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Abstract
It is important to determine and control the clamping force of a bolted joint. Due to its simple setup, the torque control method
is typically used to control the clamping force when tightening bolts. After tightening, hammer tests, ultrasonic techniques and
methods employing sheet materials as sensors are often used. Manymethods have been proposed, but using them to determine
and control the clamping force during or after tightening bolts is labor intensive or expensive. Here we conduct impact tests
with an impulse hammer combined with experimental modal analysis to determine the clamping force by interpreting the
change in the local mode frequency of a bolt head in the high frequency region as a function of the clamping force. To
demonstrate the applicability of our method, we also investigate its limits with regard to bolt sizes.

Keywords Vibration · Non-destructive testing · Clamping force · Bolted joint · Experimental modal analysis

1 Introduction

Multiple bolts are often used to join or restrain the compo-
nents of a structure. Because loosening of these bolts may
damage the structure, it is important to be able to monitor
and control the clamping force of bolted joints [1]. Methods
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to control the clamping force while tightening bolts include
the torque control method, the turn-of-nut method, and the
torque gradient control method. Due to its simplicity, the
torque control method is the most widely used [2]. After
bolt tightening, hammer tests are traditionally used to deter-
mine the clamping force. In addition, commercially available
methods using ultrasonic waves exist. [3–6]. However, these
methods have some limitations in practical use. The disad-
vantage of hammer test is due to the skill, experience and
target frequency (audible frequency) of the experimenter. A
measurement accuracy of the clamping force obtained by the
ultrasonic method depends on the dimension precision of a
bolt such as a parallelism and smoothness of both edge faces
of a bolt, and bent bolt. To improve the measurement accu-
racy in the ultrasonic method, additional processes have to
be executed against all bolts of the bolted joints, because, in
general, store-bought bolts with low precision are used for
usual bolted joints. Therefore, a dozen methods in reference
to the clamping force of bolted joints have been studied; for
instance, an improved tightening method [7, 8], an effect on
lubrication [9], a health monitoring [10, 11], damping mech-
anism [12], and loosening subjected to vibration [13–25].

We are currently developing a method to detect bolt
loosening based on the Recognition-Taguchi method and a
non-contact vibration test that uses laser ablation as the exci-
tation force [26]. This method takes advantage of the fact
that any damage to a structure greatly affects the natural fre-
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quency and vibrational mode shapes in the high frequency
region of several tens of kHz [26]. Methods that use sheet
sensors are also being considered, in which the changes in
the natural frequency of the sheet sensors are interpreted as
changes in the clamping force of the bolted joint [27]. Con-
sequently, many methods have been proposed to measure
and control the clamping force of a bolted joint during or
after tightening, but none have reasonable labor and financial
costs. If the clamping forceof a bolted joint canbedetermined
without using special equipment or adding to the structure of
the bolted joint, similar to the sheet sensor method, it would
contribute to the development of a more practical method to
control the clamping force.

In this study, the clamping force of a bolted joint is
determined via impact testing with an impulse hammer and
experimental modal analysis. Changes in the local mode fre-
quency of the bolt head in the high frequency region are
correlated with changes in the clamping force. If changes in
the clamping force can be determined from the changes in
the natural frequency (mode) of the bolted joint, it would be
difficult to determine which mode to monitor because natu-
ral modes can vary infinitely with the size and shape of the
bolted joint. However, if the changes in the local mode fre-
quency can be interpreted as changes in the clamping force,
then the measurement process would be simplified.

