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Abstract 

Threaded fasteners are one of the most commonly used connection methods for mechanical structures. Its pri-
mary function is to generate appropriate clamping forces and fasten the connected parts. An inappropriate preload 
can cause loosening, fatigue fracture, and other problems. This will affect the safety and reliability of mechanical 
equipment. The precise control of the preload has become a critical issue in mechanical assembly processes. Over 
the past few decades, various tightening measures and methods have been proposed to address this issue. However, 
many problems continue to exist with practical applications that have not been reviewed comprehensively and sys-
tematically. First, various control methods were summarized systematically, and their advantages and disadvantages 
in engineering applications were analyzed. Torque control is the most widely used tightening method owing to its 
simple operation and low cost. Therefore, the research on the torque control method was summarized systematically 
from three aspects: the torque–preload correlation formula, effective friction radius, and friction characteristics dur-
ing tightening. In addition, the special circumstances that may increase preload uncertainty were discussed. Finally, 
based on a summary of the current research status, the prospects for future research were discussed. This study would 
aid researchers in extensively understanding the problems in preload control.
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1 Introduction
Threaded fasteners are used for joining two or more 
mechanical parts. This is one of the most widely used 
connection methods in engineering applications. The 
most significant advantages of threaded fasteners are the 
convenience of assembly, disassembly, interchangeability, 
and maintenance. These are widely used in various 

mechanical structures such as aerospace, rail transit, 
automobiles, machine tools, and pressure pipeline 
vessels [1–5]. According to statistics, the number of 
bolt assemblies in a car can exceed 3000. This accounts 
for over 30% of the total work volume in automobile 
manufacturing and assembly [6]. The purpose of a 
bolted joint is to achieve the expected preload to prevent 
movement and separation of the mechanical parts. The 
preload is also known as the initial clamping force. The 
amount and stability of the bolt preload directly affect 
the normal operation of the entire machine and safety of 
humans in critical applications.

Bickford [7] reported that the most common problems 
with bolted joints are caused by incorrect preload. 
Incorrect preloading may cause various problems such 
as the static failure of fasteners and connectors, vibration 
loosening, fatigue failure, relative sliding, or separation of 
connected parts. The failure of a bolted joint may cause 
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severe accidents and economic losses. For example, an 
accident attributed to bolt failure occurred in 1979 when 
Flight 191 from Chicago’s O’Hare Airport crashed 30  s 
after take-off, killing 273 passengers. On November 12, 
2001, Flight 587 crashed shortly after it took off from 
JFK International Airport, killing 265 individuals. This 
was attributed to the loosening of the bolts that fixed the 
vertical stabilizer to the airplane tail [8].

However, monitoring the preload during tightening 
is difficult. Hence, achieving the expected preload is 
challenging. In addition, many variables and uncertainty 
factors affect the generation of the expected preloads. 
These include the factors related to the joint (materials, 
configuration, surface finishes, and gaskets) and threaded 
fasteners (materials, shape, coating, and lubrication), 
types of tools and their accuracy, assembly strategies, and 
environmental factors. To obtain the expected preload, 
researchers have extensively studied preload control 
methods in the past few decades. Several tightening 
methods are currently used. These include torque, torque 
angle, strength, yield, ultrasonic, and strain controls.

However, a comprehensive review of the tightening 
methods for threaded fasteners, which is the motivation 
for this study, is unavailable. In this paper, the 
extensive literature on preload control is summarized 
systematically, and a review article on preload control 
methods is presented. This review would help researchers 
understand the technological developments and research 
status of tightening methods.

The framework of this review is illustrated in Figure 1. 
First, it introduces several tightening methods. Sub-
sequently, a detailed and systematic discussion of the 
torque control method is presented from three aspects: 
the torque–preload correlation formula, effective fric-
tion radius, and friction characteristics during tighten-
ing. In addition, the special circumstances that can cause 

uncertainty in the preload are summarized. Finally, the 
perspectives and future research directions for preload 
control methods are discussed based on a comprehensive 
review and summary.

2  Development of Tightening Methods
The primary reason for bolted joint failures is the 
incorrect bolt preloading at the initial assembly and the 
decrease in clamping force during the subsequent service. 
Achieving the expected bolt preload is the objective of 
the initial assembly of bolted joints. Researchers and 
engineers have developed various methods for measuring 
and controlling bolt preload. This section describes the 
development of these methods.

2.1  Torque Control Method
Torque control is a method for indirectly controlling the 
preload by rotating the bolt head or nut to a specified 
torque. This is the most widely used method because 
of its convenience of operation. The following is a brief 
description of the two most commonly used models.

2.1.1  Short‑Term Torque–Preload Correlation
Researchers have attempted to include all the factors that 
influence the torque–preload correlation by using the nut 
factors. The simplest equation, generally called the short-
term equation, can be expressed as follows:

where T  denotes the tightening torque, K  denotes 
the dimensionless nut factor, D denotes the nominal 
diameter of the fastener, and F  denotes the bolt preload.

When the short-form equation is used, the nut factors 
are estimated, obtained from a table, or determined 
through testing. Bickford [7] provided the mean values 
of the nut factors for various combinations of joint 
materials and surface conditions. However, the scatter 
in the tabulated values of the nut factors is too high to 
provide a reliable prediction of the torque–preload 
correlation according to Eq. (1). As stated in VDI 2230, 
the nut coefficient is associated with the tightening 
method, and different tightening methods correspond to 
different ranges of nut coefficients. In addition, a method 
to determine the nut coefficient has been provided to 
ensure accurate control of the preload [9]. The preload 
is considered a percentage of the proof strength or yield 
strength. This percentage is generally assumed to be 
constant (e.g., 75% of yield). Therefore, the short-term 
equation does not address the role that torsion plays in 
achieving the maximum preload. To optimize the bolt 
preload using this approach, the percentage of yield 
strength should vary with the changes in the nut factors.

(1)T = KDF ,

Figure 1 Framework of the review
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2.1.2  Long‑Term Torque–Preload Correlation
Many additional equations are available in the 
engineering literature that relate the input torque to 
the preload, thread geometry, and friction coefficients. 
Motosh [10] first defined this relationship. In the absence 
of a prevailing torque and omitting the three-dimensional 
effect of the helix angle of the thread profile, we obtain

where Tp is the pitch torque component, Tt is the thread 
friction torque component, Tb is the bearing friction 
torque component, P is the thread pitch, µt is the thread 
friction coefficient between the thread of the bolt and 
nut, rt is the effective contact radius between threads, β is 
half of the thread profile angle (30° for standard UN and 
ISO threads), rb is the effective bearing radius, and µb is 
the bearing friction coefficient between the bolt head or 
nut and joint surface.

