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Identification of Impact Force and Location
Using Distributed Sensors

Keeyoung Choi* and Fu-Kuo Chang1^
Stanford University, Stanford, California 94305-4035

An impact load identification method using distributed built-in sensors for detecting foreign object impact is
proposed. The identification system consists of a system model and a response comparator. The system model
characterizes the dynamic response of the structure subject to a known impact force. The comparator compares
the measured sensor outputs with the estimated measurements from the model and predicts the location and force
history of the impact. The method has been developed for beams containing distributed piezoelectric sensors. The
identification system was tested using simulated conditions. For all of the cases considered, the estimation errors
fell well within the prespecified limit.

I. Introduction

DAMAGE due to an external impact is a major concern in the
design of aerospace structures. For instance, low-velocity im-

pact can cause extensive delaminations inside composite structures
that could severely degrade the load-carrying capability of the struc-
tures. In many cases, however, it is not easy to identify this damage
by visual inspection. For structures susceptible to impact, routine
nondestructive testing must be performed over the entire surface. A
few examples of the traditional methods are coin tapping,1-2 x ray,3>4

and ultrasound.5"7 Because the location of impact is unknown, all
of these are quite time consuming, costly, and require the structural
system to be out ot service. Therefore, a system that can automat-
ically detect the occurrence of impact and estimate the amount of
impact energy, as well as the location, would be very helpful in
maintaining the structures at reduced cost.

The impact load identification problem has two characteristics
that make it difficult to solve. First, it is an inverse problem. Com-
pared with a direct dynamics problem whose goal is to find the
system response for the given system model and driving force, the
load identification problem tries to find the input force for a given
system response. Second, it is a nonlinear problem. Think of a case
involving a structure excited by a force whose time history is known.
The output will be different depending on the location of where the
force is applied. Thus, it can be deduced that the system equations
that define the relation between input (external force) and output
(measurement) are functions of an unknown parameter (loading
point). Since the load parameters, the location and history, are to
be found based on a system model whose parameter (the location)
is unknown, the identification process is nonlinear.

One of the oldest inverse problems is finding the source of an
earthquake using arrival-time data at several different stations.8 This
kind of approach has been applied to structural impact identification,
too. Mannas and Joshi9 tried to estimate the impact point using lag
time for a composite plate with piezoelectric patches used as sen-
sors. The lag time was determined by looking for the signal to rise
to a certain level. For noisy, dispersive waves, this lag time is very
difficult to find, and the accuracy of the method may degrade. For
a beam, Whiston10 and Jordan and Whiston11 used the arrival-time
difference between the maximum- and minimum-frequency com-
ponents to calculate a preliminary estimation of the location of the
wave origin. Starting from this initial estimation, a further refine-
ment process proceeded to reconstruct the impact history iteratively
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so that the force would not have a negative portion. This approach
can be applied only to an impact involving an outward normal con-
tact force. With this method, it is also necessary to find a systematic
way to proceed with the iteration in the refinement procedure when
the estimated location is not so close to the impact point. Michaels
and Pao12 developed a method that determined an oblique dynamic
force using wave motion measurement. In this case, the location of
the force was known, and the time history and orientation of the force
were identified using measured displacements at known locations.

Doyle13"15 published papers on a method for determining the
location and magnitude of an impact force using the phase differ-
ence of the signals measured at two different sensors straddling the
impact point. The method was verified with an experiment using
a long aluminum beam. Estimating reliable phase information for
noisy signals, however, requires great effort and usually requires
human interference.

Most of the propagating-wave approaches have relied on models
in the frequency domain. On the other hand, time-domain models
are widely used for standing-wave approaches. Busby and Trujillo16

showed that the input force history can be reconstructed by solving a
dynamic inverse problem, and Hollands worth and Busby17 verified
this experimentally. In the experiment, the load was applied at a
known position and accelerometers were used as sensors. For an
unknown loading point, D'Cruz et al.18>19 formulated a nonlinear
inverse problem and tried to find the location and magnitude of the
external force. The force, however, was not general but confined
to a sinusoidal function whose amplitude and phase are the only
parameters to be found.