The bolt head of the bolted joint focused in our experiment
can be considered like a cantilever with elastic suspensions
composed of translational and rotational springs. The local
mode of the bolt head can be assumed to vibrate such as the
vibrational mode shape of this cantilever. The local mode fre-
quency decreases as the clamping force decreases, because
the joint stiffness (translational and rotational springs) can
be assumed to be relatively descended as the clamping force
decreases. In the previous paper, Okugawa et al. [28] had
investigated analytically the relationship between natural fre-
quencies of a smart washer and a clamping force. They
assumed the smart washer as a cantilever with elastic suspen-
sions. In the paper, the natural frequencieswhen the clamping
force is sufficiently large are the same as ones with fully fixed
condition. Hence, an experimenter only has to measure the
natural frequencies of the smart washer to detect a clamping
condition of the bolted joint, because the natural frequencies
decrease as the clamping force decreases.

We take advantage of this perception [28]. By the same
token, the joint stiffness of the bolted joint decreases as the
clamping force decreases. Therefore, the local mode fre-
quency of the bolt head decreases as the clamping force
decreases. More specifically, we should monitor the change
in the local mode frequency. In case of monitoring the global
mode frequencies, we need to know the vibrational mode
frequency which has a susceptibility to the clamping force
degradation from enormous modes of a target structure with
bolted joints; however this common approach is unrealistic

because this is a time-consuming method. Our technique has
an advantage, which is hassle-free, because the technique
just monitors the change in the local mode frequency of the
bolted joint.

Here we determine the clamping force of a bolted joint
by conducting mode characteristic analysis on the frequency
response function (FRF) of a bolted joint, which is obtained
from impact testing, as well as studying how the local mode
frequency changes as a function of the clamping force. We
also verify our method by examining the range of applicable
bolt sizes.

2 Clamping Force Evaluation Using Changes
in the Local Mode Frequency of a Bolt Head

2.1 Bolted Joint

To eliminate the effects of friction between fastened objects
and the natural frequency of the bolted joint on the local
mode frequency, we used a simple-shaped integral structure
without natural modes in the measurement frequency range.
A single bolt was fastened to the structure, and the relation-
ship between the clamping force of the bolted joint and the
local mode frequency was investigated. Figure 1 shows the
35 mm aluminum cube used in our experiments. Analysis of
the cube’s natural frequency using the finite element method
(FEM) implemented in NASTRAN (HEXA solid elements,
1 mm mesh size) showed that the first natural frequency is
62 kHz. Therefore, the cube does not have any natural fre-
quencies in the measurement range of up to 40 kHz. The bolt
sizes used in the experiment and their corresponding recom-
mended tightening torques are as follows: M4 (0.75 Nm),
M5 (1.4 Nm), M6 (2.6 Nm), and M8 (6.2 Nm). In this paper,
we substituted the clamping force with the tightening torque
value obtained from the torque control method. Additionally,
we defined the clamping force ratio as the ratio of the desired
tightening torque (desired clamping force) to the recom-
mended tightening torque (recommended clamping force).
The clamping force ratio varied between 0.1 and 1.0 in 0.1
increments. The bolts were tightened with torque wrenches
(Tohnichi Mfg. Co., Ltd. SF40CN, SF6N, and SF12N).

2.2 FRFMeasurements

The FRF of the bolted joint was measured by impact testing
(Fig. 1). The bolted joint was freely supported by strings. In
Fig. 1 (right), Points 1–5 are the excitation points on the bolt
head, while Points 6–9 are the excitation points on the cube.
The response was measured by an accelerometer (PCB Inc.
352A25, mass: 0.7 g, sensitivity: 0.263 mV/(m/s2), natural
frequency:>80 kHz) attached by an adhesive to the back-
side of Point 1. Points 1–9 were sequentially excited by a
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Fig. 1 Experimental setup (Color figure online)

miniature impulse hammer (Brüel & Kjær Sound & Vibra-
tion Measurement A/S Type 8204, sensitivity: 22.26 mV/N),
and a total of 9 FRFs were measured by a spectral analyzer
(A/D: National Instruments Co. NI PXI-4472B; software:
Catec Inc. CAT-System). The FRFs were obtained by aver-
aging 10 measurements, and rectangular window functions
were employed.

