact and impulsive loading conditions
However, once the database is constructed appropriately, the, g, ,nlemental Bibliography of additional references that

procedure to_estimate th_e impa(_:t location seems fairly Simm‘fe authors noticed during the review process of this paper
and easy to implement in practice. are listed at the end.

or (x104)
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