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Inverse estimation of impact force
on a composite panel using a
single piezoelectric sensor
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Abstract
Identification of location and magnitude of impact forces on a rectangular carbon fibre–epoxy honeycomb composite
panel has been experimentally investigated through an inverse approach. The dynamic signals captured by a single piezo-
electric (PZT) sensor installed on the panel remotely from the impact locations are utilized to identify the impact forces
generated by an instrumented hammer. A number of potential impact locations on the panel are assumed to be known a
priori. An actual impact is then occurred at one or two of these locations. The objective is to simultaneously identify the
location and magnitude of the impact forces using the PZT sensor. The problem is solved through minimization of an
extended matrix form of the convolution integral incorporating linear superposition of the responses due to impact at
different locations. The under-determined problem is ill-posed and is regularized by Tikhonov and generalized cross vali-
dation methods. It is revealed that impact forces occurred at any location among four possible locations can be well
identified.
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Introduction

Composite structures extensively used in aerospace
industries are exposed to various types of barely visible
impact failure including de-bonding of core and skins,
delamination of carbon fibre or epoxy laminate skins
and deformation of honeycomb core in sandwich struc-
tures. The vital importance of structural health moni-
toring (SHM) systems can be well realized by looking at
their effective contribution towards safety improvement
of aircraft structures since a considerable portion of
their entire structures is composed of composite materi-
als (Staszewski et al., 2009).

SHM can be performed in active mode, that is,
direct assessment through a scheduled time-based mon-
itoring scheme or passive mode, that is, indirect assess-
ment through a condition-based inspection technique
(Giurgiutiu, 2003, 2005; Giurgiutiu et al., 2001; Ihn
and Chang, 2008; Li et al., 2015; Staszewski et al.,
2009). Active SHM system utilizes both actuators and
sensors, whereas passive SHM system uses only sensors
to detect the events such as any impact, crack or dam-
age. Time-based monitoring techniques suffer from
some drawbacks resulting in inconvenience and ineffi-
ciencies in evaluation process (Choi and Chang, 1996;
Jang et al., 2012; Park et al., 2009). Localization of the

inspection area for only high-energy impacts will com-
pensate for some of the disadvantages associated with
active SHM system. Therefore, an automatic system to
detect impact occurrence together with both impact
location and its magnitude would enhance the effi-
ciency of SHM systems for damage prediction.

Extensive studies have been done on impact force
identification for composite panels using model-based
techniques which are based on properties and dynamic
characteristics of the structure (Hu et al., 2007b; Mao
et al., 2010; Seydel and Chang, 2001a, 2001b; Tracy
and Chang, 1996, 1998). Transfer functions for compli-
cated composite structures representing their dynamic
behaviour can be built either by finite element methods
(Hu et al., 2007a) or experimental approach (Kalhori
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et al., 2014, 2016) Non-model-based techniques utilizing
neural networks have also attracted much attention for
impact identification in composite structures (Akhavan
et al., 2000; Jang et al., 2012; Worden and Staszewski,
2000). Most of the composite panels would produce
impact forces with different patterns when exposed to
various impactors with different properties. As a result,
to confidently apply neural networks to real applica-
tions, massive training data must be collected which is a
downside (Park et al., 2009).

Impact force magnitude is usually calculated by cre-
ating an optimization model to minimize the difference
between the measured and predicted dynamic
responses. The created model is usually very sensitive to
perturbations. The ill-posed nature of the governing
equation, that is, transfer function, of the system does
not allow for a converged and steady force reconstruc-
tion. Several regularization methods including Tikhonov,
truncated singular value decomposition (TSVD),
damped SVD and iterative regularization methods were
proposed to surmount the difficulties associated with the
ill-posed problems (Hansen, 1994, 1998). B-spline scaling
functions were also adopted for regularization of impact
force reconstruction problems (Gunawan et al., 2006;
Qiao et al., 2015). Gaussian kernel smoothing has been
also applied as a regularization operator to enhance the
signal-to-noise ratio (Alamdari et al., 2014).

