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Bolt/nut assemblies are commonly used in machines and structures to enable easy assembly and disas-
sembly. However, the axial force (i.e. the fastening force) of such assemblies decreases due to recursive
external loading on the bolt/nut assemblies or chronic progressive wearing of the assemblies.
Consequently, axial force monitoring is essential in preventing serious failure due to loss of functions
in the assembly or fatigue. This study proves that the axial force on bolt/nut assemblies can be measured
by investigating changes in the bending mode natural frequency of the bolt’s threaded portion that pro-
trudes from the nut (hereinafter referred to as the ‘‘protruding thread part‘‘). This method is postulated
on the observation that a reduction in the axial force decreases the joint stiffness of the bolt/nut assembly
at the protruding thread part, leading to a shift in the characteristic peak frequency of the bending mode.
A bolt/nut assembly is formed and its bending mode shapes and bending mode frequencies are obtained
by impact tests. A series of tests are performed to define a quantitative measure of the correlation
between the shift in the bending mode frequency and the axial force on the bolt/nut assembly. This
method enables to perform measurement of the axial force on the bolt/nut assembly of �40 to �50%
in the frequency range between 25 and 35 kHz. Dependency of the accuracy of this method on bolt aspect
ratio (protruding length/nominal diameter) shows that lower aspect ratios are better suited for measur-
ing axial force via bending mode frequency variation.
� 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In typical machines and structures, bolts and nuts are used for
easy assembly, disassembly, and maintenance. However, monitor-
ing of axial force (namely, a fastening force) is critical because
weakening of the axial force of bolt/nut assemblies may result in
fatigue fractures due to the vibrations and chronic structural
degradation. To assess these issues, (a) hammering tests, (b) torque
tests, and (c) ultrasonic tests are currently used. The hammering
tests is widely spread technique of common knowledge in which
the experimenter listens to and evaluates the sound from an
inspection target structure while hitting it with a hammer. In ham-
mering tests, the assessment of the weakening torque of a bolt,
bolt/nut assembly or bolted joint is often based on the tester’s
capability to discern the characteristic sound emitted by the
vibrating units when tested individually. Traditional hammering
tests can be used for bolts with almost no applied axial force, how-
ever, this kind of test does not provide a quantitative measure of
the actual axial force. In addition, the test results are strongly
depended on the tester’s technical skills. Torque tests, which con-
trol the axis force using a calibrated wrench, are widely employed.
This method can be easily conducted, but precisely evaluating the
axial force is difficult because the frictional property of the screw
seating surface varies according to the degree of fastening [1–3].
Several techniques based on ultrasonic testing exist; the ones most
commonly employed entail measuring the latency in the acoustic
propagation from the bolt head [4–7], the ratio between longitudi-
nal and transverse wave velocity [8–12], combined vibration
modes and longitudinal ultrasonic waves [13], electromechanical
impedance monitoring [14], Lamb waves [15], or the shift in the
resonant frequencies [16–18]. However, these methodologies are
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(a) Test bolts: A, B, D or E (aspect ratio 0.7 or 1.7). 

(b) Test bolt: C (aspect ratio 3.7). 

(c) Test nuts 

Fig. 1. Test bolts and test nuts (see Table 1). (a) Test bolts: A, B, D, and E (aspect
ratio: 0.7 or 1.7), (b) test bolt: C (aspect ratio: 3.7) and (c) test nuts.
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still subject to large inaccuracies due to the multitude of factors
which affect the estimation of the axial force.

To resolve such challenges, many approaches have been devised
to assess the axial force on bolt/nut assemblies. State-of-the-art
techniques entail the direct measurement of the axial force by
means of sensors embedded in the bolt such as strain gauge, fiber
grating sensor [19], and lead zirconate titanate (PZT) [20,21]. Addi-
tionally, a method that incorporates a thin plate sensor into bolt/
nut assemblies has been considered [22–25]. These methods rely
on the embedding of additional sensor nodes within the bolted
joint or in contact with the bolt/nut unit. Other methods have
eliminated the additional devices by using the same number of
sensors as that of the bolt/nut assemblies in the intended structure
to assess dynamic changes [26–29]. However, bolt status observa-
tions using this method are impractical because they require the
embedding of electrical cables and a data logger apparatus to col-
lect the data about the bolts and bolt/nut assemblies from a multi-
tude of sensors. Furthermore, a method that uses the natural
frequencies of the target structures with bolt/nut assemblies has
been examined [25], but its efficacy is difficult to evaluate because
of its dependency on the characteristics of the subject bodies.
Alternative methods which use optical characteristics include the
measurement of the strain on the washer side by a high-
resolution CCD camera and an automated digital image correlation
method [29] or via 3D electronic speckle pattern interferometry
[30]. However, these approaches require dedicated space to
accommodate the optical apparatus around the bolt/nut assem-
blies. Finally, a number of methodologies entail the measurement
of the changes in the surface properties which occur at the inter-
face between the bolt and the nut (i.e. change in contact area);
some examples are contact acoustic nonlinearity, vibro-acoustic
modulation, Recognition-Taguchi method and time reversal opera-
tion [31–37]. However, the output from such systems is negatively
affected by the roughness of the surfaces between the subject bod-
ies to be fastened.

