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ABSTRACT Machine tools are complex structures consisting of several parts connected through different
types of joints. Mechanical joints affect dynamics of the machine tools significantly, and any virtual model
of the structure should include joint properties. It is desirable to use an interfacial sensor inside the joint to
directly identify joint dynamic properties without changing the joint’s design and dynamics. In this study,
a polymeric nanocomposite sensor with high sensitivity and a wide frequency bandwidth is implemented
inside a bolted lap joint to identify the joint dynamic properties. The sensor implementation does not require
any modifications to the joint design which makes the proposed approach suitable for many applications.
An identification procedure is developed to find the micro-slip regime and the stick-slip boundaries in the
joint interface using the acquired data of the nanocomposite sensor. Lab scale experiments are then conducted
on a structure that consists of two beams attached to each other using a bolted lap joint. The proposed method
is then used to identify the joint dynamics and the results are then compared with an existing approach named
hysteresis loop technique. The experimental results show that the proposed method can predict the joint
properties effectivelywithmaximumdeviations of 17% compared to the hysteresis loop results. Furthermore,
effects of the contact normal load and the excitation load on the joint properties are investigated.

INDEX TERMS Bolted lap joint, joint dynamics, nanocomposite sensor, hysteresis loop, experiment.

I. INTRODUCTION
The fourth industrial revolution aims to employ the modern
technology to automate the conventional manufacturing and
industrial processes through real-time sensing and monitor-
ing of complex systems. This improves the efficiency and
quality of the finished products and reduces manufacturing
wastes. Therefore, with the advent of Industry 4.0 and the dig-
ital transformation of manufacturing processes, the accurate
design, identification, and condition monitoring of machine
tools are becoming critically important. Machine tools con-
sist of many components including plates, bars, beams, etc.
assembled through different types of joints such as bolts,
screws, bearings and guideways. To develop an accurate
virtual model of the machine tools, the dynamic properties
of all the components of the structure should be identified.
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Dynamic properties of the machine tools highly depend on
the mechanical joints that exist within the assembly.

Bolted lap joints are one of the most common type of
joint connections used in assembled structures. They have a
wide range of applications in automotive industries, machine
tools, and civil structures such as bridges. Bolted joints are
one of the main sources of energy dissipation in assembled
structures due to the slip mechanism of the contact area [1].
These types of joints cause discontinuity in the structure and
can result in high stress concentrations in the contact areas.

Different analytical and numerical methods have been pro-
posed to model the joint mechanics and to identify the joint
properties. The early models introduced by Iwan [2] used
parallel and series combinations of elastoplastic elements to
model hysteresis effects of the joints. These models included
both micro-slip and macro-slip movements within the con-
tact area of the joint. Later, it was shown that the models
with elastoplastic elements arranged in series provide a more
realistic representation of the deformations that occur in the
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vicinity of the contact area [3]. An adjusted model based on
Iwan’s beam model was developed to analyze the dynamic
response of the two beams attached through mechanical
joints [4].

Mechanical joints are also subjected to the nonlinearities of
their stiffness and damping properties, in particular, adjacent
to the connection points where a higher contact stress exist.
Many decoupled and coupled methods have been developed
over the past years to represent the joint properties [5].
To address the computational cost and dependency of the
Iwan’s model to the excitation range, a new distribution of
the dry friction was proposed by introducing a new transi-
tion regime from the micro-slip to macro-slip [6]. Although
computationally efficient, the joint identifications process of
the decoupled and coupled models are not straightforward
and are limited to low amplitude excitations [5]. This led to
the development of more comprehensive discretized models
that address the nonlinearities involved [7], and to novel
optimization algorithms [8] that facilitate the joint dynamics
identification process.

Numerical simulation of the joints can also be done for
structures with more complexity. The finite element (FE)
models are usually constructed based on node-to-node con-
tact, thin layer elements, and zero thickness elements [9].
These models have been widely used to identify the nonlinear
stiffness and damping of the bolted lap joints [10], and to
predict the contact stress of a bolted joint by implement-
ing a pressure-sensitive film inside the joint [11]. The main
challenges associated with the application of FE methods to
identify joint dynamics are the difficulties related to defining
the surface roughness, contact behaviors, constraints, and
significant computational time. Additionally, an accurate esti-
mation of the modal parameters is usually required, partic-
ularly for highly damped systems and systems with closely
coupled modes [12]. This makes the models highly sensitive
to the contact and modal parameters.