This paper presents a new load identification method based on
distributed sensor measurements. The method could be easily au-
tomated and implemented in a structural monitoring system. It will
be demonstrated for identifying impact load and location in beams
containing distributed piezoelectric sensors.

II. Load Identification System
Figure 1 is a schematic drawing of a conceptual load identification

system that can estimate the location and time history of an impact
load using the measured signals from the sensors built into the struc-
ture. The load identification system consists of two parts: a struc-
ture model and a response comparator (inverse problem solver). The
structure model characterizes the relation between the input load and
the sensor output. The response comparator compares the measured
sensor output with the model prediction and updates the parame-
ters: the location and force history. The structural system considered
here was a beam with piezoelectric sensors mounted on the back sur-
face (Fig. 2). For given sensor measurements, it was intended that
the location and history of the impact on the beam be predicted. The
following assumptions were made for the system model.

1) The changes in the system characteristics before and after the
impact are ignorable.
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Fig. 1 Schematic drawing of the proposed impact load identification
system.
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Fig. 2 Beam with piezoelectric sensors and subjected to an impact load.

2) The force is a perfect point force.
3) Structural damping is negligible.
4) The structure is at rest before an external load is applied.

A. System Model
1. Equations of Motion

As an extreme case, if a long beam with high damping is subject to
an impact that lasts for a short time period, the phenomena are local-
ized. Generally speaking, if the localized phenomena are the main
interest, the motion of the beam is described with a propagating-
wave model and the boundary effects can be ignored. On the other
hand, if the boundaries are close to the impact point and global
phenomena are more important, a standing-wave model is more ef-
ficient to represent the system behavior. It has been shown that the
solutions of these two models converge on each other as the number
of modes and number of reflection waves increase.20 The proposed
identification system is general and can be applied to both models.
For the sake of simplicity, this paper will deal with the propagating-
wave model only. People who are interested in the standing-wave
model may read Ref. 20.

Without considering shear and rotary inertia effects, the response
of the beam is governed by the following Bernoulli-Euler beam
equation:

34w
(1)

where p is the density and A and El are the area and the moment of
inertia of a cross section, respectively. Here, w is the deflection, and
/(jc, t) is the applied force. Because this partial differential equation
is not an efficient form to be used in the identification process, it is
necessary to convert it into a simpler ordinary differential equation.
Because this paper concentrates on the identification of impact force,
a propagating-wave model will be derived. For the derivation of a
standing-wave model, see Choi20 and Tse et al.21

Applying discrete Fourier transformations with respect to the spa-
tial variable x on both sides yields a component equation

dr2 £l*x = _L_/(0pA pAAx
(2)

where

t t)e -iknx

The number of data points is ns -f 1. A* is analogous to the sampling
period in the time domain.

This is a second-order ordinary differential equation with respect
to time and can be integrated easily if f ( t ) is given. Once w is
known, the original signal can be recovered using the inverse Fourier
transformation

w(x,t) = (3)

Equation (2) can be converted to a set of first-order differential
equations. We can write the nth component as

0
1

pAAx

/(O (4)

Let

W = [WQ

where each component satisfies Eq. (4). Collecting these component
equations generates the system equation in state-space form as

(5)

where 7 is the identity matrix of size ns H- 1. Here, b is defined as

,,_LLL..._LT
Ax[pA pA\

A" is a diagonal matrix of

The displacement at x = Xj is represented with the following
observation equation:

(>iklXJ (6)

Since y is a real, even function, it can be calculated with real func-
tions only:

(7)

2. Piezoelectric Sensors
Because of the coupling between mechanical and electrical quan-

tities, piezoelectric materials can be used either as sensors or actu-
ators. This study uses piezoelectric materials as sensors. Detailed
derivation of the governing equation for piezoelectric materials can
be found in various sources.22"24 This section will derive the rela-
tion between the piezoelectric sensor output and the states of the
structure system. For the sake of simplicity, we ignore the structual
effect of the piezoelectric material.