2.3 Local Mode of the Bolt Head

Figure 2a–d show the absolute value amplitudes, phase
characteristics, and coherence functions of the auto-FRFs
obtained at Point 1 for the different bolt sizes and clamping
force ratios used. We initially investigated how the dynamic

Fig. 2 Measured FRFs of the
35-mm aluminum cube with one
bolt. a M4, bM5, c M6, and d
M8 (Color figure online)
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Fig. 3 Clamping force evaluation of the 35-mm aluminum cube with
one bolt. a Example of the local mode of the bolt head (bolt size: M6,
natural frequency: 36.8 kHz, clamping force ratio: 0.5) and b the rela-
tionship between the local mode frequency of the bolt head and the
clamping force ratio (Color figure online)

characteristics of bolted joints change as functions of the
clamping force. Figure 2a and b indicate that the absolute
value and the phase characteristics of the FRF hardly change
with the clamping force of the bolted joint within the mea-
surement frequency range of up to 40 kHz. However, the
absolute values and the phase characteristics in Fig. 2c and d
show that the natural frequencies shift to the lower frequency
region as the bolt size (or bolt mass) increases. Thus, we con-
clude that our method can be used to determine the clamping
force of bolted joints with bolt sizes of M6 or larger. If a
non-contact excitation technique based on laser ablation [26,
29–36] or laser-induced plasma shock wave [37–47] can be
used to excite target bolted joints for high frequency region
over 40 kHz, a clamping force detection for miniature bolted
joints may be realized.

Next, we conduct experimental modal analysis to deter-
mine whether the natural frequencies that show changes in
Fig. 2c and d are local modes. Figure 3a shows an example
of a local mode of a bolt head with an M6 bolt correspond-
ing to a clamping force ratio of 0.5. The natural frequency
in Fig. 2c is a local mode. Similarly, local modes also exist
for M8 bolts. Figure 3b shows the relationship between the
clamping force ratio and the local mode frequency for M6
and M8. As the clamping force increases, the local mode
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Fig. 4 Test piece

frequency shifts to a higher value, indicating that there is a
relationship between the clamping force and local mode fre-
quency. Although different bolt sizes result in different local
mode frequencies, the general trend remains the same forM6
and M8 bolts. Therefore, this method determines a clamp-
ing force of bolted joints by observing changes in the local
mode frequency of a bolt head in the high frequency region
as functions of the clamping force.

3 Case Study with Five-Bolt Structure

To investigate the relationship between the clamping force
and the local mode frequency for bolted joints with multiple
bolts, we used a bolted joint consisting of a cuboid aluminum
block (150 mm×50 mm×20 mm, 398 g) and five M6 bolts
fastened at Points A–E as the test piece (Fig. 4). The fol-
lowing four cases were considered: the clamping force ratio
for all bolts is 1.0 (case 0), the clamping force ratio for
bolt A is 0.1 (case 1), the clamping force ratio for bolt A
is 0.5 (case 2), and the clamping force ratio for bolt C is
0.1 (case 3). The bolts were tightened with a torque wrench.
The lower panel in Fig. 4 shows the excitation and mea-
surement points used in the experiment. The responses were
measured by an accelerometer attached by an adhesive to the
backside of Point 1. 28 points were sequentially excited by
a miniature impulse hammer to obtain measurements for the
28 FRFs with a spectral analyzer. The accelerometer, minia-
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Fig. 5 Clamping force
evaluation of the part tightened
by five bolts (case 1). a
Measured FRF and vibrational
mode shape for case 1 (clamping
force ratio of bolt A: 0.1, natural
frequency: 26.2 kHz), and b
magnified measured FRF for
case 1 corresponding to (a)
(Color figure online)
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Fig. 6 Clamping force
evaluation of the part tightened
by five bolts (case 2). Measured
FRF and vibrational mode shape
for case 2 (clamping force ratio
of bolt A: 0.5, natural frequency:
33.7 kHz) (Color figure online)
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Fig. 7 Clamping force
evaluation of the part tightened
by five bolts (case 3). Measured
FRF and vibrational mode shape
for case 3 (clamping force ratio
of bolt C: 0.1, natural frequency:
18.7 kHz) (Color figure online)
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ture impulse hammer, spectral analyzer, and measurement
conditions were the same as those described in the Sect. 2.3.