For a simple structure with known wave speed in all
directions such as an isotropic metallic plate, impact
location can be identified using a triangulation tech-
nique (Kundu et al., 2007). However, it is problematic
to differentiate the exact arrival time of impact response
captured by sensors from the raw signal. This is because
the wave produced by impact is dispersive and so the
initial portion of the impact response is of low ampli-
tude and high frequency (Tracy and Chang, 1998). A
modified triangulation procedure utilizing experimen-
tally obtained velocities and an optimization method
was proposed for impact location identification for ani-
sotropic materials (Coverley and Staszewski, 2003).
Neural networks were also used to identify the impact
location (Akhavan et al., 2000). These methods are
capable of producing accurate estimation of impact
location for even complicated structures. However, as
mentioned previously, enormous training data needed
which sometimes is impractical in actual applications
(Staszewski et al., 2009). A new approach utilizing
neural networks together with trilateration was also
implemented to find impact location at reduced compu-
tational cost (De Stefano et al., 2015). Minimization of
the difference between the calculated responses and the
measured ones using optimization algorithms was also
adopted for impact location identification (Choi and
Chang, 1996; Hu et al., 2007a). In addition to the
above-mentioned methods, proper orthogonal decom-
position which is a statistical method was used to

identify impact location on a composite plate (Thiene
and Galvanetto, 2015). Recently, a method was
adopted to concurrently identify both impact location
and magnitude on a lattice truss core composite panel
through an even-determined problem which utilizes the
dynamic responses captured by a scanning laser
Doppler vibrometer (Kalhori et al., 2015).

In this study, an inverse method was developed to
estimate the location and magnitude of impact forces
exerted to a rectangular carbon fibre–epoxy honeycomb
composite sandwich panel. Deconvolution, usually
applied to reconstruct the time history (e.g. magnitude)
of a stochastic force at a defined location, is extended
to identify both the location and magnitude of the
impact force among a number of potential impact loca-
tions. It is supposed that a number of impact forces are
simultaneously exerted to all potential locations, but
the magnitude of all forces except one is zero, implicat-
ing that the impact occurs only at one location. It com-
prises four potential impact locations and one PZT
sensor on a rectangular carbon fibre–epoxy composite
honeycomb sandwich panel. The matrix form of the
convolution integral incorporates the linear superposi-
tion of the responses due to the ‘assumed’ impact at all
potential locations. The problem is solved through
minimizing the predicted and captured dynamic
responses. Tikhonov regularization is chosen to regular-
ize the problem, and the generalized cross validation
(GCV) method is used to find the optimal value of the
regularization parameter. The application of the pro-
posed method for identification of concurrent impacts
at multiple locations was also investigated.

Formulation of the problem

In a linear system, the vibration response, for example,
dynamic strain e recorded at point 1 due to a stochastic
force f exerted at location q can be represented by a
convolution integral as (Inman, 2001)

e 1, tð Þ=
ðt

0

k q, 1, t � tð Þf q, tð Þdt ð1Þ

where k(q, 1, t � t) is the transfer function in the time
domain between impact location q and measurement
point 1, which can be defined using an inverse algo-
rithm (Inoue et al., 2001). The discretized form of the
convolution integral is given by a system of algebraic
equations as

ez =
Xz�1

i= 0

ki+ 1fz�i, z= 1, . . . , pð Þ ð2Þ

Equation (2) can be expressed in matrix form as
½E�= ½K�½F� where
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where kz (z= 1, . . . , p) is the value of transfer function
at time tz = z � Dt and p is the number of samples.

Assuming a number of impact forces at different
locations Fi (i= 1, . . . ,Q) simultaneously applied to a
structure, the corresponding dynamic strain signal at a
given measurement point Ej (j= 1, . . . ,H) is a superpo-
sition of the responses caused by each single force

Ej =K1
j F1 +K2

j F2 + � � � +K
Q
j FQ =

XQ

i= 1

Ki
j Fi ð4Þ

where Ki
j is the transfer function between force location

i and measurement point j. For a single measurement
point, equation (4) can be expressed as

E½ �= K1 K2 � � � KQ
� �

F1

F2

..

