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Bolted connections are widely used in multiple engineering fields including aerospace and mechanical engineering due to their
numerous advantages like the ability to bear relatively heavy loads, low costs, easy installation, and implementation. Bolt looseness
may lead to costly disasters in industries and some cases of injuries. A new method for bolt looseness detection based on average
autocorrelation function is proposed. It does not usually directly extract the looseness damage feature from the original response
signal to detect the bolt looseness, but it uses the average autocorrelation function value at time lag T� 0 of the vibration pixel
displacement signal to establish the looseness damage index. In terms of structural arrangement of this paper, firstly, the
theoretical background of the proposed method is given. *en, an experimental system for bolt looseness detection based on
computer vision is designed, and a verification experiment is carried out with the bolted connection plate as the experimental
object. *e results show that the proposed method can effectively obtain the location of the looseness damage of the bolted
connection plate, which provides a new technical reference for the online monitoring of the looseness damage of bolted
connection plate.

1. Introduction

Bolted connections are widely used in multiple engineering
fields including aerospace and mechanical engineering,
because they have numerous advantages such as the ability
to bear relatively heavy loads, low cost, and easy installation
and implementation [1]. However, bolt looseness, induced
by fatigue, impact, and thermal loads, may lead to costly
disasters in industries and some cases of injuries [2, 3].
*erefore, for maintaining the healthy and stable operation
of equipment, how to detect the bolt looseness simply and
effectively as early as possible has attracted more and more
attention by many researchers [4].

Nowadays, the methods of bolt looseness detection
proposed by many researchers mainly include impedance-
method methods [5–7], vibration-based methods [8–10],
and ultrasonic-based methods [11–13]. In the impedance-
based methods, the piezoelectric transducers (PZT) are

usually attached to the surface of a target structure being
inspected [14]. Representatively, Lee [15] attempted a novel
technique to detect bolt looseness using a transfer imped-
ance technique for monitoring the structural health of a bolt
joint. In addition, Sun and Zhang [16] proposed a moni-
toring method based on an impedance method that was
researched for bolt looseness of steel structure. However, the
impedance-based measurement method has high cost of the
installation sensors. Moreover, in the vibration-based
methods, representatively, Razi et al. [17] introduced a vi-
bration-based health monitoring strategy for detecting the
loosening of bolts in a pipeline’s bolted flange joint. *ey
conducted numerical and experimental studies to verify the
feasibility of the proposed method. Huda et al. [18] inves-
tigated a vibration testing and health monitoring system
based on an impulse response excited by laser ablation.
Furthermore, they also estimated the bolt loosening by
detecting fluctuations of the high frequency response with
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their health monitoring system. In addition, Esmaeel et al.
[19] explored a novel vibration-based damage detection
methodology using the empirical mode decomposition
(EMD) to calculate the energy damage index (EDI) in
common industrial bolted joints. Additionally, in the ul-
trasonic-based methods, representatively, Zhang et al. [20]
presented a bolt looseness recognition method based on the
subharmonic resonance analysis. Furthermore, they also
carried out analytical prediction and numerical simulations
to verify the validity of the loosening detection method for
bolted joint structures. Amerini and Meo [21] developed a
tightening/loosening state index based on the first-order
acoustic moment for the linear acoustic/ultrasound method.
In addition, Fierro and Meo [22] proposed an in situ
structural health monitoring approach based on the eval-
uation of linear and nonlinear modulated acoustic moments
for the assessment of the loosened state of bolts. However,
the ultrasonic-based method lacks accuracy due to the use of
linear phenomena such as reflection and scattering [23].