The experimental approach can also be used to iden-
tify joint dynamics and the contact pressure distribution.
Sanati et al. [13] developed an experimental approach to
identify damping of the bolted joints subjected to both trans-
lational and rotational vibrations. Furthermore, the inverse
receptance coupling method that combines experimental and
simulation results has been shown to be an effectivemethod to
predict the joint dynamics in 3D structures [14] and in the lap
joints [15]. Several studies have proposed the idea of instru-
menting a joint [16] to measure the contact forces. However,
an instrumented bolt requires some modifications on the joint
assembly to retrofit a load-cells or a series of strain gauges,
which alters dynamics of the system, considerably.

This study aims to introduce an experimental approach
to identify dynamic properties of a bolted lap joint under a
wide range of loading conditions. The proposed experimental
method does not suffer from the limitations associated with
the analytical and numerical methods. The main novelty of
this study is to measure the joint dynamic properties directly
by implementing a thin nanocomposite sensor inside the joint.
The nanocomposite sensor that exhibits both piezoresistive
and piezoelectric characteristics, is sandwiched between a
bolted lap joint with minimum effects on the joint design
and on the dynamics of the system. The nanocomposite
sensor along with the proposed identification technique are
then employed to study the micro-slip regime in the joint
interface and eventually, to extract the joint dynamic prop-
erties. The micro-slip regime is the dominant phenomenon
in the bolted lap joints when a proper tightening torque is
applied to the bolts. The proposed experimental approach is
finally tested to investigate effects of different parameters,
including normal load and excitation load, on the dynamic
properties of the joint. Once the feasibility is proven, the pro-
posedmethodology can be utilized for other applications such
as online measurements and monitoring of structures and
processes.

FIGURE 1. The schematic of the assembled joint structure (left) and different boundaries at the joint interface (right).
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FIGURE 2. The schematic of a typical hysteresis loop.

II. CONTACT JOINT MODELS
When an external force is applied to a pre-tightened bolted
joint perpendicular to the bolt’s centerline, slipping occurs
at certain regions of the joint contact zone and this localized
motion is usually referred as the micro-slip motion. As the
applied force increases, the micro-slip region becomes larger,
and once it reaches a certain level, the entire contact area starts
to slip. This is known as macro-slip behavior of the joint,
which allows the relative motion between the components
due to the excitation force. When the excitation level remains
below the macro-slip threshold, only the micro-slip motion
is present in the contact zone of the joint; however, due to
the non-uniform pressure distribution within the joint, the
contact area can be divided into sticking and sliding zones.
The stick-slip boundary should be determined to be used for
development of the joint contact model. The model is then
used to predict stick-slip behavior of the lap joint and to
extract the friction force, energy loss, and the joint properties.

The joint interface in the micro-slip level of the motion can
be divided into two different regions, including the contact
zone and the non-contact zone [17]. Micro-slip motion within
the contact zone starts from the outer regions due to the lower
pressure on those areas. Therefore, the inner and the outer
areas of the contact zone are called sticking and sliding zones,
respectively. Fig. 1 shows a joint consisting of two substruc-
tures (beams) connected through a pre-tightened bolt. Each of
the beams is excited longitudinally, i.e., perpendicular to the
bolt’s centerline. During each loading cycle, the width of the
slip annulus (a-c) grows from zero to maximum, correspond-
ing to the maximum displacement applied to the structure,
and then shrinks back to zero [18] as the excitation on the
system is removed. The radius a illustrates the boundary
between the contact zone and non-contact zone; the radius c
shows the boundary between the sticking zone and the sliding
zone. To minimize the impacts of the nanocomposite sensor
on the joint interface, the sensor is installed away from the
bolted area.

A. JOINT IDENTIFICATION THROUGH HYSTERESIS LOOP
Joint dynamics can be identified using hysteresis loopmethod
based on the force-displacement curve. The shear force is
measured by the nanocomposite sensor implemented inside

the joint, and the relative displacement of the bolted beams
is measured by using external sensors. Fig. 2 shows a typical
hysteresis loop with the energy loss ofWd , and the maximum
displacement of U when the maximum force of F is applied.
The energy loss in the system can be obtained by computing
the enclosed area. For a structure containing a bolted lap
joint, the energy loss can be mostly attributed to the energy
dissipated through friction in the joint interface.