In general, 90% of the tightening torque is used to 
overcome friction. Here, the friction on the bearing 
surface and thread pair account for approximately 50% 
and 40%, respectively. Only approximately 10% of the 
tightening torque is used to stretch the bolt and generate 
a preload. This is the “5-4-1” criterion. Many variables 
affect the friction in threaded fasteners. Therefore, the 
friction coefficient is difficult to control and essentially 
infeasible to predict. With a large amount of friction 
scatter, the amount of preload achieved by the torque 
control method may not be close to the calculated or 
expected value.

2.2  Torque‑Angle Control Method
Considering the shortcomings of the torque control 
method, it is determined that the rotation angle of 
the bolt head is proportional to the bolt elongation. 
Therefore, the torque-angle method can be adopted to 
achieve a predetermined preload by rotating the bolt head 
or nut to a specified angle. It was first introduced and 
implemented by the Association of American Railroads 
approximately 70 years ago. It was subsequently modified 
by the Bethlehem Pacific Coast Steel Corporation [11]. 
The original torque-angle method, also known as the 
turn-of-the-nut method, stretched the bolt beyond its 

(2)T = Tp + Tt + Tb,

(3)Tp =
P

2π
F ,

(4)Tt =
µt rt

cosβ
F ,

(5)Tb = µbrbF ,

yield point. The torque-angle method currently used in 
the industry is a modified version of the original turn-
of-the-nut method. The bolts are tightened within the 
elastic range.

Figure  2 shows the preload–angle curve. The torque–
angle tightening process can be divided into two stages. 
First, a threshold torque is selected to bring the bolt head 
or nut close to the connected part, which reaches the 
linear stage (as shown in Figure 2). During the rundown 
of the signature, negligible to no preload is produced 
until the joint parts are aligned and snugged together to 
a threshold level. The bolt head or nut is then turned to 
a specified angle. However, if the bolt head or nut con-
tinues to rotate, the bolts can exceed the yield point and 
eventually break after the linear region ends.

Bickford [7] provided a linear relationship between the 
preload and the rotation angle of the bolt head/nut in the 
linear phase as follows:

where Kb and Kc are the tensile elastic moduli of the bolt 
and compression elastic moduli of the connected parts, 
respectively.

Bray and Levi [12] concluded that the torque-angle 
control method afforded significantly better control of 
the induced bolt load than the torque control method. 
The scatter in the bolt preload induced by a given 
tightening torque may be over four times larger than that 
for angle-rotation control under comparable conditions. 
In addition, researchers [13–15] have contended that the 
preload generated by torque-angle control is proportional 
to the angle of turn regardless of the frictional variables. 
Although the torque-angle control method has 
remarkable advantages compared with the torque control 
method, it has the following problems. First, the stiffness 

(6)F =

(

KbKc

Kb + Kc

)

P
�θ

360◦
,

Figure 2 Preload–angle signature
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values of the threaded fastener and connected parts are 
relatively difficult to calculate, particularly when the bolt 
is short. In addition, the starting point of the linear phase 
of the preload–angle curve varies with the bolts, which 
increases the uncertainty of the elastic constant.

Subsequently, Fukuoka et al. [16] considered the effects 
of the surface roughness and the inclination angle of 
the bearing surface when calculating the stiffness. They 
concluded that the surface roughness causes a highly 
nonlinear tension–angle relationship. Additionally, they 
recommended the torque-angle control method in the 
elastic range as more appropriate for bolted joints with 
large grip lengths and high bolt tensions. In 2008, Nassar 
and Yang [17] proposed a modified torque-angle (M-T-
A) method that considered the effects of the evolution of 
friction coefficients, rotational clearances in the socket 
and/or tool drive, twist angle of the bolt, and elastic angle 
of twist of the drive of the machine. The M-T-A control 
method can significantly reduce the effect of the friction 
coefficient variation from one tightening cycle to another 
on the error.

2.3  Stretch Control Method
Stretch control is a method in which the variations in 
the length of a threaded fastener are monitored. The 
relationship between the bolt length variation and bolt 
preload during the tightening process of the elastic bolts 
is given by Corbeet [14] as follows:

where Kb is the bolt stiffness; D is the nominal bolt 
diameter; E is the Young’s modulus of the bolt material, 
L1 and A1 are the length and cross-sectional area of the 
bolt shank, respectively; L2 and A2 are the length and 
area of the grip thread, respectively; AD is the area at the 
nominal diameter; and 0.4D is the effective length of the 
bolt head and the effective length of the threads engaging 
a nut or tapped hole.

Similar to the torque-angle control method, the key 
to the stretch control method is the accurate calculation 
of the threaded fastener stiffness. Several formulas have 
been proposed to accurately estimate the stiffness. In 
general, a preferable result can be obtained using the 
stiffness estimation formula. However, it is necessary to 
determine the stiffness of threaded fasteners through 
tensile tests for certain special connections.

In addition, it is important to measure the length 
of the threaded fastener accurately using the stretch 
control method. The most commonly used methods 
for measuring threaded fastener elongation include 
the C-micrometer, gauge screw, gauge rod bolts, and 
ultrasonic methods. These methods are time-consuming, 

(7)�L =
F

Kb

= F

(

0.4D

EAD
+

L1

EA1

+
L2

EA2

+
0.4D

EAD

)

,

have certain limitations, and may not be suitable for mass 
bolt assembly applications. High-accuracy ultrasonic 
measurement is a potential technology for measuring the 
residual clamping force of long-term service bolts.

2.4  Yield Control Method
Tightening a bolt to yield was first presented by the Asso-
ciation of American Railroads approximately 70 years ago 
[11]. Its advantage is that the tightening process is con-
trolled by material properties regardless of the torque. 
The scatter of the final preload is relatively small because 
the material properties vary negligibly [14]. In addition, 
a higher preload is obtained. Hence, these are generally 
applied to crucial connections that require high clamp-
ing forces. Tightening to yield requires the simultane-
ous measurement of the tightening torque and rotation 
angle during the tightening process. The torque–angle 
curve and torque gradient curve are shown in Figure  3. 
The slope of the curve varies (Point B), which signifies the 
beginning of material yield.

There are two methods to achieve tightening-to-yield-
point. The first method ensures that the fastener safely 
exceeds its yield point at a fixed rotation angle. However, 
it has a significant disadvantage in that most fasteners 
run the risk of thread distortion or necking if used more 
than two–three times. Therefore, reuse of the bolts is not 
recommended. The second method uses a torque gradi-
ent. This method was first presented by Boys and Wallace 
[18] with an emphasis on mass-production applications 
such as automotive assembly plants. It employs a torque 
gradient–angle curve (Figure 4) to detect the yield point 
and stops tightening when the gradient drops at the yield 
point (Point B). This is the most effective yield tighten-
ing method: It achieves a high and accurate preload and 
minimum bolt-elongation past yield without the need for 
special calibration. Moreover, it permits bolt reuse.