The observation equation for a piezoelectric sensor can be derived
by assuming that the voltage output of the sensor is proportional to
the integral of strain over the piezoelectric material. Let us start from
the displacement equation [Eq. (7)]. The displacement is given in
terms of the state variables as

w(x,t) = C(x)z (8)

Now, the strain on the top surface of the beam is represented as

, = /*a2iu = h(d2c(x)\
~ 2 a*2 -2\-d*-)z (9)
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where h is the thickness of the beam. Since the voltage output of
a piezoelectric sensor is proportional to the integral of strain over
piezoelectric material, we can write it as

dV\z

(10)

where Vpj is the volume of the y'th piezoelectric patch and a is a
material dependent proportional constant.

3. Equation of Motion in Discrete Time Domain
Because most data processing, including a data acquisition, is

now done in digital form, a discrete-time version of the system
equation is necessary. Many current textbooks on digital control
explain this process.25 The system model in the continuous-time
domain is given as

(11)

(12)

The discrete version of the system equation is

[0n 012! , , , [yil -, ,= \ \z(n)+\ \ f ( n )
[021 022 J ]_Y2]

(13)
± &z(n) + r/(n)

where </>,; are diagonal matrices and, thus, $ is a block diagonal
matrix. The observation equation is given as

y(n) = Cz(k) (14)

where y(ri) is a measurement at time t = Ts. Ts is the sampling
period.

The system matrices of the two representations are related as

-L
= exp(Ar,)

Ts

(15)

(16)

Note that the observation matrix C is not affected by the digitization
process.

B. Response Comparator
For an infinite beam, a coordinate system centered on the wave

origin (loading point) was used and the observation matrix was a
function of the distances between the sensors and the wave origin
(Fig. 2). If the wave origin is known with respect to any one sensor,
then the other sensor locations are automatically determined because
the distances among sensors are given. Let JCG be the actual distance
between a designated sensor and the forcing point and xe its estimate.
The goal of the identification scheme is to find the location parameter
xe and force history f ( n ) so that the model prediction matches the
measured response as closely as possible.

Let us write the discrete-time system equation as [Eqs. (13
and 14)]

(17)n=Q9...,(N-l)

where N is the total number of sampling points and yj(n) is the
measured quantity (displacement, strain, etc.) at the sensor located
at a distance of #/ from the wave origin at time t = nTs.

The problem can be formulated as a nonlinear least-squares
problem

1 1 N~1

min J = -fe(0) - z0]rSo[z(0) - *>] + T "T /„Qf n

~ZN]
n=0

where ZQ andz# are user-supplied guesses of initial and final states.
Because this study assumes that the system is at rest before the im-
pact, ZQ is set to zero. Here, v is the difference between the measured
outputs ym and the model predictions ye that contains both the ef-
fects of measurement noise and error due to incorrect estimation of
the location or history of the external force, i.e.,

vn =yen(xe, f)—ymn (19)-

Q is weighting for the input force and R for the states. So and S/
are weighting matrices for the initial and final conditions, respec-
tively. For the reason given earlier, So is set very high. On the other
hand, since the final condition is unpredictable (unless the structural
damping is significantly large), S/ is set to zero.

The minimization is subject to the constraint equations [Eq. (17)].
The performance index is modified to accommodate these con-
straints using Lagrange multipliers A:

N-l

(20)

Minimizing J is equivalent to minimizing J subject to the con-
straints of Eq. (17). Idan and Bryson26 used the smoothing algo-
rithm successfully to find system parameters of a helicopter using
flight test data. This identification algorithm closely follows that of
Ref. 26.