C = Wd/
(
πωU2) (1)

The damping of the joint C can be found using the energy
loss, excitation frequency ω, and displacement amplitude of
the structure under harmonic excitation. The slope of the
hysteresis loop also shows the stiffness of the joint [19].

B. JOINT IDENTIFICATION USING STICK-SLIP BOUNDARY
The dynamic properties of the bolted lap joints can be identi-
fied once the frictional force and the total energy loss within
the joint have been determined. However, the process requires
knowledge of the stick-slip boundary at the joint interface.
The boundary between the contact zone and the non-contact
zone can be determined using the contact stress distribution
within the joint interface. This boundary is defined as the
radius where the contact stress is zero. According to Fig. 3,
the stress distribution within the contact interface of the lay-
ered bolted structures can be defined in a non-dimensional
form as below [20]:

σ

σs
=

5∑
n=0

An

(
r
rb

)2n

(2)

where An are constant coefficients provided in Table 1,
σs is the applied stress under the bolt head and σ is the

FIGURE 3. The free-body diagram of a lap joint illustrating the contact
zone [20].
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non-uniform pressure distribution between the top and bot-
tom beams. The uniform stress applied from the bolt to the
beams can be found by measuring the normal force applied
to the structure and the area under the bolt head. According to
(2), the border between the contact zone and the non-contact
zone is independent of the tightening load applied to the
joint. A circular border with 3.5 times the bolt radius can
be considered as the non-contact boundary of the joint, i.e.,
a = 3.5rb [20].

The only remaining unknown is the boundary between the
sticking and sliding zones. This boundary can be found since
frictional forces in the sticking and the sliding zones are equal
at the boundary. The frictional force in the sliding zone fsld ,
is obtained as a function of the contact stress and friction
coefficient as follows,

fsld = 2π
∫ a

c
µσ rdr (3)

where µ is the friction coefficient measured experimentally,
σ is the contact stress distribution given in (2), a is the bound-
ary radius between the contact and non-contact zones, c is the
boundary radius between the sticking and sliding zones, and
r is the radius. To find the frictional force in the sticking zone,
an elastic shear layer with negligible thickness is considered
in the joint interface [21]. This elastic layer acts as a shear
spring connected to the beams in the sticking zone, and allows
every contact point to have an elastic displacement relative to
the support before slipping [22]. This linear deformation of
the contact points in the sticking zone occurs due to asperities
or bonding contact stress. Thus, the frictional force in the
sticking zone fstk , is considered as below:

fstk = Ktu |Ktu| ≤ fmax (4)

where Kt is the stiffness of the shear layer in the tangential
direction and can be identified experimentally. The yield level
or the sliding threshold is fmax , and u represents the relative
displacement of the bolted beams along the axial direction.
The efficient joint identification algorithm based on (3) and
(4) is then developed to find the stick-slip boundary of the
bolted lap joint.

In this algorithm, the assembled structure presented in
Fig. 1 needs to be excited harmonically at the frequency of

ω in the axial direction. The amount of energy dissipated due
to the frictional forces in one vibration cycle is four times of
the energy dissipated in a quarter of a cycle [18]; thus, the
amount of energy dissipated in the first quarter of a cycle is
calculated and multiplied by four to find the energy loss in a
full cycle. This will reduce the computational time. The fol-
lowing steps are designed to identify the stick-slip boundary
and the dynamic properties of the joint. First, n samples of
the relative displacement of the beams, corresponding to the
first quarter of the cycle, are selected as below.{

ui i = 1, 2, . . . , n
u1 = 0

(5)

where ui is the ith relative displacement. Then, for each spe-
cific ui, the stick-slip boundary ci, is determined by equating
the frictional force of the sliding and sticking zones.∫ a

ci
µσ (2πr)dr = Ktui (6)

where σ is the contact stress distribution andKt is the stiffness
of the elastic shear layer. The latter is assumed to be constant
throughout the identification process under certain level of
excitation and loading conditions.