*e vibration-based method is simple in principle and
easy to operate, and its measurement principles are mainly
divided into two aspects: the first aspect is that the stiffness of
the bolted connection is reduced by bolt looseness, which
will result in the changes of the dynamic characteristic
parameters (natural frequencies, damping ratio, and mode
shapes) of the structure, and the second aspect is that the
various signal processing methods are used to process the
signals obtained from the sensors attached to the structure to
extract the damage feature information of the structure. He
and She [24] developed a new identification method for bolt
looseness in wind turbine towers for preventing the collapse
of wind turbine towers. *ey found that the natural fre-
quencies, damping ratio, and vibration characteristics are
not very sensitive to the looseness of flange bolts, so they
used the first-order phase difference curve to find the bolt
looseness of the flanges. Vibration tests and analyses were
carried out on six wind turbine towers with loose bolts,
which verified their feasibility of the proposedmethod. Zhou
et al. [25] formulated an energy-based damage index based
on the high-frequency intrinsic mode functions. *ey
conducted a vibration test on the frame structure, and ex-
perimental results showed that the energy-based damage
index can accurately detect bolt looseness damage. Chen
et al. [26] proposed a looseness diagnosis method for
connecting bolt of fan foundation based on sensitive mixed-
domain features of excitation response and manifold
learning.*ey verified the feasibility of the proposedmethod
with experimental results. Pnevmatikos et al. [27] selected
the difference of the wavelet coefficients of the acceleration
response of the healthy and loosened connection structure as
an indicator of the damage and presented an application of
wavelet analysis for damage detection of steel frames with
bolted connections.*e feasibility of the wavelet approach to
damage detection was verified through experiments. He and
Zhu [28] proposed using structural natural frequency
changes to detect the loosening of bolted connections. *ey
took the steel pipe structure with bolted flanges as the ex-
perimental object and successfully detected the position of
the loose bolts. Milanese et al. [29] explored two signal

processing techniques to use in assessing the connection
strength. *e first method relied on basic statistical prop-
erties of the measured strains and their time derivatives, and
the second method was based on power of the signal in
different frequency bands.*ey also verified the feasibility of
the proposed methods by experimental studies.

In general, the vibration-based methods mentioned
above in [28, 29] can be used to identify bolt looseness. It
is mainly based on the dynamic characteristic parameters
or the signal processing methods to establish the damage
index (DI). However, when the degree of bolt looseness
damage is small, the change of the structural dynamic
characteristic parameters is not very obvious. Further, the
signal processing methods proposed in [9, 25, 26] can be
usually implemented to detect the bolt looseness only
when the input is confirmed. Actually, when the device is
in operation, it means that the detailed information of the
input is unknown, so how to recognize looseness based on
ambient excitation is an important key affair. Since the
excitation of the structure is unknown under operating
conditions, taking into account the relevant theory of
Natural Excitation Technique (NExT) in [30, 31], the
vibration response characteristics of the structure are
analyzed under ambient excitation. Moreover, it is found
that the autocorrelation function of the structural vi-
bration displacement response is related to the structural
modal parameters. Based on this reason, this paper
proposes using the autocorrelation function of vibration
response to establish damage index (DI) for detecting the
bolt looseness.

*e remaining sections of this paper are as follows. *e
theoretical background of the response analysis under
natural excitation, the definition of looseness damage index,
and the proposed method with procedures are introduced in
Section 2. *e design principle of the experimental system
and the experimental method are described in Section 3.*e
results are discussed in Section 4 to demonstrate the fea-
sibility of the proposed method. At last, some conclusions
are drawn in Section 5.

2. Theoretical Background

2.1. Response Analysis under Natural Excitation. For a
structural dynamics system with n degrees of freedom
(DOFs), the dynamic equation describing the characteristics
of the system can be expressed as [30, 31]

M€x (t) + C _x(t) + Kx(t) � f(t), (1)

whereM, C and K are the mass matrix, damping matrix, and
stiffness matrix of the structure with the dimension of n× n,
respectively. x (t) is the displacement vector of the structure
response, and f (t) is the excitation vector of the structure.

Because the response of the linear time-invariant system
can be expressed as the product of the mode shapes and the
modal coordinates, the structural response can be written as

x(t) � Φq(t) � 
n

r�1
φrqr(t), (2)
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whereΦ is the modal matrix composed of the modal vectors,
q (t) is the vector of modal coordinates, qr (t) is the rth modal
coordinate value, φr is the rth mode shape, and n is the
number of DOFs.