.

FQ

2
6664

3
7775 ð5Þ

where Q and H represent the number of impact loca-
tions and measurement points, respectively. For brev-
ity, equation (5) is presented by E = KF. The solution
is then obtained using the least squares problem as

min E � KFk k2
2 ð6Þ

where E practically is an error-contaminated vector
and K is a matrix with many singular values of different
orders of magnitude. Minimization problem (6) with a
matrix of this kind often is referred to as a discrete ill-
posed problem. Let e denote the error in E, and let ~E
be the error-free vector associated with E. So

E = ~E + e ð7Þ

The desired purpose is to define F of the unattain-
able linear system (F =Ky~E) by determining an
approximate solution of the existing least squares prob-
lem, that is, equation (6). Matrix Ky is the Moore–
Penrose pseudo-inverse of K. The solution of equation
(6) is given by

F =KyE =Ky ~E + e
� �

= ~F +Kye ð8Þ

which normally does not generate a meaningful approx-
imation of ~F. Tikhonov regularization pursues to deter-
mine a good approximation of ~F, which replacing the
problem (6) by a penalized least squares problem of the
form

min E � KFk k2
2 + d IFk k2

2

n o
ð9Þ

where I is the identity matrix and d � 0 is the regulari-
zation parameter which can be determined by the GCV
method (Hansen, 1994). The term d IFk k2

2 in equation

(9) actually attenuates the effect of Kye in equation (8).

Experimental set-up and procedure

A composite sandwich panel (600 mm in length and
400 mm in width) was manufactured using carbon fibre
laminates consisting of four woven plies in a quasi-
isotropic lay-up [645, 0/90]s with a nominal thickness
of 0.88 mm and a honeycomb core of 20 mm thickness.
The core is made out of Nomex material which is a
non-woven sheet made of short aramid fibres
(Mustapha et al., 2016).The face sheets were initially
cured in an autoclave following the recommended pro-
cedure. The skins and core were then assembled
together with FM 1515-3 film adhesive (Liljedahl et al.,
2008) using secondary bonding, which were achieved in
the autoclave at the recommended temperature and low
pressure to avoid crushing the core. The manufacturing
process of the composite panel was described in details
in Mustapha and Ye (2014, 2015) and Mustapha et al.
(2012). The panel was clamped at two opposite edges
and free at the other two edges during experiments.

A circular PZT element (PIC 151, PQYY+0221)
with a diameter of 10 mm and a thickness of 1 mm was
surface mounted on the composite panel using Loctite
Super Glue at the point shown in Figure 1. The PZT
sensor actually measures the strain invariant
e= exx + eyy. The output voltage Vout captured by the
PZT sensor is related to strain invariant by

Vout =
exx + eyy

� �
C

ð10Þ

Figure 1. Impact locations ( ) on the panel with respect to
location of a PZT disc sensor.
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where C is a constant depending on sensor thickness,
piezoelectric coefficient and the bonding effects
(Peelamedu et al., 2005). If the wavelength of the
dynamic signals is assumed to be much longer than the
sensor diameter, the sensor response can be considered
as a point response.

Impact was applied using an instrumented hammer
(Meggitt’s Endevco, 2303) at four potential impact
locations distributed along a line on the panel as
depicted in Figure 1. The distance of impact locations
to the PZT sensor is in the range of 30 mm \ d \
38 mm, where d is the distance between the sensor and
impact location. The signals measured by the PZT sen-
sor and the modal hammer were collected using an
oscilloscope (Tektronix DPO4034B). Figure 2 illus-
trates the experimental set-up. The signal acquisition
was triggered as soon as the impact force by the ham-
mer surpassed a small certain value (20 N) and was
sampled at a rate of 50 kHz.