As an alternative to the above mentioned techniques, this study
proposes to derive the axial force of a bolt/nut assembly based on
the correlation between the change in this axial force and the shift
in the bending frequency mode of the protruding part of the bolt’s
threaded portion (hereinafter referred to as the ‘‘protruding thread
part”). This method follows from the observation of Okugawa et al.
[22], according to which a decrease in the axial force of a bolted
joint caused the decrease of its joint stiffness which, in turn, man-
ifested itself in the decrease of the characteristic natural frequency
of the smart washer. Taking the cue from these observations, we
assess the feasibility of estimating the axial force of a bolted joint
based on the relationship between the variation in a local mode
frequency of a bolt head and its clamping torque [38]. Our earlier
work on this technique was affected by two issues. First, the eval-
uation of the axial force based on the clamping torque performed
via a calibrated torque wrench is subject to loss of accuracy due
to the friction at the thread and at the bearing surface. Secondly,
it became apparent that, in order for this method to be applicable,
rigorous criteria for the inference of axial force had to be defined.

Despite the results of [22], there has been no attempt in earlier
works [1–37] to evaluate the axial force of bolt/nut assemblies via
the characterization of the vibration mode frequency of the pro-
truding threaded part. Hence, this work aims at defining a protocol
to study the shift in the natural frequency of the bending mode of
the protruding thread part of a bolted connection and use this data
to infer the axial force acting on the bolt.

The experimental work presented here addresses three main
aspects. First, it uses a widespread impact testing method to per-
form the experimental modal analysis. From this the relationship
between axial force and variation in the bending mode frequency
of the protruding threaded part of the bolt is derived. Here we
employ the experimental modal analysis in the ultrasonic fre-
quency range, because the highest frequencies are more prone to
variation [32], thus enabling a more accurate measurement of
the axial force. But the use of the term ‘‘ultrasonic” does not refer
to the ultrasonic waves such as longitudinal or transverse waves.
Rather, we use this term to specify the range of frequency of the
experimental modal analysis within which we operate. Secondly,
we expand on previous work by employing strain gauges embed-
ded in the testing rig for accurate calibration of the axial force. This
represents a significant improvement with respect to the use of
calibrated torque wrench since this technique has been shown to
be excessively sensitive to the frictional properties of the screw
seating. Finally, the experiments reported here account for a broad
range of axial force variations and numerous iterations of loosen-
ing and fastening. (Hereinafter the number of times of loosening
and re-fastening is referred to as the ‘‘number of fastenings”.) Esti-
mates of the sensitivity to axial force measurement of this method
to aspect ratio (protruding length/nominal diameter) of the bolt
are also provided.

2. Experimental testbed: The bolt/nut assembly

The test bolts consisted of three common types of bolts in
machines and structures: M8, M10, and M12. Fig. 1 shows the test
bolts and the test nuts. Table 1 shows the sample bolt sizes. The
length of the protruding thread part was defined as the aspect
ratio, which is protruding length divided by nominal diameter d,
and we tested for three values: 0.7, 1.7, or 3.7. The purpose of
employing bolts with different aspect ratio is motivated by the
need to assess the sensitivity of the measured axial force to the
length of the protruding thread part and the bolt size. The broad
variety and sizes of bolts make it necessary to estimate how the
reliability of this measurement method varies when applied to bolt
of different characteristics. For the test bolts, commercially avail-
able high-strength hexagon head bolts (property class: 10.9, mate-
rial: carbon steel, coating: alkaline blackening) were employed. As



Table 1
Specifications of the five test bolts.

