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*e coin-tap method performs nondestructive testing by measuring the width of the tapping response pulse on the surface of the
material. Existing studies have shown that defects in the material will cause the width of the tapping response pulse to increase.
However, experiments have confirmed that different detection positions in the defective area will show different values of the
width of the tapping response pulse, and the physical laws behind it have not been studied yet. To discuss its physical meaning, a
mathematical model of the defective area is established, a method for calculating the width of the tapping response pulse is
proposed, and a composite honeycomb structure with preset defects is used for data testing. Both the test results and the
calculation results show that the pulse width of the tapping response will decrease with the increase of the defect depth and the
deviation of the tapping position from the defect center. *e consistency between the calculated results and the experimental
results shows that the established defect model and pulse width calculation method can better explain the distribution law of the
pulse width of the tapping response in the defective area.

1. Introduction

Composites have become the most widely used materials in
industries such as aviation and aerospace due to their ex-
cellent specific strength, specific stiffness, and fatigue re-
sistance. However, the composite material may have defects
or damages during curing, forming, and using, which will
cause the composite material structure and function to fail
and even cause major accidents [1]. *erefore, nonde-
structive testing of composite materials is very important.

Coin-tap testing is one of the main methods of non-
destructive testing in the aerospace industry. It has been
automated in recent years and has become the first line of
defense for composite material testing [2–4]. *e researcher
uses the acceleration sensor to collect the tapping response
signal and analyses the time history of the impact force to
determine the defect. *e higher the value of the pulse width
of the impact force at the tap point, the more serious the
defect at that point [5, 6]. As a measure of the degree of

defect, the width of the tapping response pulse is essentially a
description of the stiffness of the inspection point. Research
shows that the main factors affecting the stiffness of the
detection point are the diameter and depth of the damaged
area. *e shallower depth and larger diameter of the
damaged area will reduce the stiffness of the damaged area
[7]. However, the physical meaning behind it is not clear.
*ere is still no precise definition of the mathematical re-
lationship between various influencing factors and the pulse
width of the tapping response.

To study the pulse width distribution of tapping response
in the defective area, it is necessary to calculate the impact
deflection at any point in the defective area. Abrate analysed
the impact dynamics mathematical model between the
object and the composite material and proposed the se-
lection method of the spring-mass model under different
impact conditions [8]. According to the thin plate bending
theory, Feng and Yu studied the calculation method of the
stiffness of the laminated plate low-speed impact model
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based on the spring-mass model [9]. Li et al. used the point
source function method to solve the bending problem of
circular plates under noncentrosymmetric loads [10, 11].
Dong et al. used the Poisson formula of the circular plate
and the natural boundary integral equation to obtain the
bending solution of the circular plate under an asymmetric
load [12]. Although researchers have conducted a lot of
research studies from different angles, they have not been
able to fully explain the distribution rule of pulse width. On
the basis of existing research, this paper establishes a new
physical model for the defective area and predicts the pulse
width of the tap response. In the experiment, tapping tests
were carried out for defective areas of different diameters
and different depths. *e test results are in good agreement
with the predicted calculation results. It indicates that the
new physical model and calculation method can better
explain the pulse width distribution law of the tapping
response.

2. Theoretical Model of Coin-Tap Test

*e low-speed impact response of composite materials is a
quasi-static response. Cawley pointed out that the existence
of defects leads to changes in the stiffness of the material,
which causes changes in impact characteristics. *erefore,
when tapping the defective area and the sound area, different
tapping sounds will be produced [5]. Based on the spring-
mass model, he proposed a physical model for coin-tap test
[13]. It is shown in Figure 1.

During the inspection process, due to the certain
pressure between the hammer head and the inspected
structure, there is a contact stiffness between the hammer
head and the inspected structure. *e impact force is
transmitted to the tested structure through the spring with
stiffness coefficient kc. Cawley models the defects inside the
material as a spring with stiffness kd, and the value of kd in
the sound area is close to infinity. *e stiffness model of the
defective area can be regarded as a series connection of two
springs with stiffness coefficients kd and kc. And, the ef-
fective stiffness of the defective area can be calculated with
the following equation:

k �
kckd

kc + kd

. (1)

When an object with mass m hits a spring with stiffness k

at velocity v, the motion control equation of this model is

m €x + kx � 0. (2)
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or expressed as
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In the formula, C1, C2, A, and α are arbitrary constants,
determined by the initial conditions. *e relationship be-
tween them is determined by the following equations:
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,
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.