Identification of location and magnitude

To establish the transfer function between each impact
location and the PZT sensor, a reference impact force
was first exerted at each impact location individually
and the corresponding dynamic signals are captured by
the PZT sensor. The steps for establishing the transfer
function was discussed in detail in previous studies
(Kalhori et al., 2014; Kalhori et al., 2016). In addition,
to avoid any possible dent or damage, the magnitude of
applied forces for both the transfer function establish-
ment and later impact force identification was limited
not to exceed 500 N. Figure 3 illustrates some typical
magnitude of impact forces applied at locations 1–4 for
transfer function establishment, which were captured
by the load sensor inside the instrumented hammer.

It is supposed that four impact forces are concur-
rently applied at the demarcated impact locations as in
Figure 1, but the magnitude of all forces except one is
zero, implicating that the impact takes place only at one
location. As a result, the problem is under-determined
since it encompasses one known (strain response by the
piezoelectric sensor) and four unknowns (impact forces
at four locations). As a case study, the impact is applied
at location 3. Two different cases are investigated.
First, all four impact locations are taken into account
as the potential impact locations. Second, the potential
impact locations are just three out of the four, with four
groups, that is, locations 1, 2 and 3; locations 1, 3 and
4; locations 1, 2 and 4; and locations 2, 3 and 4.

The reconstructed force at each location using the
algorithms discussed in the previous section is assessed
addressing key characteristics of a normal impact force
such as the shape, the maximum amplitude of the first
peak if applicable and the momentum change of the

impactor. A typical impact force should have a smooth
temple shape with or without multiple reflections. In
addition, since an impact force is totally compressive,
there should not be a negative portion in the recon-
structed impact force. Besides, for the case of existing
multiple reflections or local peaks in impact force as a
result of a normal free strike, the first peak normally
has a higher energy than the next peaks. Moreover, the
reconstructed force at true impact location must have
the higher peak amplitude among the other possible
locations. It is also assumed that the reconstructed
impact force starts to rise from the zero baseline.

The momentum change Dp of an object due to an
application of a force F between time t1 and t2 can be
given by (Beer et al., 1962)

Dp=

ðt2

t1

Fdt ð11Þ

Figure 2. Experimental set-up including the impact hammer,
signal conditioner and oscilloscope.

Figure 3. Impact forces applied by an impact hammer with an
aluminium tip at different locations.
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which is to the area under the reconstructed force curve.
It is envisaged that the momentum change for the
reconstructed impact force at the actual impact location
is much higher than that for the rest of the locations
since there is no impact force at these locations.

Based on these characteristics, an automated proce-
dure can be established to identify the impact force that
is the most possible one among the reconstructed forces
at different locations. In the following sections, the
results are articulated in addressing such a procedure.

Four possible impact locations

Figure 4 illustrates the reconstructed impact forces at
four potential impact locations while the actual impact
was applied at location 3. As can be seen in Figure 4 (a)
and (d), the reconstructed impact forces at locations 1
and 4 do not resemble a nominal impact force. In addi-
tion, the first peak of reconstructed force at location 1
(55 N) is lower than the second peak (82.29 N); the
reconstructed force amplitude at location 4 at t = 0 ms
is above ground zero, which further confirms that

Figure 4. Reconstructed impact forces at (a) location 1, (b) location 2, (c) location 3 and (d) location 4 using dynamic signals
captured by a PZT sensor.
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locations 1 and 4 are not the actual locations at which
impact occurred.

The reconstructed force at location 2 looks like a
normal temple-shaped impact. However, the maximum
amplitude of the reconstructed force (75.53 N) and
momentum change (0.051 kg m/s) are very small com-
pared to those of location 3, indicating that the recon-
structed force at location 2 might just be as a result of
noise and errors from the inverse calculations. As
depicted in Figure 4(c), the reconstructed force at

location 3 resembles a nominal impact force with multi-
ple peaks where the magnitude of the first peak is con-
siderably higher than the other peaks. The maximum
magnitude of the reconstructed force and momentum
change are 292.2 N and 0.246 kg m/s, leading to errors
of 27% and 35% when being compared with the actual
values, respectively. Table 1 summarizes the details of
the reconstructed forces. The correlation coefficient
(Kalhori et al., 2016) between the reconstructed force
and the actual impact force for locations 1, 2, 3 and 4

Table 1. Details of the reconstructed forces shown in Figure 4.