The obtained stick-slip boundary is then used to calculate
the frictional force and the energy loss inside the joint inter-
face. Next, the energy loss is calculated using the boundary
obtained through micro-slip analysis. The total amount of
energy loss in each step is:

Wdi = 4
(
2πµ1ui

∫ a

ci
σ rdr

)
(7)

where 1ui = ui − ui−1. Having the energy loss of each step
of the calculations, the equivalent damping coefficient and
stiffness of the joint are obtained as below:

Ci =

n∑
i=2

Wdi

πωu2i
=

8πµ
n∑
i=2

(
1ui

∫ a
ci
σ rdr

)
πωu2i

(8)

Ki =
Fi
ui
=
fstk + fsld

ui
=

2Ktui
ui
= 2Kt (9)

FIGURE 4. The flowchart of the joint identification algorithm to identify damping coefficient.
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TABLE 1. The constants coefficients of the polynomial used for pressure
distribution of the contact interface [20].

where Ci, Ki and Fi are respectively the ith joint damping
coefficient, joint stiffness, and the contact force. The process
is then continued for each of the n samples.

Fig. 4 shows the flowchart of the proposed joint identifica-
tion algorithm that provides the real-time stick-slip boundary
of the joint and variation of the damping coefficient while
the joint is excited. It is worth mentioning that the friction
coefficient µ, and the stiffness of the elastic shear layer Kt ,
are identified experimentally prior to using in the proposed
algorithm. These identified values will be presented in the
results section.

III. EXPERIMENTAL SETUP
The proposed experimental approach requires a setup to
excite a bolted joint harmonically with different frequen-
cies and amplitudes to measure the contact forces and
relative displacements of the joint components. Therefore,
a customized experimental setup is developed and a testing
procedure is defined to identify the joint dynamic proper-
ties. A polymer-based nanocomposite sensor is prepared and
then is implemented inside the bolted lap joint to measure
the tangential contact force. To minimize the effects of the
nanocomposite sensor on the joint properties, the sensor is
installed away from the bolted area. However, the sensor
remains in contact with the bolted beams due to its thick-
ness. This method of sensor implementation reduces the
undesirable effects of sensor on the stick-slip boundaries.
The measured forces and relative displacement of the joint
components are then used to identify the hysteresis loop and
the stick-slip boundary at the joint interface and finally to
verify the feasibility of the proposed experimental approach.

A. NANOCOMPOSITE SENSOR
A highly sensitive, very thin, polymer-based nanocompos-
ite sensor is developed [23] that provides the piezoelectric
and piezoresistive properties in a single sensor. Therefore,
it covers a wide frequency bandwidth compared to many
commercial sensors, which are suitable for either low or
high frequency measurements. This cost-effective sensor
can be sprayed even on non-flat surfaces within the joint,
which broadens its applications. The developed nanocom-
posite sensor can measure the tangential forces directly
after calibration without any extra calculations. According
to Fig. 5, polyvinylidene fluoride (PVDF) is used as the

polymer matrix to develop the nanocomposite sensor. The
PVDF polymer provides piezoelectric properties for the sen-
sor, which is used for high frequency measurements. Adding
carbon nanotubes (CNT) to the polymer matrix improves
the conductivity of the nanocomposite sample and provides
piezoresistive properties, which can be used for low fre-
quency measurements. The CNT concentrations have been
chosen close to the percolation threshold to optimize the
piezoelectric and piezoresistive performance of the sensor.
The fabrication process includes several steps. First, a solu-
tion of PVDF (100 nm powder) and dimethylformamide
(DMF) with the ratio of 0.1 g/mL is prepared. The solution
is then stirred on a hot plate at 80 ◦C for 3 hours. Next, CNT
particles with a concentration of 0.0004 g/mL are separately
mixed in DMF and the solution is sonicated at room temper-
ature for 30 minutes to achieve a homogeneous dispersion
of nanoparticles. The prepared solutions are then mixed and
stirred for one extra hour at the room temperature. A thin
layer of the PVDF-CNT mixture with the thickness of 70 µm
is then deposited on a solid substrate using spray coating
method and is heated at 80 ◦C until the solvent (DMF) is fully
evaporated.

The piezoelectric properties of the sensor are further
improved by applying two sequential processes of mechan-
ical stretching and high-voltage electrical poling. These
processes activate the piezoelectric properties of the PVDF
polymer and improve the sensitivity of the sensor. The pre-
pared samples are stretched mechanically at the temperature
of 80 ◦C, which results in up to 500 percent elongation
on the samples. This process improves the β-phase of the
sensor, which is associated with the piezoelectricity of PVDF.
Although the stretching process increases the β-phase of the
sample, the dipoles are still randomly arranged. The exposure
of the stretched sample to a high electric field provides the
alignment of the dipoles and results in a high piezoelectric
coefficient, i.e., d33. A corona poling setup [23], consisting of
a high-voltage power supply (15 kV), a metallic grid mesh,
a voltage divider, a corona needle and a copper electrode
are used to apply a high voltage electric field to the sensor.
Once the fabrication process of the nanocomposite sensor is
completed, the sensor is covered by copper electrodes and is
laminated with thin plastic layers. Finally, the sensor is imple-
mented inside the joint interface to measure the tangential
force.