(5)

*e general solution of the vibration equation shown in
equation (4) is the same as the simple harmonic vibration
[14].*e amplitude of system vibration is A, and the phase at
the time t � 0 is α. It can be seen that the angular frequency
of system vibration is
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. (6)

*erefore, the duration of the impact force generated
during the impact is

t �
T
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�
π
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� π
��
m

k



. (7)

In the formula, T represents a complete vibration period.
It can be seen from equation (7) that the tapping re-

sponse pulse width measured during the detection process is
actually a description of the effective stiffness of the de-
tection point. By solving the effective stiffness k of each point
in the defective area under the impact load, the pulse width
distribution of the percussion response in the defective area
can be obtained.

3. Calculation of Effective Stiffness of
Defective Area

Most of the interlayer interfaces of composites are fragile, so
defects or damages are prone to occur during manufacturing
and use [15]. *e defects of the laminate structure often
appear in layers, and the skin and the core of the honeycomb
sandwich structure may be debonded. *ese damages will
reduce the rigidity of the structure, which can be effectively
detected by the coin-tap test method. *e common defect
forms of different composite material structures are shown
in Figure 2.
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Tap

Tap

 

kc

kckd

Figure 1: *e physical model for the coin-tap test.
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Existing studies have shown that the physical phe-
nomenon behind the coin-tap test can be explained by the
principle of membrane resonance [16–19]. When the
composite laminate is delaminated or the skin of the hon-
eycomb sandwich structure is debonded from the core, the
material layer above the defective area can be imagined as a
thin plate bound by its edge [20]. Assuming that the radius of
the defective area is R, when the lateral concentrated force F

acts on the defective area, the force analysis of the section is
shown in Figure 3.

According to Kirchhoff hypothesis, the middle surface of
the plate does not produce strain during the bending de-
formation process and always remains a neutral curved
surface. Each point in the midplane has only a displacement
w perpendicular to the direction of the midplane, and on any
normal line of the midplane, all points in the full thickness of
the sheet have the same displacement w [21, 22]. *erefore,
the impact of shear deformation is ignored during the
tapping process, and only the effect of bending deformation
is considered. *e effective stiffness of the round sheet at the
striking point can be obtained by dividing the force F at that
point by the displacement w at that point.

A circular thin plate with a radius of R is provided, and
its plane projection is shown in Figure 4.

Point A and point B are any two points on the circular
thin plate. Assuming that the distance from centerO to point
A is OA � a and the distance from center O to point B is
OB � b, then point A and B can be expressed as A(a, θ0) and
B(b, θ) in the polar coordinate form.

Since the edge of the circular plate is fixed, the deflection
w of the edge of the plate is 0, and the slope (zw/zx) of the
elastic curved surface is 0. It can be seen that the boundary
conditions are

(w)b�R � 0,

zw

zx
 

b�R

� 0.

(8)

When a lateral concentrated force F acts on point A,
according to the calculation method in [12], the deflection
formula of point B can be obtained as

wB �
F

D
G b, θ; a, θ0( . (9)

In the formula, G(b, θ; a, θ0) is the Green function of the
reharmonization equation inside the unit circle, and its form
is
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D is the bending stiffness of the circular thin plate, and
its calculation formula is

D �
Eh

3

12 1 − v
2

 
. (11)

In the formula, E is the elastic modulus of the defective
upper plate, h is the depth of the defect, and v is Poisson’s
ratio of the defective upper plate.

When point A and point B coincide, that is, a � b and
θ � 0, we can obtain

wB � wA �
F R

2
− b

2
 

2
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2 . (12)

*e effective stiffness of the impact point can be obtained
as

k �
F

w
�

16π DR
2
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2
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2

 
2. (13)

*e formula expounds the specific mathematical rela-
tionship between the effective stiffness of the impact point
and the depth and radius of the defective area, which is a new
finding.