Test bolt Nominal
diameter d [mm]

Property class Nominal
length L [mm]

Protruding
length [mm]

Protruding
diameter c [mm]

Aspect ratio Position of the
strain gauge [mm]

a b

A M10 10.9 49.7 6.7 8.4 0.7 15 20
B M10 10.9 59.8 16.8 8.4 1.7 20 25
C M10 10.9 80.2 37.2 8.4 3.7 20 25
D M8 10.9 47.1 5.6 6.0 0.7 15 20
E M12 10.9 53.4 8.4 9.6 0.7 10 15
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shown in Fig. 1, the axial force was measured by four strain gauges
(KFR-02-120-C1, Kyowa Electronic Instruments Co., Ltd., gauge
length: 0.2 mm) that were attached to points just under the bolt
head in the front and back of the bolt. For each point, two gauges
were attached to measure the axial force along and across the axis.
As anticipated, the employment of strain gauges in place of the cal-
ibrated torque wrench is motivated by the excessive dependency
of this latter technique to frictional properties of the screw seating.
The heads of test bolts were processed to have two through holes
with 1.5-mm diameters for the cables of the strain gauges to pass.

To facilitate excitation to the protruding thread part by an
impulse hammer, the screw thread was ground and 5 mm were
removed from the tip. Due to thread rolling manufacturing pro-
cesses, commercially available bolts of longer lengths have lower
straightness of the threaded part. In this study, only for bolt C,
which had a longer L than the others, the areas where the strain
gauges were attached were ground to ensure that the straightness
of the screws of bolt C were equivalent to the other bolts (Fig. 1(b)).
The nominal axial force was defined to be 60% of the 0.2% proof
stress of each bolt: 19.76 kN for M8, 31.32 kN for M10, and
45.52 kN for M12. This paper considers these values to be 100%
of the nominal axial force.

For test nuts, commercially available hexagon nuts style 2 (dou-
ble chamfer, material: carbon steel, coating: alkaline blackening)
were used.

The strain gauges were calibrated to accurately measure the
axial force. The load (axial force) was measured by a calibrated
load cell (LCW-C-50KN50SA3, Kyowa Electronic Instruments Co.,
Ltd.) and the strain was measured by a strain gauge attached to
the test bolt to establish the relationship between the axial force
and the strain. The number of fastenings (the number of trials in
the axial force calibration tests) was 10. Identical conditions were
used for each calibration test.

Fig. 2 shows the bolt/nut assembly used in this experiment. The
subject body was a single-piece cube made of medium carbon steel
Fig. 2. Bolt/nut assembly.
(C50) with 35-mm sides to eliminate the influences due to friction
between multiple subject bodies and those from the natural fre-
quencies or the vibration modes of the subject bodies on the accu-
racy of the assessed axial force. A through hole was made through
the center of the cube and a bolt was fastened through this hole.
Three types of cubes were made to accommodate the three types
of test bolts used in this experiment (M8, M10, and M12). The
diameters of the through holes were 9 mm for M8, 11 mm for
M10, and 13.5 mm for M12. When fastening the test bolts, a bolt
tension stabilizer (Fcon, Tohnichi Manufacturing Co., Ltd., density:
0.89 g/cm3 at 20 �C, viscosity: approx. 15000 mPa�s at 24 �C) was
applied to the screw thread surface of the bolt and to the bearing
surface of the nut to suppress variations in the friction factors to
achieve sustainable fastening.

We used a single-piece cube (35-mm sides) made of carbon
steel (C50) as the subject body to be fastened. In the first stage of
this study, we eliminated the impact from the friction between
multiple subject bodies and those from the natural frequencies
or vibration modes of the subject bodies. This was motivated by
the need to conduct a laboratory test in the simplest possible con-
figuration in order to reliably establish the relationship between
the decreased axial force and the decreased bending mode natural
frequency of the protruding thread part.

3. Vibration testing

3.1. Measurement of the frequency response functions

For the bolt/nut assembly shown in Fig. 2, the natural frequen-
cies and the vibration mode shapes of its protruding thread part
were determined by conducting an impact test using an impulse
hammer. There were six excitation points. Point 1 was on the pro-
truding thread part and Points 2–6 were on the cube surface. Each
point was excited in sequence using an impulse hammer (Type
8204, Brüel & Kjær Sound & Vibration Measurement A/S, sensitiv-
ity: 22.26 mV/N) and the responses were measured using an
accelerometer attached directly behind Point 6 (352C15, PCB Inc.,
sensitivity: 0.973 mV/(m/s2), mass: 2 g, natural frequency:
50 kHz or higher) and recorded by a spectrum analyzer (A/D: NI
PXI-4472B, National Instruments Co., Software: CAT-System,
CATEC Inc.). From the relationship between these inputs and out-
puts, six frequency response functions (FRFs) were measured.
The bolt/nut assembly was suspended using a thin string to make
it free of support. The number of fastenings was ten and the aver-
age count (the number of hits by the impulse hammer) for one
identical fastened state was also ten. For the measurement, the
number of sampling points, the sampling frequency, and the mea-
surable frequency were 32,768, 102.4 kHz, and 40 kHz,
respectively.