Since real normal modes are assumed, M, C, and K are
diagonalized. Next, substituting equation (2) into equation
(1) will result in the following [30].

€qr(t) + 2ζrωnr _qr(t) + ω2
nrqr(t)  �

1
mr

φT
r f(t), (3)

where ωnr is the rth modal frequency, ζr is the rth modal
damping ratio, mr is the rth modal mass, and r� 1,. . ., n.

Assume that, under the zero initial condition, we use
Duhamel’s integral to solve equation (3), and it will be
obtained that

qr(t) � 
t

−∞
φT

r f(τ)gr(t − τ)dτ, (4)

Substituting equation (4) into equation (2) results in the
following.

x(t) � 
n

r�1
φr 

t

−∞
φT

r f(τ)gr(t − τ)dτ, (5)

From equation (5), it can be obtained that if the exci-
tation is fk(t) at point k on the system, the vibration re-
sponse xik(t) at point i can be expressed as

xik(t) � 
n

r�1
φirφkr 

t

−∞
fk(τ)gr(t − τ)dτ, (6)

where xik(t) is the vibration displacement response at point
i, fk(t) is the excitation at point k, φir is the r

th mode shape
value at point i, φkr is the r

th mode shape value at point k, and
n is the number of DOFs. gr(t) is the impulse response
function related to the rth modal parameters of the system. In
addition, gr(t) is

gr(t) �

1
mrωdr

e
− ζrωnrt sin ωdrt( , t≥ 0,

0, t< 0,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(7)

where mr, ζr, and ωnr are the rth modal mass, modal
damping, and modal frequency, respectively. ωdr is the rth
damped modal frequency, ωdr � ωnr

��������
(1 − ζr

2)


.

Based on the definition of autocorrelation function, the
autocorrelation function Riik(T) of the vibration displace-
ment response at point i with the time lag T is

Riik(T) � E xik(t + T)xik(t) , (8)

where E[·] is the expectation operator.
Substituting equation (6) into equation (8) will obtain

the following.

Riik(T) � 
n

r�1


n

s�1
φirφkrφisφks 

t

−∞


t+T

−∞
gr(t + T − σ)gs(t − τ)E fk(σ)fk(τ) dσdτ, (9)

where φir is the r
th mode shape value at point i, φkr is the r

th

mode shape value at point k, φis is the s
th mode shape value

at point i, and φks is the s
th mode shape value at point k. n is

the number of DOFs. gr(t) is the impulse response
function related to the rth modal parameters. gs(t) is the
impulse response function related to the sth modal
parameters.

Assuming that the excitation fk(t) at point k is Gaussian
white noise, the autocorrelation function of excitation can be
expressed as

Rfkfk
(τ − σ) � E fk(σ)fk(τ)  � αkδ(τ − σ), (10)

where αk is the coefficient depending on exciting point k, and
δ(t) is the pulse function.

Substituting equation (10) into equation (9), and cal-
culating the first integration by using the definition of δ(t),
note that

Riik(T) � 
n

r�1


n

s�1
αkφirφkrφisφks 

t

−∞
gr(t + T − τ)gs(t − τ)dτ.

(11)

Because −∞≤ τ ≤ t, if we define λ � t − τ, the limits of λ
will be 0 to ∞. *en, the above equation (11) can be re-
written as

Riik(T) � 

n

r�1


n

s�1
αkφirφkrφisφks 

∞

0
gr(λ + T)gs(λ)dλ.

(12)

Due to the definition of gr(t) from equation (7),
equation (12) can be deformed into [30].

Riik(T) � 
n

r�1
A

r
iike

− ζr ωnrT( ) cos ωdrT(  + B
r
iike

− ζrωnrT sin ωdrT(   ,

(13)

where Ar
iik and Br

iik are functions of the modal parameters.