Figure 3 Torque–angle signatures
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The yield of threaded fasteners is caused by the com-
bined action of axial and shear stresses. Therefore, it is 
different from the torque-angle control method in that 
friction has a significant influence on the final preload 
obtained using the yield point control method. Bray 
and Levi [12] were the first to experimentally verify 
that the rotation angle of the nut required to tighten 
the bolt to the yield point is significantly affected by 
lubrication. Monaghan [19] obtained similar results in 
a series of experiments. Bickfold et al. [14] determined 
the effect of friction on the yield point, as shown in 
Figure  4: When the friction coefficient is larger, the 
friction torque on the bolt is also larger, and a higher 
torsional stress was generated. A higher shear stress 
implies a lower bolt tension.

A few researchers [13, 20] employed the finite 
element method to investigate the behavior of 
bolted joints tightened beyond the yield point. They 
indicated that the threshold of the nonlinear behavior 
and maximum bolt tension at yield decreases with 
an increase in the friction coefficient. Toth [21, 22] 
presented a complete theoretical model for tightening 
a screw over its yield point and simulated tightening 
using Monte Carlo and Taylor series expansions, 
respectively. Additionally, the effect of tightening 
to the yield point on the joint performance was 
investigated systematically [23–25].

Tightening to yield creates a significantly higher 
preload during the joint assembly. The preload 
scatter is reduced significantly compared with the 
torque control method. However, this method cannot 
be applied to brittle bolts. In addition, the effects 
of tightening plastic zones on the joint dynamic 
performance, fatigue performance, and repeated 
tightening performance of the bolts should be studied 
further.

2.5  New Tightening Technology
In addition to conventional methods, researchers have 
proposed improved tightening methods based on these 
methods. Hagiwara and Ohashi [26] proposed a new 
technique based on the torque difference and relative 
rotation angle during the tightening and loosening 
processes of threaded fasteners. The experimental 
results demonstrate that this technique can estimate 
the preload with high accuracy. Mori et  al. [27–29] 
proposed a new tightening method based on the torque 
method to reduce the scatter of bolt preloads. However, 
the tightening process is complex. Moreover, the effect 
of the friction variation caused by repeated tightening 
need to be considered. Zhang et  al. [30] introduced the 
torque gradient, tightening speed, and stiffness of the 
connecting structure into a torque–preload relationship 
formula using an integrated yield control and torque 
control method. The friction effect was compensated 
for by the torque gradient. However, a calculation error 
was introduced in the bolt stiffness. Hareyama et al. [31, 
32] considered the tightening torque and equivalent 
stress coefficient as independent random variables. They 
established a method to increase the target tightening 
torque using the elliptical confidence limit. This method 
can obtain a higher preload to maintain the tightening 
reliability. Hwang et al. [33] used finite element analysis 
with a detailed three-dimensional model and dynamic 
simulation to simulate the fastener installation process 
and obtain the torque–angle signature curves for different 
static and kinetic friction coefficients. Finally, the 
installation torque was determined based on the torque–
angle curves. Schüthe et  al. [34] proposed a method 
for measuring the preload based on bolt torsion to 
overcome the friction uncertainty in conventional torque 
measurement methods. Zhang et  al. [35] improved the 
reliability of mechanical products by directly controlling 
the preload during bolt tightening using an improved 
intelligent wrench and signal processing system.

2.6  Ultrasonic Control Method
The ultrasonic control method for a bolt preload is 
essentially a method for measuring its elongation or stress 
state during tightening. Therefore, there are two methods 
for tightening bolts using ultrasonic instruments. One 
directly measures the bolt elongation, whereas the other 
directly measures the bolt stress. Ultrasonic control that 
relies on elongation measurement is a convenient method 
to achieve stretch control. Therefore, it cannot eliminate 
potential variations in the stretch control method. 
Meanwhile, it is also affected by the stress distribution 
on the bolts. In practical applications, the precision of 
ultrasonic control is ensured by calibration [36].

Figure 4 Effect of friction on fastener yield point
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Ultrasonic elongation measuring devices were 
first developed by Douglas Aircraft Co. and Erdman 
Instruments Co. in the early 1970s [11]. In 1988, Bickford 
[37] summarized certain factors that affect the accuracy 
of elongation measurements using ultrasonication, such 
as the non-uniform tensile stress, anisotropy of the bolt 
material, residual manufacturing stresses, and variations 
in bolt material properties such as non-uniform thermal 
coefficients and elastic modulus. In the subsequent 
decades, to improve the accuracy of elongation 
measurements using ultrasonic waves, researchers 
extensively studied the effect of non-uniform tensile 
stress [38–40] and stress state [41–45] on wave velocity. 
In 2016, Persson et  al. [46] compared the accuracy of 
preloads obtained by torque control, angle control, 
gradient control (yield control), elongation control, and 
ultrasonic control. The results showed that ultrasonic 
control obtained the smallest preload dispersion, whereas 
torque control achieved the largest preload dispersion. In 
addition, the relationship between the axial stress of the 
bolts and nonlinear coefficient was studied. This provided 
a new method for detecting stress in bolts in the service 
state [47].

Ultrasonic measurement is typically used as a 
nondestructive testing technology to monitor the residual 
axial force of a bolt in service, as opposed to controlling 
the bolt preload during tightening. It is considered a 
potential method for the accurate, rapid, and convenient 
monitoring of bolt preloads. However, bolts have certain 
special requirements such as the surface roughness of the 
bolt head. In addition, the equipment is expensive and 
complex, and the error percentage is relatively high for 
exceptionally short bolts. These factors significantly limit 
the widespread use of ultrasonic technology in practical 
engineering applications. In addition, the accuracy of 
ultrasonic measurements is influenced by many factors 
such as temperature, residual stress, and material 
properties.

2.7  Strain Control and Direct Preload Control Method
2.7.1  Strain Control Method
Strain control is achieved by continuously monitoring the 
elastic strain of the bolt shank until it attains a specified 
value. The relationship between the bolt tension and 
elastic strain is as follows:

where At is the tensile area of the bolt and ε is the axial 
strain.