3.2. Finite element analysis

As far the experimental analysis is concerned, a difficulty arises
with the detection of those modes associated with the vibration of
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the bolt within the subject body. In order to achieve a description
of these specific modes despite the lack of experimental data, we
resorted to finite element analysis, as reported in Fig. 5(a) and
(b). Previous work on this matter [22] has shown to not be suitable,
in this respect. Hence, differently from [22], we implement the
finite element model with solid elements in order to examine the
mode shapes within the subject body. Our previous work based
on the use of solid elements in the frame of bolt loosening analysis
[32] examined the change in contact areas between the seating
surfaces of the bolt head/nut corresponding to a change in the axial
force in the bolt/nut assemblies. Within the remit of the current
manuscript, our objective is not to develop an advanced finite ele-
ment model to assess axial force in bolt/nut assemblies, but merely
to highlight that a finite element model which accounts for nomi-
nal axial force can be produced if bonded and contact (friction) ele-
ments are properly incorporated.

Our starting assumption is that a change in the rigidity of the
fixed end corresponds to a change in the axial force of the bolt/
nut assembly. An analogous assumption has been successfully
established in the work of [22], referred to as the smart washer
case, which we briefly review here for reader’s convenience. A crit-
ical distinction between our work and that of [22], however, lies in
the axial force not being evaluated directly in [22]. Indeed, in [22],
the frequency equation reads,

sinblþ sinhblð ÞX1 � cosblþ coshblð ÞX2 þ 2X3 ¼ 0

X1 ¼ 2
EIb
kR

cosbl� sinblþ sinhblþ EIb2� �2
kTkR

sinblþ sinhblð Þ

X2 ¼ 1þ EIb2� �2
kTkR

( )
2
EIb
kR

sinblþ coshblþ cosbl
� �

X3 ¼ EIb3

kT
cosblþ EIb

kR
sinbl

� �
EIb
kR

cosblþ sinhbl
� ��

þ sinbl� EIb
kR

cosbl
� �

EIb
kR

sinblþ coshbl
� ��

b4 ¼ qAx2

EI
ð1Þ

where l, E, I, A, q, x, kT and kR are the length of the cantilever,
Young’s modulus, the moment of inertia of cross section, the
cross-section area, the density, the angular frequency, the transla-
tional spring constant and the rotational spring constant at the can-
tilever fixed end, respectively. According to [22], Eq. (1) confirms
the occurrence of the correlation between axial force variation (cor-
responding to the rigidity of the end) and a shift in the bending
modes frequency. Certainly, a Timoshenko beam model might be
better suited to estimate the effect on stiffness of the protruding
thread part with translational and rotational springs. However,
the correlation between a cantilever’s (smart washer’s) natural fre-
quency and an axial force is better highlighted based on numerical
results from this simple model [22].

For finite element analysis (FEA), the solver, the element type,
the number of nodes, and the number of elements were
ANSYS15.0, Solid185, 62,690, and 55,738, respectively. The ele-
ment size was 0.5 mm for a screw surface and 1 mm for the other
areas. The contact conditions between the bolt and nut seat surface
and the subject body were set to bond. In this case, this finite ele-
ment model did not consider the preload to the bolted joint. We
have just analyzed using bonded element. In general, it is hard to
make a precise finite element model with preload to bolted joints.
Similarly, the contact conditions between the threaded surfaces of
the bolt and nut were set with friction (friction coefficient: 0.2,
contact surface: bolt side surface (Conta173), target surface: nut
internal surface (Targe170)). The thread surfaces were reproduced
by initially modeling as a cylinder with /10 and then providing a
modeled cylinder with standard values of a M10 bolt (mean pitch
diameter, 9.026 mm; distance between pitches, 1.5 mm; and
thread angle, 60�) virtually using the geometry correction function.
The material property of the subject body, bolt, and nut was set to
steel for a general structure (Young’s modulus: 200 GPa, density:
7,850 kg/m3, and Poisson’s ratio: 0.3). The modal damping ratio
to determine the FRFs with FEA was set to 0.04–0.13%. The modal
damping ratios were empirically estimated by fitting the calcu-
lated FRFs by FEA with those obtained by the experiment.
3.3. Natural frequencies and vibration mode shapes

Bolt A was screwed to the bolt/nut assembly at the nominal
axial force of 31 kN (100%). Fig. 3 shows a representative time his-
tory of the wave shape measured when Point 1 was excited, while
Fig. 4 shows the averaged cross-FRF (H61) of Point 6–1. Fig. 4 also
shows the coherence function, the phase characteristics, and the
amplitude of the FRF. For comparison, the FRF obtained by FEA is
overlaid.