The relationship between the changes in the clamping
force and the changes in the dynamic characteristics of the
bolted joint was studied by comparing the auto-FRFs mea-
sured at Point 1 for cases 1–3with those for case 0. Figures 5,
6 and 7 show the measured auto-FRFs for cases 1, 2, and 3,
respectively, where case 0 is overlaid for comparison. The
corresponding vibrational mode shapes are shown on the
right side of the figures. Figure 5b shows an expanded view
of the FRF in the frequency range of 20–40 kHz for case
1. The data show that the shapes of the FRFs for cases 1–3
differ from that of case 0 in the high frequency region above
15 kHz. Additionally, a new peak (marked “L”) is observed
for case 1 but not case 0. Comparing Figs. 5 and 7 indicates
that even if the clamping force ratio is the same, the different
positions of the loose bolt result in different changes in the
dynamic characteristics in the high frequency region above
15 kHz and different FRF shapes.

Next, we studied how the local mode frequency changes
with the clamping force for cases 1–3. The local modes were
obtained through experimental modal analysis of the high
frequency region above 15 kHz where the changes in the
dynamic characteristics were observed in the FRFs in Figs. 5,
6 and 7. Comparing the right sides in Figs. 5 and 6 shows that
when the clamping force of the bolted joint is changed by the
same bolt, the local mode frequency shifts to a higher value
(from 26.2 to 33.7 kHz) as the clamping force increases. This
is the same trend observed in the Sect. 2.3. In the right sides
of Figs. 5 and 7, the local modes appear for bolts A and C.
This differs from case 0.

These results demonstrate that the clamping force can be
determined byunderstanding how the localmode frequencies
change with the clamping force of the bolted joint. However,
a more detailed analysis is required as this was only a case
study, and the relationship between the clamping force and

local mode frequencies may depend on factors such as the
size of the bolted joint, the position of the bolts, and bolt
size. Furthermore, if the relationship between the clamping
force and local modes can be systematized through detailed
experimental analyses of the localmode characteristics under
various conditions, techniques may be developed to monitor
the clamping force and evaluate bolt loosening after tighten-
ing.

4 Conclusions

We determined the clamping force of bolted joints through
impact testing and experimental modal analysis, where the
changes in the local mode frequency of the bolt heads in
the high frequency region were interpreted as changes in the
clamping force. To eliminate the effects of friction between
fastened objects, our experiments employed integral struc-
tures with simple shapes. We monitored the auto-FRFs to
investigate the changes of the dynamic characteristics of a
bolted joint as functions of clamping force. The natural fre-
quencies that undergo changes in the auto-FRFs are local
modes, and the clamping force and local mode frequency
are related. Our method can determine the clamping force of
bolted joints for bolt sizes of M6 or larger.

As a case study, we examined the relationship between
the clamping force and the local mode frequency for a bolted
jointwithmultiple bolts. The relationship between the clamp-
ing force and localmode frequencypersists formore complex
bolted joints.

To realize full-field evaluation technique of the clamping
force, we should systematize the relationship between the
local mode frequencies and the clamping forces. At the same
time, for realizing the inspection of the clamping force, it
is required to determine the threshold of the clamping force
degradation using the localmode frequency degradation. The
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local mode frequency and its amplitude of Fourier spectrum
may vary by effect on lubrication, friction, fastening condi-
tion, an individual difference of a bolt, etc. It is expected that
the threshold amplitude related to the local mode frequency
can be determined through these investigations as our future
works. Furthermore, other local modes with different fre-
quencies sensitive to the clamping force may exist; this is
also our future works.
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