4. Experiments and Discussion

To verify the model and algorithm, a honeycomb sandwich
structure with internal predefects was selected for the coin-
tap test. *e physical figure of the honeycomb sandwich
structure is shown in Figure 5.

*e length of the specimen is 400mm, the width of the
specimen is 300mm, the height of the specimen is 30mm,
and the thickness of the carbon fiber is 1mm. Its Poisson’s
ratio v is 0.31, and its elastic modulus E is 210GPa.

*ere are three built-in debonding defects at the position
marked in Figure 5, and the parameters are shown in Table 1.

In the test, 5 inspection points were selected in defect 1 to
measure the tapping response pulse width, while 9 in-
spection points in defect 2 and defect 3 were selected to

Delamination

Composite skin

Honeycomb core

Debonding

Laminate structure Honeycomb sandwich structure

Figure 2: *e common defect forms of different composite material structures.
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measure the tapping response pulse width. As shown in
Figure 6, the nine white points marked are the locations of
the nine tapping detections. *ese inspection points are
evenly distributed along the diameter of the defective area,
and each adjacent white point is spaced 2mm apart.

In the test, an energized solenoid is used to drive a
hammer with a mass of 33 g to strike, and the upper end of
the hammer is connected to a spring. *e tapping device
used in the test is shown in Figure 7.

*e hammer head is made of steel and has a curvature
radius of about 2mm. When the solenoid is energized, the
hammer head will accelerate the impact on the surface of the
material. When the solenoid is de-energized, the spring
drives the hammer head back to the initial position. When

the hammer collides with the structure, the speed of the
hammer is about 0.2m/s, and its impact force is about 36N.
*e tapping response signal is recorded by the piezoelectric
acceleration sensor and transmitted to complete the pulse
width measurement. *e tapping signal is collected through
piezoelectric acceleration sensors and data acquisition cards.
*e type of acceleration sensor is CA-YD-155. *e signal of
the data acquisition card is NI-USB-6009. Its analog input
resolution is 14 bits, and the signal acquisition frequency is
set to 48KHz.

In the test, the detection positions are arranged in order
along the direction indicated by the arrow in Figure 6, where
point 5 is the center point of the defective area. *e pulse
width values of different points obtained by the experiment
are shown in Table 2.

In Table 2, |b| represents the distance between the de-
tection position and the center of the defective area. *e test
results show that when the size of the defective area is larger,
the tapping response pulse value is larger. In the defective
area of the same size, when the distance between the de-
fective position and the center of the defective area is the
same, the larger the depth of the defect, the lower the width
of the tapping response pulse. When the defect depth is
constant, the tapping response pulse width at the center of
the defective area is the widest. As the detection position
moves away from the center of the defective area, the tapping

Length=400mm
Height=30mm

Width=300mm

1

2 3

Figure 5:*e honeycomb Sandwich structure with built-in defects.

Table 1: Parameters of three defects.

Diameter (mm) Depth (mm)
Defect 1 10 0.5
Defect 2 20 0.3
Defect 3 20 0.5

Figure 6: Schematic diagram of detection point location.

Sensor

Spring

Solenoid

Hammer

Figure 7: *e tapping device and its schematic diagram.
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y

Figure 3: *e force analysis of the section.
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Figure 4: *e plane projection of a circular thin plate.
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Table 2: Pulse width measurement results at different points in the defective area.

Pulse width (ms)
Serial number 1 2 3 4 5 6 7 8 9
|b| (mm) 8 6 4 2 0 2 4 6 8
Defect 1 0.167 0.188 0.230 0.188 0.167
Defect 2 0.563 0.688 0.813 0.875 0.938 0.896 0.813 0.646 0.542
Defect 3 0.271 0.313 0.375 0.438 0.459 0.438 0.396 0.292 0.250

Table 3: Measured values of tapping response pulse width at different positions in the defective area.

k (1 × 106N · m− 1)
Serial number 1 2 3 4 5 6 7 8 9
|b| (mm) 8 6 4 2 0 2 4 6 8
Defect 1 37.526 6.89 4.86 6.89 37.526
Defect 2 2.026 0.641 0.372 0.285 0.263 0.285 0.372 0.641 2.026
Defect 3 9.381 2.968 1.723 1.319 1.216 1.319 1.723 2.968 9.381

Table 4: Calculated values of tapping response pulse width at different positions in the defective area.