We used both the experimental modal analysis and FEA to iden-
tify which natural frequencies are bending mode shapes. Fig. 3
shows that the vibration response as a function of time of the
bolt/nut assembly damps in about 5 ms. The FRF obtained in this
experiment agrees well with the FRF obtained by FEA (Fig. 4). In
addition, four natural frequencies (two near 20 kHz and two near
35 kHz) are revealed within the frequency range in this experiment
consistent with the fact that the bolt/nut assembly has repeated
roots. Subsequently, based on the six FRFs, the modal parameters
(natural frequencies, mode shapes, etc.) were identified.



(a) Impact testing (axial force: 31 kN = 100%). 

(b) Finite element analysis. 

1st mode (19,970 Hz) 2nd mode (35,048 Hz) 3rd mode (35,442 Hz)
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Cross section

Fig. 5. Vibration mode shapes of the bolt/nut assembly of the test bolt: A (size:
M10, aspect ratio: 0.7). (a) Impact testing (axial force: 31 kN = 100%) and (b) finite
element analysis.
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Figs. 5(a) and (b) show the vibration mode shapes obtained
from the experiment and FEA, respectively. In Fig. 5(b), the sec-
tional view of the test bolt along its center axis is shown as a ref-
erence. Based on Figs. 4 and 5, the percentage difference between
the natural frequencies measured from the FRFs is about 5% and
the mode shapes agree with each other. In addition, the vibration
mode of the protruding thread part has repeated roots, including
the bending mode where the subject body does not vibrate and
only the protruding thread part vibrates. In this paper, the lower
and higher natural frequencies of the bending mode of the protrud-
ing thread part are respectively defined as the primary and sec-
ondary modes. A target measurement direction in the
experimental modal analysis was set to x axis with acceleration
(see Fig. 2). As shown in the 2nd mode or 3rd mode of Fig. 5(a),
in the case where the vibration mode shape displayed an angle
between the vibration direction of the bending mode and the x
axis, and both modes along the x axis exist, it is not possible to
distinguish between these modes. These modes might be corre-
sponding to the 3rd mode or the 4th mode of Fig. 5(b), respectively.

The vibration mode near 20 kHz for the FRF in Fig. 4 and for the
vibration mode shape in Fig. 5 were analyzed by experimental
modal analysis and FEA. A vibration mode where the bolt vibrates
within the subject body is observed in Fig. 5(a) and (b). This mode
also has repeated roots. But the experimental modal analysis could
not visualize this repeated roots. Based on these results, an impact
test can clarify the natural frequencies and vibration modes of the
bending mode of the protruding thread part. In our method, an
identification of the bending mode frequency of the bolt/nut
assembly is important, because we measure the axial force of the
bolt/nut assembly using this relationship between the bending fre-
quency of the protruding thread part and the axial force. In the
next section, we investigate the relationship between them.
3.4. Axial force measurement

The starting point of this analysis consists in confirming
whether a change in the bending mode frequency of the protruding
thread part is correlated to a change in the axial force of the bolt/
nut assembly. Fig. 6 shows the cross-FRFs at Points 6–1 for bolt A.
The FRFs measured with the axial forces of 31 kN (100%), 16 kN
(50%), and 3.1 kN (10%) are overlaid for comparison. The coherence
function, the phase characteristics, and the amplitude of the cross-
FRF are also shown. It is apparent from these results that the bend-
ing mode frequency decreases as the axial force decreases, in
agreement with previous observations [22,26,28,32]. It is also
observed that the bending mode frequency is more sensitive to
the axial force variation than the mode frequency within the sub-
ject body around 20 kHz (see Fig. 6).

Having ascertain the existence of a clear correlation between
axial force variation and shift in the bending modes frequency,
we devise a methodology to quantify accurately the variation in
axial force by focusing exclusively on the frequency response of
the protruding thread part. To do so, we first need to record the fre-
quency variation at fine decrement of the axial force. This will be
needed to define threshold criteria which enables to capture
unambiguously the loosening effect.