A
r
iik � 

n

s�1

αkφirφkrφisφks

mrωdrms

Irs

J
2
rs + I

2
rs 

⎡⎢⎣ ⎤⎥⎦, (14)

B
r
iik � 

n

s�1

αkφirφkrφisφks

mrωdrms

Jrs

J
2
rs + I

2
rs 

⎡⎢⎣ ⎤⎥⎦, (15)
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where Irs � 2ωdr(ζrωnr + ζsωns) and Jrs � (ω2
ds− ω2

dr) +

(ζrωnr + ζsωns)
2.

As described in Ref. [30], define the variable crs as
follows:

tan crs( (  �
Irs

Jrs

. (16)

Substitute equations (14) and (15) into equation (13), and
simplify it to produce the autocorrelation function.

Riik(T) � 
n

r�1

φir

mrωdr



n

s�1


n

k�1

αkφkrφisφks

ms

J
2
rs + I

2
rs 

− 1
2

 
e

− ζr ωnrT( ) sin ωdrT + crs( , (17)

Note that the inner summation on s and k is just the
summation of constants multiplied by the sine function. In
addition, its frequency ωdr is fixed, and phase angel crs is

variable. *erefore, the inner summation on s and k can be
rewritten as a new sine function with a new phase angel θr

and a new constant multiplier Gir.



n

s�1


n

k�1

αkφkrφisφks

ms

J
2
rs + I

2
rs 

− 1/2
sin ωdrT + crs(  � Gir sin ωdrT + θr( , (18)

where Irs � 2ωdr(ζrωnr + ζsωns) and Jrs � (ω2
ds − ω2

dr) +

(ζrωnr + ζsωns)
2.

Based on equation (18), the above equation (17) can be
further rewritten as

Riik(T) � 
n

r�1

φirGir

mrωdr

e
− ζrωnrT sin ωdrT + θr( , (19)

where Gir is the coefficient depending on rth modal pa-
rameters and the response point i. θr is the phase angle
depending on rth modal parameters.

Consequently, it can be found from equation (19) that
the autocorrelation function of the structural vibration
displacement response is related to the structural modal
parameters.

2.2. Definition of Looseness Damage Index. *e structural
looseness damage often changes the physical properties
of the system. *e looseness of bolted connections es-
sentially causes the stiffness of the structure to decrease
and ultimately leads to changes in the dynamic char-
acteristics before and after the bolts are loose. *erefore,
the bolt looseness can be detected based on the change of
the dynamic characteristics caused by the looseness
damage.

Considering that the autocorrelation function of each
measuring point is related to the structural dynamic char-
acteristic parameters in Section 2.1, when the time lag T is 0,
equation (19) can be expressed as

Rii(0) � 
n

r�1

φirGir

mrωdr

sin θr, (20)

where Gir is the coefficient depending on rth modal pa-
rameters and the response point i, and φir is the rth mode
shape value at point i.

From equation (20), it is can be seen that the autocor-
relation function value Rii(0) at time lag T� 0 is composed
of parameters such as mode shape and modal frequency.
*erefore, the autocorrelation function value at time lag
T� 0 of the vibration response can be used for damage
detection.

To reduce the influence of noise on the data results, it is
usually necessary to obtain multiple sets of data under the
same environment or segment the data obtained at one time.
*en, the results of multiple sets of data are averaged for
reducing the influence of noise. For this reason, this paper
proposes using the average autocorrelation function Rii(0)

at time lag T� 0 to establish the looseness damage indicator,
and its calculation equation is

Rii(0) �
1
K



K

k�1
Rxkxk

(0), (21)

where K is the number of signal sets, Rxkxk
(0) is the auto-

correlation function value at time lag T� 0 of the kth col-
lected data, and Rii(0) is the average autocorrelation
function value at time lag T� 0.