Pulse width (ms)
Serial number 1 2 3 4 5 6 7 8 9
b (mm) 8 6 4 2 0 2 4 6 8
Defect 1 0.080 0.189 0.225 0.189 0.080
Defect 2 0.349 0.620 0.814 0.930 0.969 0.930 0.814 0.620 0.349
Defect 3 0.162 0.288 0.378 0.432 0.450 0.432 0.378 0.288 0.162
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Figure 8: Continued.
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response pulse width gradually decreases. It should be noted
that when the distance between the detection position and
the center of the defective area is the same, the measured
values of pulse width are very close but not the same. *e
reason for the slight difference in pulse width at these po-
sitions may be the stiffness error on the surface of the test
piece. Even if the detection is performed in a sound area, the
tapping response pulse width will not all be the same. *e
values of the pulse width are usually concentrated in a
certain range; such an error will not cause too much in-
fluence on the detection result.

According to equation (11), the bending stiffness of the
plate can be obtained as

D �
Eh

3

12 1 − v
2

 
� 0.523N · m− 1

. (14)

We can calculate the stiffness k of different positions in
the defective area, as shown in Table 3.

According to equation (7), the tapping response pulse
width of the detection points at different distances from the
center of the defective area can be calculated, as shown in
Table 4.

*e comparison result of the pulse width distribution
curve obtained by the experiment and the calculated pulse
width distribution curve is shown in Figure 8.

It can be seen from the calculation results that when the
depth of the defect increases, the tapping response pulse
width decreases significantly. *is is because when the de-
fective area is far away from the material surface, the
thickness of the material layer above the defective area in-
creases, resulting in an increase in the bending stiffness of
the layer. *e increase of the defect depth will greatly reduce
the sensitivity of the coin-tap test method. When the defect
depth is constant, the tapping response pulse width at the
center of the defective area is the highest. As the detection
position moves away from the center of the defective area,

the tapping response pulse width gradually decreases. It can
be seen from Figure 8 that the calculated pulse width dis-
tribution curve has a very similar changing trend to the
experimental pulse distribution curve.

*e data shows that the calculated results and the test
results show good agreement near the center of the defective
area. However, when the detection position is close to the
edge of the defect, there is a big difference between the
calculated result and the test result. *is is because the
material layer above the defective area in the test is not an
absolute fixed support constraint, and the edge of the defect
will show a tiny corner during the coin-tap test. When the
detection position is very close to the edge of the defect, this
slight change will cause the calculation error to be enlarged.
However, the calculation result will not be too much affected
in the main area.

5. Conclusions

In this paper, a mathematical model of the defective area is
established for the coin-tap test method, and a method for
calculating the tapping response pulse width of the defective
area is proposed. *e specific mathematical relationship
between the effective stiffness of the tapping point and the
depth and diameter of the defective area is described. A
percussion test was carried out using a composite honey-
comb structure with preset defects of different diameters and
different depths, and the test results were compared and
analysed with the calculated results. Experiments and cal-
culations have shown that when the depth of the defect
increases, the width of the tapping response pulse is greatly
reduced; when the depth of the defect is constant, the width
of the tapping response pulse in the center of the defective
area is the highest. As the detection position moves away
from the center of the defective area, the width of the tapping
response pulse gradually decreases. *e test results are in
good agreement with the calculated results, indicating that
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Figure 8: Curve comparison chart of test results and calculated results. (a) Defect 1. (b) Defect 2. (c) Defect 3.

6 Shock and Vibration



the mathematical model and calculation method for the
stiffness of the defective area proposed in the article better
illustrate the distribution law of the pulse width of the
tapping response in the defective area. *is provides the-
oretical guidance for the application and research of the
coin-tap test method and is of great significance to its further
development. *e disadvantage is that the tiny corner of the
defect edge leads to a certain error in the calculation result of
the position of the defect edge attachment. *is will be
further discussed in the future research.
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