Potential impact location Impact-like force Dp (kg m/s) Maximum amplitude (N) Estimated location

1 3 0.068 82.29 3
2 U 0.051 75.53
3 U 0.246 292.2
4 3 0.162 109.7

Figure 5. Reconstructed impact forces at (a) location 1, (b) location 2 and (c) location 3 using dynamic signals measured by a PZT
sensor.
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from t = 0 ms to t = 10 ms is 0.139, 0.737, 0.959 and
0.497, respectively, confirming that the impact force at
location 3 is most likely the actual location.

Three possible impact locations

Figure 5 shows the reconstructed forces when only loca-
tions 1, 2 and 3 are taken as potential candidates for
impact locations. As it can be seen, the reconstructed
impact forces at locations 1 and 2 have some oscilla-
tions but with almost even magnitude. The recon-
structed force at location 3 looks like an actual impact
force with the maximum amplitude and momentum
change of the reconstructed force being 355.8 N and
0.315 kg m/s, respectively. It apparently coincides with
the actual force leading to errors of \5% and 5.5%
with respect to actual values in the magnitude and
momentum change, respectively. The correlation coeffi-
cient between the reconstructed force and the actual

impact force for locations 1, 2 and 3 from t = 0 ms to
t = 10 ms is 0.333, 0.316 and 0.972, respectively.

Figure 6 illustrates the reconstructed impact forces
at locations 1, 3 and 4. At first glance, impact locations
1 and 4 can be excluded from potential candidates since
the magnitude and momentum change of the recon-
structed forces at the two locations are very small com-
pared to those of location 3. Furthermore, both the
reconstructed forces have abnormal shapes with nega-
tive magnitude sometimes. This is unrealistic since an
impact force is only compressive. The force at location
3 can be recognized. The maximum amplitude of the
reconstructed force and momentum change at location
3 are 360.1 N and 0.331 kg m/s, respectively, leading to
errors of about 4% and 1%, respectively, with respect
to the actual values. The correlation coefficient between
the reconstructed force and the actual impact force for
locations 1, 3 and 4 from t = 0 ms to t = 10 ms is
0.317, 0.967 and 0.230, respectively.

Figure 6. Reconstructed impact forces at (a) location 1, (b) location 3 and (c) location 4 using dynamic signals measured by a PZT
sensor.
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The reconstructed impact forces at locations 2, 3
and 4 are illustrated in Figure 7. From visual assess-
ment, the impact forces at locations 2 and 4 are readily
excluded. Despite a relatively large maximum ampli-
tude and momentum change for location 4, it has a
completely strange shape, disregarding this location as
a candidate. Maximum amplitude of the reconstructed
force and momentum change at location 3 are 318.4 N
and 0.276 kg m/s, leading to errors of about 14% and
17% when compared to the actual values, respectively.
The correlation coefficient between the reconstructed
force and the actual impact force for locations 2, 3 and
4 from t = 0 ms to t = 10 ms is 0.426, 0.955 and
0.396, respectively.

It is observed that dropping the number of potential
impact locations would enhance the accuracy of the
reconstructed force. This is attained by comparing the
errors in the maximum magnitude and momentum

change of the reconstructed impact force between the
three-location problems and the four-location problem.

In Figure 8, locations 1, 2 and 4, at none of which
actual impact occurred, are taken as potential impact
locations. As illustrated in Figure 8(a), the recon-
structed force at location 1 begins with some small
peaks followed by a relatively large negative value. As
mentioned previously, since the impact force is com-
pressive, there must be no such negative (or tensile)
magnitude. This reveals that location 1 is not the actual
location. Similarly, the reconstructed force at location
2 includes a large negative portion, which excludes this
location as a candidate. The strange shape, negative
force value and non-zero amplitude at t = 0 s also
excludes location 4 as a candidate. As can be seen, the
impact force was not identified, which coincides with
the fact that impact occurred at none of these locations.
Therefore, if the impact occurs at a location other than

Figure 7. Reconstructed impact forces at (a) location 2, (b) location 3 and (c) location 4 using dynamic signals measured by a PZT
sensor.
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Figure 8. Reconstructed impact forces at (a) location 1, (b) location 2 and (c) location 4 using dynamic signals measured by a PZT
sensor.