In general, strain control is achieved by installing 
a strain gauge on the bolts or using a piezoelectric-
enhanced load washer. With technological 
developments, researchers and manufacturers have 

(8)F = AtEε,

begun to integrate strain gauges and bolts. Although 
strain control has high precision, it has significant 
shortcomings such as the high cost, time consumption, 
inconvenience of implementation, and incapability 
of being removed. Therefore, these are used only in 
laboratories for research purposes and are impractical 
for mass-production applications.

2.7.2  Direct Tension Indicator (DTI) Method
The tension of the bolt is measured using a washer with 
protruding features or a bolt head (specially designed 
or otherwise). All DTIs are designed for specific joints 
and unique purposes. The advantage of this method is 
that it is simple to install and use. However, its disad-
vantage is that it requires a special design for each con-
nection. In addition, bolts that indicate tension owing 
to deformation are generally not reusable. Figure  5 
shows common DTI bolts.

Another DTI bolt is shown in Figure  6. A gauge pin 
at the center of the bolt supports a red indicator disk. 
When the bolt is tightened, the pin moves away from 
the window. This enables a certain black liquid to enter 
the chamber between the disk and window. Simulta-
neously, the color can be observed to shift from red to 
black from the window.

Figure 5 Direct tension indicator bolts [7, 11]
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2.7.3  Alternate Design Bolt
Bolts with additional design features to indirectly 
indicate bolt tension are used occasionally. The 
common design features include twist-off bolts and 
lockbolts. The tension of the alternate-design bolt is 
determined by the snap-off of the spline or pintail of 
the bolt. Thus, alternate bolt designs are limited to 
one-time use [7, 11].

2.7.4  Bolt Tensioner
The intent of a family of tools called bolt tensioners 
is tension control. A significant advantage of the 
tightening operation with a bolt tensioner is its 
inherent independence from the friction coefficients 
that generate uncertainties in the bolt tension [48]. 
Therefore, this method is used to tighten critical 
structures in which the clamping force should be 
controlled with a high accuracy.

The ratio of the expected clamping force to the 
initially applied tension (termed “effective tensile 
coefficient”) is the most important factor to be predicted 
in advance for given joint configurations. Researchers 
have systematically calculated the effective tension 
coefficient using theoretical derivations [48, 49] and 
numerical analyses [48, 50]. In 2008, Hashimura et  al. 
[51] analyzed in detail the variation in the fitting state 
of the engagement thread during the process of tensile 
tightening. They concluded that the higher the target 
preload, the smaller is the error after tightening.

2.7.5  Bolt Heater
Although the equipment and procedures used differ 
significantly, the task accomplished by a bolt heater is 
similar to that achieved by a bolt tensioner. A major 
advantage of the bolt heater is that it is inexpensive. 
The cost advantage of the bolt heater increases with 
an increase in the diameter of the threaded fasteners. 
Therefore, bolt heaters are widely used for tightening 
bolted joints with large nominal diameters, where 
high tension is required. However, it is a relatively slow 
process. Moreover, the actual tightening operation 
requires a significant amount of operator skill. In 
addition, decarbonization may occur on the threaded 
surfaces when the bolts are heated [7].

Fukuoka  et al.  [52–54] systematically investigated 
the effects of grip length, rundown torque, and thermal 
contact resistance on the heating operation using the 
finite element method. They proposed a practical method 
to predict the heating period necessary for the target bolt 
preload under certain conditions. Because of their unique 
advantages, hydraulic bolt tensioners and bolt heaters 
are used in critical structures with large-diameter bolts. 
However, guidelines for the practical application of these 
two methods are unavailable. In most cases, this relies on 
the experience and skills of workers.

2.8  Summary of Various Tightening Methods
As mentioned above, extensive research has been 
conducted on the control of bolt preloads. Various 
tightening methods have been proposed. These can be 
divided into direct and indirect control according to 
their working principle. These are suitable for different 
situations owing to their unique characteristics. The 
characteristics are summarized in Table 1.

Certain tightening methods achieve higher precision 
than the torque control method. However, these are not 
widely used in practical engineering because of their high 
cost, complex operation, and other constraints. Many 
of these methods are used only for critical structures 
that require high precision or tension. Conversely, 
although the scatter of the preload obtained using the 
torque control method is larger, it is the most widely 
used method in practical engineering because of its 
convenient implementation. Thus, many studies have 
been conducted over the past few decades to improve 
the accuracy of torque control methods. The next section 
systematically summarizes these studies.

3  Research on Torque Control Method
The scatter of the clamping forces obtained by the 
torque control method can be attributed to three fac-
tors: the inaccurate torque-preload correlation formula, 

Figure 6 Direct tension indicator bolt [11]
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replacement of the effective friction radius with the aver-
age radius, and complex friction characteristics during 
tightening. Many studies have been conducted on these 
three aspects to improve the accuracy of torque control 
methods. This section summarizes the development his-
tory and research status of the torque control method 
based on these three aspects.

3.1  Torque–Preload Correlation Formula
It is critical to establish an accurate torque–preload 
correlation model for torque control. As shown in Eq. 
(1), the relationship between the torque and preload was 
established using nut factors and the nominal diameter of 
the bolt. However, the scatter in the preload obtained by 
turning the bolt head or nut to a preset torque (calculated 
using the nut factors) is significantly large. Hence, 
researchers have attempted to establish a more accurate 
torque–preload correlation formula. The formula is 
mainly based on the balance relationship between 
the force and moment during the tightening process. 
Because the geometric structure of threaded fasteners 
is highly complex, researchers generally simplify it to a 
certain extent during mechanical analyses.

Motosh [10] appears to have been the first to propose a 
precise torque–preload correlation formula. It is shown 
in Eqs. (2)–(5). As discussed previously, it is pertinent 
to cases without prevailing torque and omits the three-
dimensional effect of the helix angle of the thread profile. 
Based on the work of Motosh, Yamamoto [55] developed 

the torque–preload correlation further by considering 
the effect of the thread helix angle. They replaced the 
half thread profile angle α in Eq. (4) with α′ . It is the half 
thread angle in a plane perpendicular to the thread helix 
angle:

where dp is the pitch diameter of the bolt.
Subsequently, researchers considered the effect of the 

three-dimensional helix angle on the torque–preload 
correlation and provided another calculation formula 
[56]. Eccles [57] provided another torque–preload 
correlation formula based on the principle of energy 
conservation. It can be applied to both tight and loose 
processes. Juvinall and Marshek [58] improved the 
torque–preload correlation formula.

Nassar and Yang [59] systematically studied the torque–
preload correlation. They provided a three-dimensional 
torque–preload correlation for both tightening and 
loosening stages considering the lead helix and thread 
profile angles. The equations for the breakaway loosening 
and audit tightening stages account for the static and 
kinetic components of friction. The percentage difference 
between the new formula and previous formulas [10, 
56, 58] was analyzed. Moreover, the effects of the thread 
pitch, thread profile angle, friction coefficient, and 
fastener geometry were discussed.