Hence the FRFs were measured while the axial force was
decreased incrementally in 10% steps from the nominal value of
31 kN (100%) to 3.1 kN (10%). Fig. 7 shows the relationship
between the axial force and the bending mode of bolt A. Both the
primary and the secondary bending mode frequencies during 10
fastenings are overlaid. The bending mode frequency decreases
as the axial force decreases, which agrees with previous studies
[22,26,28,32]. Additionally, there are some variations in the bend-
ing mode frequency measured for each fastening. To measure the
axial force of the bolt/nut assembly based on the relationship
between the bending frequency of the protruding thread part
and the axial force, a threshold is needed. In this paper, we decide
the threshold considering a variation of the bending mode
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frequency during 10 fastenings. Furthermore, when the threshold
is decided, the primary and the secondary bending mode frequen-
cies are undistinguished. The change rate of the bending mode fre-
quency is given by
CRi ¼ ðf i � f nÞ
f n

� 100 % ð2Þ
where CR is the change rate, fn is the mean bending mode frequency
under the nominal axial force, fi is the mean bending mode fre-
quency measured at each axial force, subscript i is the number of
axial force trials.

Fig. 8 shows the relationship between the change rate of the
bending mode frequency and the axial force corresponding to
Fig. 7. The black triangles represent the mean of the bending mode
frequencies measured in the ten fastenings, while the error bars
denote the coefficients of variation in the bending mode frequency
that is defined as
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axial force and p is the number of bending mode frequency at each
axial force. In Fig. 8, the mean bending mode frequency measured
at each axial force is normalized using the mean bending mode fre-
quency under the nominal axial force of 31 kN (100%). Using Eq.
(3), we obtain CV of the bending mode frequency under the nom-
inal axial force is 0.8%. (See (4) of Fig. 9.)

This study measures the axial force using the following proce-
dure (Fig. 9).
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Fig. 8. Relationship between the change rate of the bending mode frequency of the
protruding thread part and the axial force of the test bolt: Corresponding to Fig. 7
(size: M10, aspect ratio: 0.7).
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Fig. 9. Procedure of determination of an axial force of a bolt/nut assembly.
(1) The bending mode frequency is measured with a nominal
axial force and number of fastenings.

(2) The bending mode frequency with the nominal axial force
and that with a decreased axial force are compared.

(3) The change rate of the bending mode frequency is derived.
(4) The coefficient of variation of bending mode frequencies of

the protruding thread part is investigated using the nominal
axial force. When we obtain the coefficient of variation, bolt/
nut assemblies are loosened and refastened multiple times,
allowing variations in the degree of fastening and axial force
to be considered. The coefficient of variation also includes
the difference of the bending mode frequencies between
the primary and the secondary bending mode frequencies
(repeated roots).

(5) A threshold is decided considering the coefficient of varia-
tion of bending mode frequencies with the nominal axial
force.

(6) The point where the bending mode frequency exceeded the
threshold, which is defined using the coefficient of variation
of the bending mode frequency, is determined. The axial
force is measured by systematically decreasing the axial
force from the nominal one.
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(a) Test bolt: B (size: M10, aspect ratio: 1.7). 

(b) Test bolt: C (size: M10, aspect ratio: 3.7). 
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In this study, the axial force is determined as 13 kN (40%) by
setting the threshold as the point where the frequency decreased
by 0.8% or more. This value (0.8%) is the CV of the bending mode
frequency under the nominal axial force.
3.5. Accuracy of axial force detection

3.5.1. Variation of the bending mode frequency
For bolt A, factors that generate variations in the bending

mode frequency of the protruding thread part were investigated.
Fig. 10 shows a magnified image of the cross-FRF (H61) near
35 kHz (natural frequency of the bending mode of the protrud-
ing thread part) observed with the nominal axial force of 31 kN
(100%). The FRFs measurement from data acquired after ten fas-
tenings are overlaid for comparison as well as the coherence
function, the phase characteristics, and the amplitude of the
cross-FRF. As shown in Fig. 10, in three fastening trials, both of
the repeated roots (the primary and the secondary bending
(a) Test bolt: A (size: M10, aspect ratio: 0.7) 
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Fig. 12. Relationship between the coefficient of variation and the axial force for three test
ratio: 1.7) and (c) test bolt: C (size: M10, aspect ratio: 3.7).
mode frequencies) can be found. However, only one root can
be found in the remaining seven trials. These ten trials are the
same experimental conditions.

3.5.2. Treatment of the repeated root
Subsequently, for bolts B and C, which differ from A only with

respect to the aspect ratio, factors that generate variations in the
natural frequency of the bending mode of the protruding thread
part were investigated. Fig. 11 shows the relationship between
the axial force and the bending mode frequency in bolts B and C.
In every fastening trial, when the aspect ratio is changed, both of
the repeated roots can be found except for the following axial force
conditions: the axial force of 3.1 kN (10%) and 6.2 kN (20%) in bolt
B and the axial force of 3.1 kN (10%), 6.2 kN (20%) and 9.4 kN (30%)
in bolt C.