*erefore, the relative change degree of the average
autocorrelation function value at time lag T� 0 is calculated,
and the bolt looseness damage index can be established as

δ �
Rdamage(0) − Rok(0)





Rok(0)
, (22)

where δ is taken as the bolt looseness damage index, Rok(0)

is the average autocorrelation function value in tightened
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state, and Rdamage(0) is the average autocorrelation function
value in loose state.

It can be seen from equation (22) that the larger the
damage index δ, the greater the relative difference of the
average autocorrelation function value before and after the
bolts are loose, and the greater the possibility of bolt
looseness. Apparently, the smaller the bolt looseness damage
index δ, the smaller the relative difference of the average
autocorrelation function value before and after the bolts are
loose, and the less the possibility of bolt looseness.*erefore,
the bolt corresponding to the maximum looseness damage
index can be found out as the loose bolt.

2.3. Proposed Method and Procedures. Based on the above
analysis, a new method for bolt looseness detection based on
average autocorrelation function is proposed. *e flow chart
of the proposed method, as shown in Figure 1, can be
summarized as follows.

(1) For the undamaged structure, obtain the vibration
signal x (m) of the location near the bolt Bm under
ambient excitation (we denoted these bolts as B1, B2,
. . ., B (L−1), and BL, m � 1, 2, . . . , L), and contin-
uously collect K sets of data under the same envi-
ronment. Take the kth set of data xk as an example, xk
is [xk1, xk2, . . . , x(kN−1), xkN], and use equation (23)
to calculate the autocorrelation function value at
time lag T� 0.

Rxkxk
(0) �

1
N



N

i�1
x
2
ki �

x
2
k1 + x

2
k2 + · · · + x

2
(kN−1) + x

2
kN 

N
.

(23)

(2) Average the autocorrelation function values of the K
sets of data, and use equation (24) to calculate the
average correlation function value at time lag T� 0.

R
(m)
ok (0) �

1
K



K

k�1
Rxkxk

(0). (24)

(3) For the damaged structure, obtain the vibration
signal y (m) of the location near the bolt Bm under
ambient excitation, and continuously collect K
sets of data under the same environment. Take the
kth set of data yk as an example, yk is [yk1, yk2, . . . ,

y(kN−1), ykN], and use equation (25) to calculate
the autocorrelation function value at time lag
T � 0.

Rykyk
(0) �

1
N



N

i�1
y
2
ki �

y
2
k1 + y

2
k2 + · · · + y

2
(kN−1) + y

2
kN 

N
⎛⎝ ⎞⎠.

(25)

(4) Average the autocorrelation function values of the K
sets of data, and use equation (26) to calculate the
average correlation function value at time lag T� 0.

R
(m)
damage(0) �

1
K



K

k�1
Rykyk

(0). (26)

(5) Calculate the relative change degree δ of the average
autocorrelation function value at time lag T� 0
before and after the bolts are loose.

δm �

R
(m)
damage(0) − R

((m))
ok (0) 





R
(m)
ok (0)

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠, (27)

where R
(m)
ok (0) is the average autocorrelation func-

tion value at time lag T� 0 before the bolt is loose,
R

(m)
damage(0) is the average autocorrelation function

value at time lag T� 0 after the bolt is loose, andm is
the bolt number, m � 1, 2, . . . , L.

(6) Repeat the above steps, and calculate the relative
change degree δ of the average autocorrelation
function value at time lag T� 0 of all bolts. And find
out the bolt Bl corresponding to the maximum
looseness index, and it is regarded as the loose bolt,
δl � max(δ1, δ2, . . . , δL).

3. Experimental Verification

3.1. Detecting System of Bolt Looseness Based on Computer
Vision. In order to further verify the feasibility of the
proposed method in this paper, the sketch of the detecting
system of bolt looseness is shown in Figure 2. *e detecting
system mainly consists of three parts: bolted connection
plate, the shaker with its control system, and vision-mea-
surement system. Further, the shaker with its control system
consists of a shaker, a power amplifier, and a computer
equipped with the LMS Test.Lab software. *e vision-
measurement system consists of a camera, an optical lens,
and a computer equipped with the image acquisition
software.