In 2011, Huang and Guo [60] provided a torque–
preload correlation that accounts for the non-axial forces 

(9)α′
= arctan

[

tan α cos
(

arctan
(

P
/

πdp
))]

,

Table 1 Summary of characteristics of various tightening methods

Type of method Tightening method Characteristics

Direct Strain control Advantages: high accuracy, not affected by friction coefficient and lubrication conditions
Disadvantages: high cost, time-consuming, inconvenient to implement, and not removable

Direct tension indicator Advantages: convenient implementation, simple theory, low cost
Disadvantages: low accuracy, requires specific designs for each structure

Alternate design bolt Advantages: independent of friction
Disadvantages: cannot be reused, low versatility

Bolt tensioner Advantages: no torsional stresses, suitable bolts with large diameters
Disadvantages: high cost, elastic recovery, complex operation

Bolt heater Advantages: low cost, no torsional stresses, suitable bolts with large diameters
Disadvantages: complex operation, decarbonization, affected by temperature and material properties

Indirect Torque control Advantages: convenient implementation, simple theory, low cost
Disadvantages: low accuracy, affected by friction and lubrication conditions

Torque-angle control Advantages: independent of friction, relatively high accuracy
Disadvantages: complex operation, determination of close torque and part stiffness

Stretch control Advantages: relatively high accuracy
Disadvantages: complex operation, high cost

Yield control Advantages: high preload, relatively high accuracy
Disadvantages: complex operation, affected by friction and material properties, determination of yield 
point

Ultrasonic control Advantages: high accuracy, real-time monitoring
Disadvantages: high cost, high error percentage for short bolts, affected by environmental factors 
and material properties
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and bending moments generated during the tightening 
process. This relationship was verified using three-
dimensional finite element models. Subsequently, Oberg 
et  al. [61] provided another torque–preload correlation 
that included the bolt preload, tightening torque, bearing 
friction coefficient, and thread friction coefficient. In 
2017, Jeong et  al. [62] provided a new formula related 
to the preload and the tightening–loosening torque 
difference to predict the preload of a joint screw assembly 
between an implant and abutment based on a mechanical 
analysis. In addition, researchers have established a 
theoretical formula for torsion-tension in the tightening 
process of a non-standard thread. It provides theoretical 
guidance for the installation of nonstandard threaded 
fasteners [63]. All these torque–preload correlation 
models are based on the equilibrium of forces and 
moments during bolt tightening. This is owing to the 
complex geometry of the thread and the forces acting on 
several planes during tightening. Researchers generally 
simplify it to varying degrees. Thus, various torque–
preload correlation formulas have been obtained. A 
preliminary examination may indicate these formulas 
to be different. However, the differences are marginal. 
Although the formula provided by Motosh is the result 
of certain simplifications, it can still accurately describe 
the relationship between the tightening torque and 
preload. This is the simplest form. Hence, it remains the 
most widely used torque–preload correlation formula. 
The effective friction radius and friction characteristics 
during tightening have also been studied based on 
Motosh’s formula in most of the published literature.

3.2  Effective Friction Radius
It is well known that the torque–preload correlation in 
threaded fasteners and the resulting joint clamping force 
are highly sensitive to the friction torque components. 
It can be observed from Eqs. (3)–(5) that the torque–
preload correlation is determined by geometric factors 
( α , β , and P ), friction coefficients ( µb and µt ), and 
effective friction radii ( rb and rt ). Because the geometric 
factors are fixed for a specific type of threaded fastener, 
the torque–preload correlation depends primarily on 
the friction coefficients and effective friction radii on the 
contact surfaces.

Over the past few decades, approximate values have 
been used rather than the actual effective friction radius 
of the contact surface. This is because an accurate contact 
pressure distribution is difficult to obtain for a bolted 
joint. For convenience of calculation, this approximate 
value is generally the mean contact surface radius. This 
generates errors in the calculation of the friction torque 
component and affects the accuracy of the final preload. 
In recent years, the development of numerical and 

contact mechanics calculation methods has enabled the 
attainment of accurate contact pressure distributions. 
Therefore, researchers have conducted successive 
investigations on the effective friction radius.

Nassar et  al. first proposed that errors are introduced 
in the calculation of friction torque when the actual 
effective friction radius is replaced with the mean radius 
of the contact area. They assumed a pressure distribution 
on the bearing and thread surfaces and provided the 
corresponding effective friction radius calculation 
formula [64, 65]. They concluded that more attention 
should be paid to the effective friction radius of the 
bearing surface than to that of the threaded surface. 
This is mainly because the radius ratio of the thread is 
significantly small, which implies that the range of the 
actual effective friction radius is limited. In addition, the 
calculation formula considers the effect of the varying 
sliding speed. They observed that this effect on the 
bearing friction torque component increased with an 
increase in the bearing radius ratio [64]. The formulae 
for calculating the proposed effective friction radius 
are based on the assumed pressure distribution, which 
may not be consistent with the actual contact pressure 
distribution.

Hence, Zou et  al. [66] performed contact mechanics 
analysis to determine the actual contact pressure 
distribution between the bolt head/nut and joint 
surface for various contact surface roughness. Based on 
the pressure distribution, the effective friction radius 
was calculated precisely. They observed that surface 
roughness plays an important role in determining the 
effective bearing radius. However, they did not establish 
experimental procedures for measuring the frictional 
torque components in this study. In another study, they 
provided an experimental procedure to determine the 
effective friction radius and friction coefficients [67]. 
These experimental results are consistent with those of 
previous studies.

The calculation efficiency and reliability of FEM have 
improved gradually with the development of numerical 
methods and computing capabilities. Researchers [68, 
69] began to use the FEM to obtain the contact pressure 
distribution on the bearing surface and then, calculate 
the effective friction radius. The effects of geometrical, 
material, and frictional factors on the effective friction 
radius were also discussed.

In addition, Zhu et al. [70] considered contact problems 
on bearings and threaded surfaces as punch problems 
to obtain the actual contact pressure distribution. 
They proposed new formulas to predict the preload 
and loosening torque and conducted an experimental 
verification. The results showed that the proposed 
approach is more effective for precisely controlling the 
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preload and estimating the anti-loosening performance 
of threaded fasteners. This is a good example of the 
simplification of the contact problem in a bolted joint to 
a special contact model.