B. JOINT EXCITATION SETUP
The joint excitation setup consists of two beams attached
together using a mating bolt and nut (see Fig. 6). The beams
are connected to two shakers (Bruel & Kjaer 4808) through
mechanical links and are excited in axial direction simulta-
neously. A force sensor (Kistler 9018B) is used to measure
the input forces from the shakers and two capacitive sensors
(Lion DMT20) with the sensitivity of 80 V/mm, are used to
measure the relative displacement of the bolted beams. The
interfacial nanocomposite sensor also measures the contact
shear forces during harmonic excitation of the beams.
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FIGURE 5. The schematic of the nanocomposite sensor fabrication process.

The shakers are fed using a single function generator
(Tektronix AFG1022) and two power amplifiers (Bruel &
Kjaer 2712A) to excite the beams with the same inputs
(frequency and amplitude) but in the opposite directions.
To ensure the same excitation load from both sides, each
shaker is separately tested using the force sensor and
the gain is adjusted accordingly prior to performing the

experiments. The measurements of all the sensors are ampli-
fied and recorded through proper data acquisition systems
(NI 9233 DAQ).

The joint properties are first identified by applying 5 Nm
of tightening torque to the bolt and exciting the joint with
the frequency of 400 Hz and amplitude of 20 V peak to
peak (PP). This results in a calibration factor of 301 N/V for

FIGURE 6. The schematic of the experimental setup (top) and the manufactured setup (bottom) for the identification of the joint
dynamic properties.
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FIGURE 7. The experimental setup used for extracting FRF (left) and comparison of the joint FRF with and without nanocomposite sensor (right).

the nanocomposite sensor. This calibration factor is almost
constant for a certain range of frequencies at all the exci-
tation amplitudes investigated; however, it varies for other
frequency ranges. This is most likely caused by the compres-
sion of the nanocomposite sensor between the two beams
that occurs while measuring shear forces. The tightening
torque and amplitude of the excitation will then be varied
when sensitivity analysis of the influential parameters is
conducted. Implementing a nanocomposite sensor inside the
bolted structure may change the dynamics of the structure
slightly. Thus, an experimental modal analysis is performed
on the bolted joint with andwithout the nanocomposite sensor
to investigate if the implementation of our sensor alters the
system dynamics. Fig. 7 shows the bolted structure with
free-free boundary condition excited by an impulse hammer
(PCB 2222); the acceleration of the structure is measured
using an accelerometer (Kistler 8778A500). Comparison of
the magnitude of the FRF shows that the dynamics of the
bolted structure does not change when the nanocompos-
ite sensor is implemented inside the joint. Therefore, it is
assumed that the joint properties are not affected by the
nanocomposite sensor.

IV. RESULTS AND DISCUSSION
The hysteresis loop method, along with the proposed joint
identification algorithm, are used to identify the dynamic

properties of the bolted lap joint. The effects of two influential
parameters, namely the excitation load and the contact normal
load on the bolt, are then investigated. The joint identification
algorithm has some advantages compared to the hystere-
sis loop method. The joint identification algorithm provides
detailed information about the joint interface such as the
stick-slip boundaries, and nonlinear values of the joint damp-
ing as a function of the relative displacement of the beams,
which are not achievable using the hysteresis loop method.
Additionally, there are many applications where installation
of force sensors externally is not possible while a thin-layered
nanocomposite sensor can be readily implemented.

A. IDENTIFIED JOINT PROPERTIES
The friction coefficient in the joint interface can be obtained
while the joint experiences macro-slip movements. The fric-
tion coefficient is a property of the joint interface and inde-
pendent of the type of motion. The experimental setup shown
in Fig. 6 is used for this purpose. High frequency excitations
and high tightening torque results in micro-slip motion at
the joint and cannot be used for identification of the friction
coefficient. Therefore, the joint is excited at a lower frequency
of 100 Hz with the tightening torque of 2 Nm to extract the
friction coefficient. The measurements of the nanocomposite
sensor is then converted to the frictional force through the cal-
ibration factor found in the previous section. With knowledge