Table 2. Details of the reconstructed forces shown in Figures 5 to 8.

Potential impact location Location Impact-like force Dp (kg m/s) Maximum amplitude (N) Estimated location

1, 2 and 3 1 3 0.119 91.16 3
2 3 0.002 29.14
3 U 0.315 355.8

1, 3 and 4 1 3 0.066 65.08 3
3 U 0.332 360.1
4 3 0.097 92.03

2, 3 and 4 2 3 0.057 82.08 3
3 U 0.276 318.4
4 3 0.162 133.2

1, 2 and 4 1 3 NA NA None
2 3 NA NA
4 3 NA NA

Kalhori et al. 807



the possible candidates, the algorithm is only capable
to define that the impact has occurred at none of the
possible locations. In this case, the method will not be
able to find the exact location. Table 2 summarizes the
details of the reconstructed forces for four potential
impact locations. It should be noted that the effective-
ness of the algorithm decreases by increasing the num-
ber of potential impact locations. In this study, we
started with a larger number of possible impact loca-
tions; it was observed that the algorithm starts to work
efficiently for four possible impact locations, although
the mechanism is not clear yet.

Two concurrent impact forces

Two impact forces are simultaneously applied at two of
the four possible locations. The focus was on identifica-
tion of impact locations together with their magnitudes.
Since the exactly simultaneous application of two
impacts was difficult using impact hammers, we applied
the impact at two locations separately and then super-
imposed the responses. Based on the superposition
principle, for a linear system as assumed in this study,
the response at a given time produced by two or more
impact forces is the summation of the responses which
would have been resulted from each force individually.

Figure 9. Identification of two concurrent impact forces at (a) location 1, (b) location 2, (c) location 3 and (d) location 4 using
dynamic signals measured by a PZT sensor.
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Therefore, the obtained superimposed response was
considered as a response due to two concurrent impact
forces and was then fed into equation (5).

As a case study, the impacts were applied at loca-
tions 1 and 4. As can be seen in Figure 9, the impact at
locations 1 and 4 was visually identifiable with the
reconstructed forces of magnitudes of around 400 N.
The impact force at location 2 is flat and around the
ground zero indicating no impact occurred at this loca-
tion. The reconstructed force at location 3 has a rela-
tively strange shape with almost equal multiple peaks
of low magnitude that are clearly lower than those at
locations 1 and 4, which further helps in excluding this
location as a candidate. As a result, the impact loca-
tions have been identified; however, an accurate estima-
tion of impact magnitude was not achieved. Table 3
summarizes the details of the reconstructed forces. The
correlation coefficient between the reconstructed force
and the actual impact force for locations 1 and 4 from
t = 0 ms to t = 10 ms is 0.877 and 0.934, respectively.

Concluding remarks

Identification of impact forces on a carbon fibre–epoxy
honeycomb composite panel was investigated using an
inverse approach through evaluation of dynamic sig-
nals captured by a single piezoelectric sensor. Both the
location and magnitude of an impact force were simul-
taneously determined using the convolution principle
considering the superposition of responses due to forces
applied at four potential locations. Two scenarios with
different numbers of potential impact locations (4 and
3) were considered. Based on the assessment factors
including the shape and magnitude of the reconstructed
forces, the impact location is identified as location 3 for
all arrangements of potential impact locations incor-
porating location 3. It was also found that if the actual
impact location is not among the potential locations,
the reconstructed forces are all with abnormal charac-
teristics, which can then be excluded. Furthermore, it
was revealed that reducing the number of potential
impact locations would increase the accuracy of the
reconstructed force as a three-location problem with an
arrangement of possible location lessened momentum
errors to about 1%. Finally, the method was applied
for identification of two concurrent impact forces.
However, the shape of the reconstructed forces did not

precisely match with the actual ones, but the locations
of the impact forces were clearly identified.
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