The key to calculating the effective friction radius is the 
solution of the actual contact pressure distribution on the 
bearing and thread surfaces. This is a complex contact 
mechanics problem with many factors. For a specified 
bolted joint structure, the FEM appears to be capable 
of obtaining effective results. However, it is unrealistic 
to obtain the contact pressure distribution of each 
structure using precise finite element analysis in a mass-
product assembly. Hence, efforts should be undertaken 
to establish an accurate and simple contact-pressure 
distribution solution model that includes the primary 
influencing factors.

3.3  The Friction Characteristics During Tightening
Another main factor in the torque–preload correlation 
formula is the friction coefficient. In practice, the friction 
coefficient is affected by various factors, highly difficult 
to control, and essentially infeasible to predict. Bickford 
[7] stated that 30 or 40 variables affect the friction in a 
threaded fastener. The Ishikawa diagram in Figure 7 illus-
trates the complexity involved in determining the preload 
magnitude in a bolted joint. This diagram illustrates 
the important factors that should be addressed while 
designing and assembling a threaded joint to obtain the 
expected preload.

3.3.1  Measuring Method and Device
The friction characteristics of threaded fasteners are 
generally reflected in the friction coefficients of the 
bearing and threaded surfaces. These can be determined 
in two ways. The first method is based on the relationship 
between the tightening torque and preload under the 
premise that the thread friction coefficient is equal to the 
bearing friction coefficient. According to Eqs. (2)–(5) and 
assuming µt = µb = µm , the total friction coefficient µm 
can be obtained as follows:

This method is relatively convenient to implement 
and requires only the simultaneous measurement of the 
tightening torque T  and axial preload F .

The second method measures the thread friction 
torque Tt , bearing friction torque Tb , and preload F  , and 
calculates the thread friction coefficient µt and bear-
ing friction coefficient µb using Eqs. (2) and (5). In this 
method, Tt and Tb should be measured separately. There-
fore, a specially designed testing machine is required 
to separate the torque components. Researchers have 
proposed several different measurement machines for 
achieving separate measurements. In 1966, Bray and Levi 
[12] developed the testing machine illustrated in Figure 8. 
It can measure the input torque, combination of the 
thread friction torque and pitch torque, bolt preload, and 
nut rotation.

(10)µm =
T
/

F − P
/

2π

rt
/

cosβ + rb
.

Figure 7 Ishikawa diagram showing the factors that contribute to the bolt preload
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The structure of the testing machine developed by 
Bray and Levi is simple. However, if there is an eccen-
tric load or the bearing surface is inclined, the sensor 
for measuring the thread friction torque and preload 
is likely to bend. Sakai [71] presented an improved 
measurement setup as shown in Figure  9. However, 
the friction of the thrust bearing affects the accuracy 
of separating Tt and Tb . Both the devices require the 
calibration of output values or data correction.

In 2001, Jiang et  al. [72] presented a new approach 
for investigating the friction in a bolted joint. Thread 
friction and bearing friction can be measured 
separately using a tension-torsion servo-hydraulic 
material testing system. Compared with previous 
fastener testing machines, it has unique advantages 
and provides a new method to study the friction 
characteristics of threaded fasteners.

These machines and their improved versions have 
been used by several researchers for tightening 
purposes. Threaded fastener friction coefficient testing 
machines have matured and have been commercialized 
successfully.

3.3.2  Factors Affecting Friction Coefficient of Threaded 
Fasteners

To improve the torque control technique, considerable 
efforts have been undertaken in the past few decades to 
investigate the factors that may affect the torque–preload 
correlation. We have classified the factors involved in the 
published literature into seven categories according to 
their characteristics and summarized the literature that 
studied each type of influencing factor. This is shown in 
Table 2.
Lubrication: Lubrication is one of the most significant 

factors affecting the friction performance. Effective 
lubrication has a significant effect on reducing the friction 
coefficient and is convenient to achieve. Therefore, 
lubrication is a primary concern for researchers.

In 1966, Bray and Levi [12] experimentally demon-
strated that the effect of lubrication on the friction 
performance of fasteners is highly significant. They con-
cluded that lubrication can reduce the friction coefficient 
and the scatter of the preload. Subsequently, researchers 
conducted relevant research using other experimental 
methods and obtained similar conclusions [71, 73–75]. In 
addition, the lubricant type [76–78], lubrication position 

Figure 8 Fastener testing machine [12]
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[79, 80], and effect of lubrication on the friction perfor-
mance of fasteners during repeated tightening [75, 80, 81] 
were investigated. The results showed that bearing sur-
face lubrication is more important than threaded surface 
lubrication. Lubricants can protect the contact surface. 
Moreover, the friction coefficient becomes more stable 
during repeated tightening. In 2011, Croccolo et al. [82, 
83] indicated that the friction performance of titanium 
screws was inferior to that of steel screws. They indicated 
that titanium screws require lubrication. They also con-
cluded that thread friction generally decreases with an 
increase in the time interval before tightening when the 
lubricant is a thread-locking agent [84]. Kopfer et al. [85] 
concluded that titanium screws cannot function with-
out lubrication. Yu et al. [74, 77] investigated the effects 
of lubrication on the tribological properties of Ni-based 
superalloy fasteners. Rosas et  al. [77] recommended the 

use of MoS2 for installing Ni-Co fasteners. Yue et al. [86, 
87] investigated the influence of lubrication on the fric-
tion characteristics of composite structures with bolts.

The friction coefficient can vary significantly among 
lubricant–material combinations [88]. The lubrication 
mechanisms and wear resistances of the different 
lubricants also differ. In general, a good lubricant should 
exhibit accurate and repeatable frictional properties 
during tightening. Moreover, it should enable fasteners to 
resist loosening and fretting wear during service.
Material: With the sustainable development of engi-

neering, lightweight materials have become important 
indicators of mechanical equipment. Materials with 
high strength and weight ratios, such as titanium alloys, 
are being used increasingly in engineering applications 

Figure 9 Fastener testing machine [71]

Table 2 Summary of the research on the factors influencing friction

Large categories Specific influencing factors References

Lubrication Type of lubricant, lubrication position [12, 71, 73–88]

Material Materials of fastener and/or washer and/or joint [12, 56, 67, 71, 75, 78, 85, 88–92]

Coating Coating thickness and types [71, 77, 79, 93–100]

Manufacturing Surface treatment, forming process, surface roughness [71, 74, 75, 82, 90, 101]

Geometry Fastener diameter, thread pitch, grip length, size of the hole, thread 
clearance, contact area and position, use of a slot …

[12, 67, 72, 76, 78, 88, 91, 95, 96, 102–104]

Operation Tightening speed, turning side [71, 73, 75, 76, 84, 86, 87, 91, 95, 97, 102, 105–111]

Re-tightening Number of tightenings and loosenings [71, 72, 74–76, 80–85, 88, 90, 91, 95, 97, 112–114]
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[88]. The type and chemical composition of materials are 
important factors affecting the friction coefficient.