Slight variation in the values of axial force during the 10 identi-
cal repetitions is attributed to the fact that the axial force is set
manual. Hence our method is designed to disregard minor varia-
tions while capturing the more significant effect in the frequency
(b) Test bolt: B (size: M10, aspect ratio: 1.7). 
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shift attributed to actual changes in the axial force. Fig. 12(a) to (c)
show the coefficients of variation of the axial force and the coeffi-
cients of variation bending mode frequency at each setting axial
force (10–100%), respectively. The lower of Fig. 12(a) to (c) corre-
spond to Figs. 8 and 11, respectively. In Fig. 12(a), the primary
and the secondary modes cannot be differentiated because both
modes do not almost always exist. Fig. 12(b) and (c) present the
coefficients of variation obtained with and without differentiation
of the primary and the secondary modes for comparison. The coef-
ficients of variation of the primary and the secondary modes
results in a 0.1% variation of the coefficients for both bolt B and
C, respectively. In contrast, the variation of the coefficients of the
bending mode frequency is about 0.8% for bolt A, 0.9% for bolt B
and 0.6% for bolt C without differentiation of the primary and the
secondary modes (with the nominal axial force). In addition, the
coefficient of variation of the bending mode frequency is smaller
than that of the axial force (see Fig. 12). The coefficient of variation
of the axial force is about 1.5% for bolt A, 0.8% for bolt B and 0.7%
for bolt C with the nominal axial force, respectively. The coefficient
of variation of the axial force is larger than the coefficient of vari-
ation of the primary and the secondary modes. Based on these
results, the variation in the bending mode frequency is attributed
to the difference between the primary and secondary bending
mode frequencies. Meanwhile the variation of each axial force dur-
ing 10 fastenings or random errors in measurements do not largely
affect the variation of the bending mode frequency.

The fact that both the primary and secondary modes can be
found in some cases but only one can be found in others may be
due to the change in the fastening state of the bolt and nut, which
is affected by complex factors, including lubrication and friction.
Therefore, the proposed axial force measurement method using
the bending mode frequency of the protruding thread part while
considering variations of repeated roots’ frequencies without dif-
ferentiating the primary and secondary frequencies is efficient,
allowing a usability procedure. In the following section, the coeffi-
cient of variation of the bending mode frequencies is determined
without differentiating the primary and secondary modes.
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(corresponding to Figs. 8 and 11).

0 5 10 15 20 25
34

36

38

40

N
at

ur
al

 fr
eq

ue
nc

y
[k

H
z]

Axial force [kN]

Fig. 14. Relationship between the measured bending mode frequency of the
protruding thread part and the axial force of test bolt: D (size: M8, aspect ratio: 0.7).
3.5.3. Effect of aspect ratio of the protruding thread part in axial force
detection performance

The impact of the length of the protruding thread part on the
accuracy of the axial force assessment was also investigated.
Fig. 13 shows the relationship between the axial force obtained
by the procedures described in Section 3.4 and the change rate of
the natural frequency, corresponding to Fig. 11(a) (bolt B) and
Fig. 11(b) (bolt C). For comparison, the results shown in Fig. 8 for
bolt A are overlaid. Considering the coefficients of variation for
bolts B and C, an axial force assessment was performed, yielding
axial forces of approximately 3.0 kN (ffi10%) for bolt B and 6.3 kN
(20%) for bolt C. Based on these results, an aspect ratio of 0.7 pro-
vides a better accuracy of the axial force assessment within the
range accounted for in this study as the axial force of bolt A is
assessed as 13 kN (40%). This result is of importance in the pro-
spect of using this methodology in real-world applications, demon-
strating that in order to employ this technique, we must be able to
define an optimal length of the protruding part.

3.6. Applicable range

The accuracy of the axial force assessment was examined using
M8 (bolt D) and M12 (bolt E). Based on the insight obtained in Sec-
tions 3.4 and 3.5, the aspect ratio was set to 0.7. Figs. 14 and 15
show the relationships between the axial force obtained by the
procedures described in Sections 3.4 and 3.5 and the bending mode
frequency of the protruding thread part.