In addition, Figure 3 shows the principle of vision-
measurement system. a is the image distance. b is the object
distance, and O is the optical center of the lens. A is the
spatial position of the object when the object is stationary,
and B is the projection position of the object on the imaging
plane when the object is stationary.

As shown in Figure 3, we assume that the direction of
movement of the object is parallel to the imaging plane.
When the time kΔt has passed, the object moves from A to
A′, and its displacement in space is denoted as x. Further, the
projection position of the object will move from B to B′, and
its pixel displacement can be denoted as y. According to the
similar triangle relationship in Figure 3 will find the
following:

x

y
�

b

a
. (28)

If the time kΔt is, respectively, 1Δt, 2Δt, . . . ,

(N − 1)Δt, NΔt, the vibration signal of the object relative to
the stationary position can be denoted as x (t).
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Correspondingly, the pixel displacement signal of the object
relative to the stationary position can be expressed as y (t).
*en, combining equation (28) will result in the following:

x(t) �
b

a
y(t). (29)

If the relative position of the camera and the object is
fixed, both a and b will be constant. According to equation
(29), we can find that the actual vibration displacement x (t)
is linearly proportional to the pixel displacement y (t), and
their scale factor is b/a.

Based on the above analysis, when the bolt looseness
damage index is calculated by equation (29), it can be seen
that the scale factor b/a will be removed. Apparently, the
damage index value calculated by using the pixel displace-
ment is equal to the damage index value calculated by the
actual displacement. *erefore, we can directly use the pixel
displacement signal to calculate the bolt looseness damage
index.

3.2. Experimental Setup. Figure 4 shows the experimental
setup for bolt looseness detection, and the shaker and bolted
connection plate are shown in detail in Figure 5. *e bolted
connection plate consists of an aluminum plate (size:
777mm× 50mm× 2mm) and another aluminum plate
(size: 510mm× 50mm× 2mm) integrated by ten M6 bolts.
In addition, the distance between the bolts is 50mm, and we
denoted these M6 bolts as B1, B2, . . ., B9, and B10. *e
experimental setup also consists of a shaker, a computer
equipped with the LMS Test.Lab software, a power amplifier,
and a vision-measurement system, as depicted in Figure 4.
*e vision-measurement system consists of a camera (IMI
Tech/IMB-3213UP), an optical lens (TOKINA/TC1214-

Bolted 
connection plate

Light source

Camera
Image acquisition

so�ware 

LMS Test.Lab
so�ware 

ShakerMarked 
point

Power amplifier

Figure 2: *e sketch of the detecting system of bolt looseness.

Undamaged
structure

F (t) x (t)

F (t) y (t)

Calculate autocorrelation
function value at T = 0

Damaged
structure

… …

… …

1Rok (0) = Rk (0)

Rok (0)
|Rdamage (0) – Rok (0)|

K

k=1K

Calculate the average
autocorrelation function

value at T = 0

Obtain K sets
of data

x1 (t) R1 (0)

R2 (0)x2 (t)

xK (t) RK (0)

y1 (t) R1 (0)

R2 (0)y2 (t)

yK (t) RK (0)

∑

1Rdamage (0) = Rk (0)
K

k=1K

Calculate the average
autocorrelation function

value at T = 0

∑

Calculate bolt looseness
damage index

δ =

Find out the maximum
damage index

δl = max (δ1, δ2, …, δL)

Figure 1: Flow chart of proposed method for bolt looseness detection.

 
A

B

B′  

x

y

A′

Lens

o

a b

Figure 3: *e principle of vision-measurement system.
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3MPG), and a computer equipped with the image acqui-
sition software. *e camera uses a CMOS sensor as the
image receiver to collect 8-bit grayscale images at a speed of
300 fps. *ese images are transferred to the computer
through the USB3.0 interface to obtain the vibration video
signal. Table 1 shows the specific parameters of vision-
measurement system.