FIGURE 8. The measured contact forces using the reference force sensor and the nanocomposite sensor (left), and the measured beam displacements
using the capacitive sensors (right) under the reference loading condition.
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FIGURE 9. The hysteresis loop (top-left), the identified stick-slip boundary (top-right), the energy loss (bottom-left), and the joint damping
(bottom-right) extracted under the reference loading condition.

of the normal force due to the tightening torque, and the
friction force measured by the nanocomposite sensor, the
friction coefficient is obtained as:

µ =
fsld
fn
=

161.1
956.3

= 0.168 (10)

where fsld and fn are friction force and normal force, respec-
tively. The ratio between the tightening torque and the normal
force applied to the joint was experimentally determined to be
478.0 N/Nm using the force sensor.

Fig. 8 shows the measured contact forces using the ref-
erence force sensor and the nanocomposite sensor, and the
measured beam displacements using the capacitive sensors at
the excitation frequency of 400 Hz, tightening torque of 5 Nm
and the excitation amplitude of 20 V-PP, as the reference
loading condition. The measured data are then filtered using a
zero-phase 5th order Butterworth lowpass filter with a cut-off
frequency of 3000 Hz.

Fig. 9 shows the stick-slip boundary (top-right), the energy
loss (bottom-left), and the joint damping (bottom-right) under
the reference loading condition, identified from the proposed
joint identification algorithm. Fig. 9 (top-left) also shows
the hysteresis loop of the joint, which clearly exhibits a
micro-slip regime inside the joint interface. The area inside
the hysteresis loop is computed to obtain the energy loss and
the joint damping is then identified based on the energy loss,
excitation frequency and maximum relative displacement.
Additionally, the joint stiffness is calculated from the slope
of the hysteresis loop. The energy loss, joint damping and
joint stiffness are found to be 0.809 mJ, 1867 Ns/m, and
11.8 MN/m based on the hysteresis loop. According to the

TABLE 2. The joint properties identified using the joint identification
algorithm and the hysteresis loop.

results of the joint identification algorithm, the maximum
energy loss and joint damping coefficient are obtained as
0.672mJ and 1542Ns/m. In addition, the damping coefficient
changes while the joint is excited. This is due to the change in
the stick-slip boundary of the joint, which cannot be obtained
from the hysteresis loop. Furthermore, results show that there
is no joint damping at the beginning of the excitation since
there is no sliding and minimal energy loss. Table 2 compares
the joint properties identified using the joint identification
algorithm and the hysteresis loop. There is approximately
17 percent deviation between the energy loss and the damping
coefficient obtained from the proposed methods. The devia-
tion is mostly due to the nonlinearity in the joint interface and
the simplifications associated with the stick-slip boundary of
the joint.

Despite the small deviation between the joint proper-
ties obtained from the joint identification algorithm and
the hysteresis loop, the proposed sensor-based method
can be used to measure the contact forces and the joint
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FIGURE 10. The hysteresis loops (left), the energy loss (middle), and the joint damping coefficient (right) under different excitation loads.

FIGURE 11. The hysteresis loops (left), the energy loss (middle), and the joint damping coefficient (right) obtained under different tightening torques.

properties, effectively. To further verify the accuracy of the
proposed methods, the excitation load and the initial loading
condition of the joint are changed, and the joint properties are
obtained accordingly.

B. EFFECTS OF EXCITATION LOAD
The amplitude of the excitation load directly affects the hys-
teresis loop and the energy dissipated inside the joint. Thus,
the amplitude of the harmonic load is varied from 1 V-PP
to 20 V-PP. The shear forces are then measured using the
nanocomposite sensor, and the relative displacements of the
beams are measured through capacitive sensors. Fig. 10
shows the hysteresis loops (left), the energy loss (middle),
and the joint damping coefficient (right) of the obtained at dif-
ferent excitation levels while the tightening torque of the bolt
remains constant at 5 Nm. According to the results, the higher
amplitude of the excitation load results in wider hysteresis
loops and more energy loss within the joint; however, the
slope of the hysteresis loop is nearly constant for all excitation
loads leading to the observation that joint stiffness can be
considered independent of the excitation.