Fig. 14 (bolt D) shows that the measurement is not properly
performed because in the range of the axial force from 20 kN
(100%) to 10 kN (50%), the secondary mode exceeds 40 kHz, which
is the upper limit of the measurement range. The frequency can be
enhanced beyond 40 kHz to assess the axial force of bolt D. How-
ever, in typical impact tests, creating an excitation force in the high
frequency band beyond 40 kHz is difficult. One solution may be to
employ laser excitation technology [39–48] or spherical projectile
impact method [49], but this needs to be further examined.

Fig. 15(a) (bolt E) shows that the primary and secondary natural
frequencies (repeated roots) are successfully measured at every
value of the axial force. Fig. 15(b) shows the relationship between
the axial force obtained by the procedures described in Sections 3.4
and 3.5 and the change rate of the natural frequency,
corresponding to Fig. 15(a). Fig. 15(b) implies that the coefficient
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Fig. 15. Axial force assessment of the test bolt: E (size: M12, aspect ratio: 0.7). (a)
Relationship between the measured bending mode frequency of the protruding
thread part and the axial force and (b) the relationship between the change rate of
the bending mode frequency of the protruding thread part and the axial force
corresponding to (a).
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of variation of the bending mode frequency for bolt E with the
nominal axial force is approximately 0.5%. Taking this coefficient
into account, the axial force is assessed to be 23 kN (50%) when
the threshold is set in the same manner as described in Sections
3.4 and 3.5.
4. Conclusions

This study proves that it is possible to measure the axial force
on bolt/nut assemblies by investigating the relationship between
the bending mode natural frequency of the protruding thread part
and the axial force. The results presented here demonstrate that it
is feasible to perform contactless measurement of the fastening
force of bolt/nut assemblies with remarkable accuracy, paving
the way to the application of this methodology in real-world
scenarios.

This experiment employed three types of high strength
hexagon-head bolts, which are commonly used in general mechan-
ical structures (M8, M10, and M12). In addition, the impact of
length of the protruding thread part on the accuracy of axial force
assessment was investigated by defining the length as the aspect
ratio. Three ratios were examined: 0.7, 1.7, and 3.7. For M10
(aspect ratio 0.7), this method estimates its axial force to be 13
kN (40%) and for M12 (aspect ratio 0.7), the assessed axial force
is 23 kN (50%). In general, a calibrated torque wrench has varia-
tions in measured axial force of ±30�±50% [2,3], while this method
can accurately measure the axial force within �40 to �50% against
the nominal axial force. This implies that if this method is to be
used in real-world scenarios, then structural failure of the bolt/
nut assemblies is extremely unlikely (i.e. operational conditions
systematically lie below the yield stress), since this represents an
underestimate at best.

By using impulse hammer testing along with FEA modeling we
bring evidence of the occurrence of a strong correlation between
axial force variation and natural frequency of the bolt/nut assem-
bly. This is motivated by the protruding threaded part of the bolt
and its axial force variation being assimilated respectively to a can-
tilever and a change in the rigidity of the cantilever fixed end.

We provide a new protocol which enables to effectively derive
the axial force from the bending mode frequency response. This
protocol is postulated on the definition of a coefficient of variation
which allows to highlight meaningful divergence of the character-
istic natural frequencies from a reference state (i.e. the nominal
axial force) while at the same time filtering out random, small
magnitude fluctuations in the fastening force.

The experiments bring evidence that the variation in the natural
frequency which enables this methodology to be so effective relies
on the difference between the primary and secondary natural fre-
quencies, which exist due to the bending mode having repeated
roots. Therefore, to realize an efficient and usability method, we
should not distinguish the bending mode frequency of the protrud-
ing thread part of the primary and secondary frequencies. In addi-
tion, it is shown that the aspect ratio of the bolts does affect the
accuracy of this method and that improved precision occurs for
bolts with an aspect ratio of 0.7.

Finally, we show that the range of application of the proposed
method is constrained to bolt sizes whose characteristic frequen-
cies lie below the 40 kHz, i.e. to M8 bolts. This constraint, however,
is solely attributed to the frequency excitation range enabled by
impact tests and hence it is straight forward to overcome this lim-
itation by employing more advanced technologies [39–49] such as
laser-based or spherical projectile impact excitation which natu-
rally operate on the high-frequency range.

Combined with laser excitation and laser Doppler vibrometer,
our methodology has the potential to dramatically reduce the
number of sensors and for the first time enabling automated, con-
tactless fastening force estimation. In the near future, the impacts
of the subject body (real assemblies with many modes or higher
frequencies, material of bolted joints, surface roughness, thickness,
the number of plates fastened, and the length of grip) and bolt
material on the accuracy of the axial force assessment should be
examined.
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