*e shaker is controlled by a computer, which is
equipped with the LMS Test. Lab software.*e driving signal
can be manually set as an ambient excitation to drive the
vibration of the bolted connection plate. *e bottom right of
Figure 4 is a torque wrench, which can be used to adjust the
pretension force of the bolt. *ere are a total of ten M6 bolts
on the bolted connection. Marked points are pasted near
each bolt on the plate to establish eye-catching features, and
we denoted these marked points as P1, P2, . . . , P9, and P10.
As shown in Figure 6, we can see the position of the marked
points from a partial image.

3.3. Experimental Method. To avoid the bolt pretension
force from exceeding the aluminum material yield strength,
when we use the torque wrench to set the pretension force to

3N·m, the bolt is considered to be perfect integration. When
the pretension force is set to 0N·m, the bolt is considered to
be complete looseness. When the pretension force is set to
1.5N·m, the bolt is considered to be half looseness.

*e Gaussian white noise excitation with the frequency
from 15 to 36Hz and duration 2minutes is taken as an input
in the experiment. In addition, the frame rate of camera is set
to 300 fps. When the bolted connection plate is vibrating, a
sequence of images can be recorded by the camera, and there
is no need for camera calibration in this process. After
obtaining the sequence of images, python and open source
computer vision (OpenCV) libraries are used to process
these images for obtaining the vibration pixel displacement
signal of each marked point. *en, the relative difference of
the average autocorrelation function value will be calculated.
*e following section gives detailed inspection results of
different locations of bolt looseness.

4. Results and Discussion

4.1. Experiments for Bolt Looseness Location

4.1.1. Bolt B2 Looseness. *e pixel displacement signal of
each marked point in tightened state can be obtained, and 3
sets of data can be obtained continuously under the same
environment. When the pretension force of bolt B2 is set to
0N·m (complete looseness) by a torque wrench, these pre-
tension forces of other bolts are set to 3N·m.

*e pixel displacement signal of each point in the loose
state can be obtained by the vision-measurement system,
and 3 sets of data can be obtained continuously. Taking the
first set of data as an example, vibration pixel displacements
at P1 are shown in Figure 7, where Figure 7(a) is the sample
pixel displacement for the undamaged structure, and
Figure 7(b) is pixel displacement for the structure of bolt B2
looseness.

By the above vibration pixel displacements at P1, the
autocorrelation functions can be calculated. Figure 8 shows
the autocorrelation function at P1 before and after damage.

Because the autocorrelation function of the structural
vibration displacement response is related to the structural
modal parameters, the autocorrelation function value at
time lag T� 0 of each marked point is used to calculate the
detection index. Finally, the histogram of bolt looseness
damage index is shown in Figure 9.

From Figure 9, one observes that the looseness damage
index of bolt B2 is the largest, which indicates that the
relative change of the average autocorrelation function value
at time lag T� 0 of bolt B2 is relatively large, while the
relative changes of the average autocorrelation function
value at time lag T� 0 of other bolts are relatively small.
Consequently, it can be considered that bolt B2 has loose-
ness. In fact, the actual looseness is achieved by adjusting the
pretension force of bolt B2 to 0N·m.*erefore, the detection
result of the proposed method is consistent with the actual
bolt looseness location.

4.1.2. Bolt B5 Looseness. To further verify the accuracy of the
proposed method in this paper, correspondingly, the

Marked point

BoltPlate 1 

Plate 2 

Shaker

Figure 5: Shaker and bolted connection plate.

LMS Test.Lab
softwareShaker

Power amplifier

Image acquisition
software 

Light source

Torque wrench

Camera

Bolted connection
plate

Figure 4: Experimental setup.
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pretension force of bolt B5 is set to 0N·m (complete
looseness) by a torque wrench, and pretension force of other
bolts are set to 3N·m. *e pixel displacement signal of each
point can be obtained by the vision-measurement system.
*en, according to the flow chart of the proposed method
described above, the histogram of the bolt looseness damage
index can be shown in Figure 10.