In 1966, Bray and Levi [12] investigated the effects of 
bolt material grade and washer hardness on friction 
coefficient. Subsequently, Sakai [71] investigated the 
effect of the material combination of bolts and nuts on 
the friction coefficients of fasteners during repeated 
tightening. In 2001, Jiang et al. [51] studied the effect of 
the washer material on the torque–preload relationship 
during repeated tightening. They concluded that the 
effect of repeated tightening on friction is associated 
with the washer material. In 2005, through a series of 
experiments, Nassar et al. [67] indicated that the fastener 
material class exerts the most significant effect on the 
thread friction coefficient. Shao et al. [75], Aycock et al. 
[78], and Brown et al. [89] conducted similar studies. In 
another study, Nassar indicated that the nut factors are 
marginally higher for aluminum joints than for steel joints 
at all levels of surface roughness [90]. Shao et  al. [75] 
also concluded that compared with the bolt and washer 
material classes, the joining material is a significant 
factor affecting nut factors. Cooper et  al. [91] studied 
the effect of three bolt materials (alloy steel, carbon steel, 
and stainless steel) commonly used in the industry on 
the nut factors. Kopfer et al. [85] investigated the friction 
characteristics of bolted joints in lightweight designs. 
The results indicated that the friction performance of 
titanium screws is inferior to that of steel screws. Unlike 
the above studies, Yu et  al. [92] investigated the effect 
of the elastic modulus and strain-hardening exponent 
on the torque–preload relationship using finite element 
analysis. They concluded that the elastic modulus and 
strain-hardening exponent have negligible influence on 
the torque–preload relationship.
Coating: Coatings are an effective means of protecting 

metal parts. It can slow the interface damage and improve 
the material wear or antifriction performance [93]. With 
the development of surface engineering technologies, 
coatings have been widely applied to threaded fasteners. 
However, because the preparation of thread coatings is 
difficult, compared with other factors, negligible research 
has been conducted on the effect of coatings on the 
friction properties of threaded fasteners.

In 1978, Sakai [71] introduced the two types of coating 
materials named “μ-stabilizers” that could substantially 
reduce the effect of the lubricant, washer and screw 
material, and bolt surface treatment on the scatter of 
friction coefficients. In 2002, Jiang et al. [94] investigated 
the effect of coating on frictional properties using 
ten different nuts and nine washers. They concluded 
that the coating had a significant effect on the friction 
characteristics during repeated tightening. Nassar et  al. 
[95] studied the effect of three coatings with different 

friction rates on the torque–preload relationships. They 
further studied the effect of coating thickness on the nut 
factors [96] and the effect of coating on wear patterns 
[97]. Rosas et  al. [77] compared the performances of 
different coatings with respect to thread engagement 
and the nut factors. In 2017, the effects of screw coating 
were investigated in detail by Croccolo et  al. [79]. They 
concluded that in addition to lubrication, the effect of 
the coating was significant. Morozov [98] studied the 
influence of temperature on the antifriction properties 
of coatings. Recently, researchers analyzed the effects of 
process parameters [99] and storage conditions [100] on 
the frictional properties of threaded fastener coatings. 
Thereby, they expanded the relevant research fields.
Manufacturing: For the same material, the variations 

in hardness and surface properties owing to different 
manufacturing processes also affect the fastener friction. 
Compared with the other factors, the research on the 
effect of the manufacturing process on the friction 
performance is relatively insufficient. At present, the 
factors studied mainly include the surface treatment [71, 
82], forming process [82], and surface roughness [74, 75, 
82, 90, 101].

Sakai [71] conducted a series of experiments to 
investigate the influence of the surface treatment on the 
friction coefficients of fasteners. They concluded that the 
effect of repeated tightening on the friction coefficients 
depends on the surface treatment. Nassar et  al. [90] 
considered the effects of surface roughness on the nut 
factors. The results showed that the effect of surface 
roughness on the nut factors varied with the joining 
material. In 2013, Fukuoka et  al. [101] reached similar 
conclusions using new and simple test equipment. Shao 
[75] and Yu et al. [74] indicated that the higher the surface 
roughness, the larger is the nut factor. Croccolo et al. [82] 
investigated the effect of the roughness, forming process 
(cast or forged), and surface finishing (spray-painted or 
anodized) on the friction coefficients in the torque–
preload relationship. The analytical results showed that 
the forming process had an insignificant influence on the 
friction conditions. In addition, they concluded that for 
an equal applied torque, the preload can vary by up to 
320%.
Geometry: Geometric parameters are among the 

main design parameters of bolted joint structures. These 
include the fastener diameter, fastener length (clamping 
length), hole diameter, thread pitch, thread clearance, 
and contact area and position. In engineering, other 
geometric parameters are generally determined after 
those of the fastener are determined. Thus, researchers 
have focused mainly on the effects of the fastener 
diameter, thread pitch, and thread fit class on the friction 
performance of fasteners.
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In 1966, Bray and Levi [12] concluded that the fit class 
of mating threads had an insignificant effect on the 
tightening characteristics. Nassar et  al. [67, 76, 95, 96, 
102] conducted a series of experiments to investigate the 
effects of thread pitch and fastener size on the friction 
performance. They indicated that fine (versus coarse) 
threads marginally reduced the preload obtained by a 
specific tightening torque. In addition, Liu et  al. [103] 
analyzed the effect of the pitch error of a variable-
pitch nut on the torque–preload relationship through 
experiments and finite element models. Yu et  al. [104] 
reached a similar conclusion by finite element analysis. In 
addition, they concluded that the assembly clearance has 
a negligible influence on the torque–preload relationship. 
Brown et al. [89] and Aycock et al. [78] investigated the 
effect of bolt diameter on the nut factors. They concluded 
that the smaller the diameter, the higher is the nut 
factor. Brown et  al. [89] indicated that the effect of the 
bolt diameter on the nut factors differs significantly for 
different materials. In 2011, Cooper and Heartwell [91] 
investigated the effect of the bolt length on the friction 
performance. The results indicated the bolt length to be 
an insignificant contributor. Jiang et al. [72] investigated 
in detail the effect of the size and shape of the hole, use 
of a slot, contact area, and position on the frictional 
properties of bolted joints. They indicated that these 
geometric parameters have an insignificant influence on 
the friction in a bolted joint.
Operation: In addition to the above objective 

factors, factors in the operation process (such as the 
tightening speed and turning elements) affect the 
friction performance of fasteners. In addition, with the 
development of intelligent manufacturing production 
lines, electric tightening tools are being used more 
widely, and the tightening speed is increasing. Therefore, 
researchers and engineers are focusing on the variations 
in the frictional properties of fasteners at different 
speeds.