Comparison of the joint damping coefficients obtained
from the hysteresis loop and the joint identification algo-
rithm shows that the deviation between the predictions of
both methods remains between 10 to 17 percent for different
excitation loads. Table 3 presents the joint properties obtained
using the proposed methods under different excitation loads.
The joint damping coefficient predicted by the hysteresis
loops increases by about 8 percent when the excitation load

TABLE 3. The joint properties identified under different excitation loads.

increase from 1 V-PP to 20 V-PP. On the other hand, the
joint identification algorithm results in almost the same joint
damping coefficients at different excitation loads. A similar
conclusion was presented by Bograd et al. [19] where they
did not observe a significant change in the joint stiffness and
damping under different excitation loads.

C. EFFECTS OF TIGHTENING TORQUE
The initial condition of the bolted joint may also affect
the joint properties. Thus, the tightening torque of the bolt
is changed between 3 Nm to 8 Nm while the system is
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TABLE 4. The joint properties identified under different tightening
torques.

excited with the frequency of 400 Hz and the amplitude
of 20 V-PP. Fig. 11 shows the hysteresis loops (left), the
energy loss (middle), and the joint damping coefficient (right)
obtained under different tightening torques. According to the
results, the joint stiffness decreases by about 8 percent, from
11.8 MN/m to 10.8 MN/m, when the bolt torque is reduced
from 5 Nm to 3 Nm. However, the slope of the hysteresis
loop, and subsequently the stiffness of the shear layer, shows
little change at different tightening torques. Using the new
stiffnesses obtained for each initial condition, the stiffness of
the shear layer is derived, and the energy loss and damping
coefficient are found using the joint identification algorithm.
Increasing the torque from 3 Nm to 8 Nm does not result
in considerable changes on the energy loss and the damp-
ing coefficient. On the other hand, the damping coefficient
predicted by the hysteresis loop method and the joint identi-
fication algorithm decreases by about 10 percent at a torque
of 3 Nm. Table 4 summarizes the joint properties obtained
from both methods under different tightening torques where
the deviation remains less than 17 percent for all the load-
ing conditions. Comparison of the obtained results from the
hysteresis loops and the joint identification algorithm shows
that the damping coefficient decreases when the tightening
torque is either increased or decreased within a certain limit;
however, the reduction of the damping coefficient is more
significant at the lower tightening torques.

D. ASSUMPTIONS AND LIMITATIONS
The proposed identification method has been tested only
for lap joints subjected to translational excitation and the
application of the proposed methodology to other types of
joints and rotational degrees of freedom requires further
investigations, which is the topic of future studies. Further-
more, a circular area was considered for the sticking and
sliding zones while the joint is excited harmonically from
both sides. In addition, the clamping pressure was assumed
to be evenly distributed under the bolt head, and the stress
distribution inside the joint follows a nonlinear analytical
equation, which has been derived empirically. Thus, it is
expected that application of a complex joint model with non-
linear pressure distribution would result in a more accurate
estimation of the joint dynamic properties. The stiffness of the
elastic shear layer was also assumed to be constant throughout

the identification process under certain level of excitation and
loading condition.

Another important factor that may alter the contact zone
and the joint properties is the fretting wear. Fretting wear
results in an increase in the contact stiffness particularly
during the initial loading cycles. When the joint is subject
to intensive excitation loads and the transition to sliding
mode occurs, the quality of the nanocomposite sensor and the
contact surfaces may degrade. Therefore, a new ceramic-type
nanocomposite sensor would benefit the accuracy of the pro-
posed identification algorithm. Furthermore, it was assumed
that the damping in the structure is caused by the friction
force inside the joint. The other sources of damping, such as
the connection between the washers, links and beams were
considered negligible.

V. CONCLUSION
Anew approach using polymer-based nanocomposite sensors
was introduced in this study to identify dynamic properties of
the bolted lap joints. The nanocomposite sensor was imple-
mentedwithin the joint interface tomeasure the contact forces
while the joint is excited dynamically. The relative displace-
ment of the bolted beams, along with the contact shear forces,
were used to extract the hysteresis loop of the joint. The
hysteresis loop was then used to identify the joint stiffness
and damping coefficient. The joint identification algorithm
based on the stick-slip transition in the contact interface was
introduced to obtain the energy loss and damping coefficient
of the joint. The developed techniques include part of the
nonlinearities of the joint, which is usually disregarded for
simplicity. Themaximum deviation between themethods was
about 17 percent, which is mostly due to the assumptions
made regarding the stick-slip boundary identification and
analytical function used to model the contact stress. It was
concluded that the joint properties do not change significantly
while the excitation load was varied from 1 V to 20 V peak
to peak and the torque from 3 Nm to 8 Nm.
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