As shown in Figure 10, the looseness damage index of
bolt B5 is the largest, which indicates that the relative change
of the average autocorrelation function value at time lag
T� 0 of bolt B5 is relatively large. Consequently, it can be

considered that bolt B5 has looseness. In fact, the actual
looseness is achieved by adjusting the pretension force of
bolt B5 to 0N·m. *erefore, the detection result of the
proposed method is consistent with the actual bolt looseness
location.

4.1.3. Bolts B2 and B5 Looseness. When the pretension force
of bolts B2 and B5 is set to 0N·m (complete looseness) by the
torque wrench, these pretension forces of other bolts are set
to 3N·m. *e pixel displacement signal of each point can be

Table 1: Specific parameters of vision-measurement system.

Component Model Specific parameters

Camera IMI Tech/IMB-3213UP

Image sensor type: 1/3 CMOS
Maximum resolution: 640×480 pixel

Real frame rate: 300 fps
Image: 8-bit grayscale
Pixel size: 4.8× 4.8 μm

Lens mount: C/CS-Mount
Digital interface/Transfer rate: USB3.0/5Gbps

S/N ratio: 40 dB or better
Dynamic range: 60 dB in global shutter mode

Optical lens TOKINA/TC1214-3MPG

Focal length: 12mm
Aperture range: F1.4–16

Mount: C-mount
Angle of view: 39.6 ° × 30.2 °

Accessories USB3.0 cable
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Figure 7: Vibration pixel displacements at P1. (a) Pixel displacement for the undamaged structure. (b) Pixel displacement for the structure
of bolt B2 looseness.
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obtained by the vision-measurement system. According to
the method flow described above, the histogram of the bolt
looseness damage index can be shown in Figure 11.

From Figure 11, it can be seen that the looseness
damage index of bolt B5 is the largest, followed by bolt B2,
which indicates that the relative change of the average
autocorrelation function value at time lag T � 0 of bolts B2
and B5 is relatively large. Consequently, it can be con-
sidered that bolts B2 and B5 have looseness. In fact, the
actual looseness is achieved by adjusting the pretension
force of bolts B2 and B5 to 0N·m. *erefore, the detection
result of the proposed method is consistent with the actual
bolt looseness location.

4.2. Experiments for the Influence of Bolt Looseness Degree.
To further explore the applicability of the proposed method,
a verification experiment is carried out to study the influence

of different looseness degrees. *e pretension force of bolt
B5 is set to 0N·m, 1.5N·m, and 1.8N·m to simulate, re-
spectively, 100% looseness, 50% looseness, and 40% loose-
ness. *e procedure of experiment is carried out following
the same procedure described in Section 3.2. Figure 12
shows the relationship of damage index for different
looseness degrees.

As shown in Figure 12, the damage index value changes
with the change of the looseness degree. It also can be seen
that the damage index value of bolt B5 in the state of
complete looseness is larger than the damage index value in
the state of 50% looseness. It shows that the smaller the
pretension force, the greater the looseness degree. And the
greater the relative difference of its autocorrelation function
at time lag T� 0, the greater the damage index. In addition,
from Figure 12, it also can be seen that the damage index is
basically proportional to the level of the looseness.
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5. Conclusions

In this research, a new method for bolt looseness detection
based on average autocorrelation function was proposed. It
did not usually directly use the original response signal to
extract the looseness damage features but used the average
autocorrelation function value at time lag T� 0 of the
original signal to establish the looseness damage index. By
comparing the relative changes of each bolt looseness
damage index, the bolt corresponding to the maximum
looseness damage index could be denoted as the loose bolt.
An experimental system for bolt looseness detection based
on computer vision was designed. Validation experiments
were carried out to demonstrate the feasibility of the pro-
posed method, in which different bolt looseness locations
and degrees were evaluated. Last but not least, this proposed
method could be extended to other complex equipment
structures with bolted connections.
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