Taking a variation on this augmented performance index gives

____ O f i ____ Ov (r\ 1 \~ZT<>Jn + -—oxe (21)
n=0

Without the third term, the problem is an ordinary linear two-point
boundary-value problem (LTPBVP) that can be solved using a well-
known smoothing algorithm.26'27

The third derivative term depends on the functional relation be-
tween the system matrix and the parameter (xe). It is calculated as

n f

%+l (22)

Since vn are calculated in the smoothing process, the calculation can
be done quickly. This is one of the great benefits of this smoothing
technique in the sense that the solution of the LTPBVP gives the
information necessary to update the location xe.

The identification process has two loops. In the outer loop, the lo-
cation of the load is estimated. The inner loop is a linear least-square
fitting process that predicts the force history based on the estimated
location transferred from the outer loop. Solving this LTPBVP be-
longs to this inner loop. In the outer loop, the parameter xj (location
of the force measured from a s_ensor) is updated using a quasi-
Newton procedure to minimize /:

•^e.new "̂  •
r-l T

~~ J Jx (23)

The inverse of the Hessian matrix J~x
l is e_stimated numerically from

successive values of the gradient vector JXe using a rank-two update
procedure.28'29 If the Hessian matrix is set to the identity matrix,
then the method is equivalent to the steepest descent method; this
is used for the first update in the outer loop. Figure 3 depicts the
identification process for a certain initial guess of the location xe$.
Since the problem is nonlinear with respect to the loading point, it
is likely that multiple local minima exist. A nonlinear function opti-
mizer is needed to handle this problem. Expert systems and genetic
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Fig. 3 Load identification process.

algorithms are examples of such nonlinear techniques. This study
uses the simplest one, multiple initial guesses. A local minimum is
found for each initial guess following the procedure shown in Fig. 3.
Among the resultant local minima, the smallest one is taken as the
global minimum.

III. Results
A. Model Verification

The propagating-wave model derived in a preceding section will
be verified. Doyle13 published a paper on identifying dynamic con-
tact force. He measured strain histories at various locations of an
aluminum beam hit by a swinging steel ball. The contact force es-
timation from Ref. 13 by Doyle drove the simulation. The strain
histories at the contact point and 4.45 cm away from the contact
point were calculated with the previously derived model (Fig. 4).
The good agreement between the measurement and simulation pre-
diction verifies the modeling.

B. Example of the Identification Procedure
To verify the comparator developed in the preceding section, nu-

merical simulation results based on the system model were gen-
erated. To add reality to the verification procedure, random white
noises were added to the nominal responses, and the results were
used to simulate the actual sensor measurements. For the given sim-
ulated sensor measurements, the load identifier was used to estimate
the location and history of the impact. A schematic description of
the simulation procedure is given in Fig. 5. The goal is to find xe and
fe so that the predicted system response matches best with the mea-
sured sensor output. The two system models are not necessarily the
same. Because the purpose of the current study is to develop an iden-
tification system, however, the same model was used in both places,
i.e., it was assumed that the system model used in the identification
is exact.

The model used in this paper appears in Fig. 2. The piezoelectric
sensors are 0.5 cm long and separated by 25.4 cm from each other.
In the identification process, four sensors were used. The impact
point was assumed to be within the two outmost sensors. In practical
application, this should not pose any serious problem since it is easy
to isolate a certain region that includes the impact point by looking
at the wave-propagation shape. Structural damping makes the work
even easier. Ideally, two sensors are enough to find the location and
load history for a beam problem.20 Because of the measurement
noise, however, more sensors will increase the accuracy of the result.
The aluminum beam is 0.635 cm thick.

Figure 6 shows the simulated sensor output of the structure sub-
ject to a triangular shape force of maximum magnitude 1000 N and
duration 0.3 ms. The plot shows a nominal signal with computer-
generated noise added. This noisy signal is used in the identification

— Model Prediction
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Fig. 4 Strain history: measured and calculated.
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Fig. 5 Schematic description of the simulation procedures.

procedure, whereas the nominal output is unknown to the identifi-
cation procedure and used only for results verification purposes.
The distance between the leftmost sensor and the loading point was
27.18 cm. All four sensors were distributed evenly with a separation
of 25.4 cm.

For various guesses of the impact locations xe, the smoothing
problems were solved and the performance indices were calculated.
Figure 7 plots the resultant performance indices as a function of xe.
We see that several stationary points exist, and the global minimum
corresponds to the actual forcing point. For this example, points
separated by 12.7 cm were selected as initial guess points. From
each of these initial guesses, the local minimum was sought using
the gradient information (dJ/dxe) that is calculated by solving the
quadratic fitting problem. The global-searching process appears in
Fig. 8. The actual distance between the impact point and the leftmost
sensor was 27.18 cm, whereas the estimation was 27.31 cm. Figure 9
shows the estimated force history along with the actual load.

For a problem like this, 100 wave components were used, and it
typically took about 30 min to complete the computation on a work-
station. At the time when the authors developed this scheme, they
did not pay particular attention to the optimization of the computa-
tion time. The identification scheme was programmed in MATLAB
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Fig. 6 Simulated sensor outputs with added random white noise.
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Fig. 8 Global-local search process based on multiple initial guesses.

scripts. If it is programmed in compile languages such as C or
Fortran, the computation time could be reduced significantly.

C. Verification Using Simulation Results
The identification process was applied to more cases to check

the stability of the system. First, to show that the comparator works
for general loading histories, a case with an external force that has
both positive and negative parts was generated. Figure 10 shows
the result. The specific external load shape was the sine function
of a period. The estimated impact position was 35.48 cm compared
with the actual position of 35.56 cm. Despite the fluctuation, the
estimated load history matched the actual one quite closely.
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Fig. 9 Comparison between the predicted and the actual impact load
history.
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Fig. 10 Example: estimation result for a general load history.
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Fig. 11 General load history.

Time

To test the reliability further, 100 cases were simulated. In each
case, the parameters of the loading history and the forcing point
were varied randomly around the nominal values used in the pre-
vious example. A typical load history appears in Fig. 11. Since the
identification program was not aware of the shape of the actual load
history, this half-sine pulse shape was a legitimate type as a random
force. Also, a half-sine shape is believed to closely approximate real
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contact force histories. The maximum magnitude and duration were
variables. Figure 12 depicts the loading conditions used in the veri-
fication process. The results of the loading point estimation were
plotted in Fig. 13. The fact that most of the data points fell along
the 45-deg lines verifies the system stability.

To show the load history estimation, impact energy was used.
Going back to the very first part of the problem, the main goal
of this study is to develop a method that can give information in
predicting damage caused by an external force. Instead of using the
whole history of the load, the total energy transferred to the structure

is more useful and convenient to predict the scope of the damage.
Once the force history is estimated, the energy can be calculated
with the following formula:

energy = / f ( t ) d w

i=0

where WQ is the displacement at the forcing point and can be cal-
culated using the estimated location and force history. Figure 14
shows the transferred energy estimation. As with the loading point
estimation, most of the data are scattered close to the 45-deg line.

IV. Concluding Remarks
An impact load identification method has been proposed for es-

timating the location and history of an impact force in structures.
The method has been successfully applied to beams containing dis-
tributed piezoelectric sensors. Using a realistic numerical simula-
tion, the algorithm was proved to be stable. It is possible to extend
the method to more complicated structures. In this case, some modi-
fications of the comparator are expected, whereas the system model
will have to be developed based on the type of structures considered.
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(An Education Outreach Resource Guide)

Built upon the concept that each person's steps or efforts to touch
students in science, mathematics, and technology can greatly
affect the future of this country, One Small Step... outlines
effective activities and approaches that volunteers may take to
reach out to this country's youth. Among the topics included in the
guide are how to initiate an outreach program, what types of
programs might be most appropriate for each volunteer, what
resources are available, and how to obtain them.
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