In 1978, Sakai [71] conducted a series of experiments 
to investigate the effect of tightening velocities from 0.8 
to 12 r/min on the friction coefficients of fasteners. The 
results showed that the effect of the tightening speed was 
significant below 2 r/min. In addition, they concluded 
that the lower the speed, the larger are the friction 
coefficients. Since then, other researchers have attained 
similar conclusions [73, 84, 95, 105]. They also indicated 
that with an increase in the tightening speed, the wear 
of the bearing surface may increase [73, 97]. Zou et  al. 
[76] considered the effect of tightening speeds from 1 
to 100  r/min. They concluded that the tightening speed 
affects the lubrication effect of the lubricant. In 2007, 
Ganeshmurthy et al. [106] proposed a two-stage process 
for tightening threaded fasteners and investigated the 

effect of tightening speed combinations (for stages 1 
and 2) on the torque–preload relationship. The results 
showed that a high tightening speed in the final stage 
may cause a torque overshoot beyond the target torque. 
Unlike the above conclusions, experimental results have 
shown that the friction coefficient decreases with an 
increase in the tightening speed and tends to be stable 
[107–109]. Wettstein et al. [110, 111] studied the friction 
difference in the fastening process of an impact wrench 
at different speeds. They indicated that the speed has 
a significant influence on friction during the impact 
tightening process. Shao et  al. [75] indicated that the 
tightening speed is insignificant compared with the 
other factors. These differences may have been caused 
by the different tightening speed ranges selected by the 
researchers during the experiment. Yue et  al. [86, 87] 
studied the influence mechanism of different process 
factors on the torque–preload curve during the fastening 
process of the bolted joints of composite structures. They 
determined the optimal tightening speed under different 
working conditions.

Researchers have also investigated the effect of turning 
elements on the torque–preload relationship [91, 102]. 
Nassar et al. [102] indicated that the preload achieved in 
a fastener when tightening from the nut end is marginally 
lower than that achieved when tightening from the bolt 
head side. However, Cooper et  al. [91] concluded that 
turning elements are insignificant contributors. Yue et al. 
[87] indicated that the friction coefficient increases with 
an increase in tightening speed when the bolt head is 
tightened in a composite structure. Thus, the effect of the 
turning element on the tightening characteristics should 
be studied further. In addition, the tightening tool affects 
the tightening characteristics of the fasteners. However, 
there are few reports on this aspect.
Re-tightening: One of the main reasons why threaded 

fastener is widely used is that it is detachable and 
convenient to maintain. Fasteners cannot be reused in 
most critical precision systems. However, fastener reuse 
can save costs and time, and increases the sustainability 
of the system. In engineering, the large majority of 
fasteners are disassembled repeatedly. Therefore, to 
ensure the safety and reliability of bolted-joint structures, 
it is necessary to investigate the effect of repeated 
tightening on the friction characteristics of threaded 
fasteners.

Over the past few decades, extensive research has been 
conducted in this field. In 1978, Sakai [71] experimentally 
investigated the effect of repeated tightening on the 
friction coefficients of fasteners. They concluded that 
the effect of repeated tightening on friction coefficients 
depends on the surface treatment, plating, and materials. 
Jiang et  al. [72] further indicated that the effect of 
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repeated tightening on friction is associated with the 
washer material. In addition, they concluded that with 
an increase in the tightening time, the thread friction 
coefficient first increases and then stabilizes. Eccles et al. 
[112] also obtained a similar conclusion. They indicated 
that the magnitude of the thread friction coefficient 
became dependent on the clamping force as the number 
of tightenings increased. Cooper et  al. [91] concluded 
that repeated tightening resulted in a significant increase 
in the nut factors in the absence of washers. Jiang et al. 
[94] reported that lubrication could reduce the scatter of 
the friction coefficient during repeated tightening. Other 
researchers have arrived at similar conclusions [76, 80, 
81]. Croccolo et  al. [83] further indicated that ceramic 
paste shows the best results in terms of friction coefficient 
constancy throughout re-tightening operations, as well 
as the best protection of the thread and bearing surfaces 
against wear. Nassar et  al. investigated the effect of 
coating [95] and tightening speed [97] on the torque–
preload relationship during repeated tightening.

Nassar et  al. [90] and Shao et  al. [75] investigated the 
effect of the number of tightening cycles on surface 
roughness. Shao et  al. [75] observed that the surface 
roughness and nut factor decreased with an increase 
in the number of tightenings. However, Nassar et  al. 
[90] indicated that this is related to the initial surface 
roughness. Considering the effect of repeated tightening 
on the friction coefficient, Croccolo et  al. [82, 113] 
recommended that maintenance operations adjust 
the tightening torque each time. Fukuoka et  al. [101] 
determined that the removal of the metal powder 
generated by galling between mating surfaces is effective 
in reducing the scatter of friction coefficients during 
repeated tightening. In 2018, Yu et  al. [74] discussed 
the effect of repeated tightening on the nut self-locking 
torque. The results showed that the torque decreased 
with an increase in the number of repeated tightening 
cycles within a certain range. Moreover, the effect 
decreased after two to three tightening cycles.

In general, the friction coefficients of well-lubricated 
fasteners are lower during repeated tightening, whereas 
those of ineffectively lubricated fasteners increase 
gradually. Because well-lubricated fastener surfaces 
“run in” during assembly, repeated tightening processes 
increase the risk of overtightening. Therefore, in the case 
of the repeated use of fasteners, the variations in friction 
coefficient should be considered [88, 114].

To summarize, 90% of the input torque is dissipated 
in the form of friction during tightening. Therefore, a 
variation in the friction has a disproportionate effect on 
the preload: a marginal variation in friction can result in a 
significant alteration in the preload. However, the friction 
characteristics represent a complex systemic behavior 

influenced by numerous factors. For threaded fasteners, 
the significant factors affecting friction include the 
fastener material, lubrication, geometric dimensions, and 
repeated tightening. The interplay between these factors 
should also be considered. In addition, the nonlinearity 
of the friction coefficient during tightening has been 
discussed [115, 116]. In the tightening process, with an 
increase in the tightening torque, the surface topography 
of the contact surface varies. This results in a variation 
in the friction characteristics and a nonlinear torque–
preload relationship. Sufficient attention should be paid 
to this in threaded connections, where the material of 
the connected part is worn straightforwardly and the 
tightening torque is large.

4  Special Circumstances During Tightening
Researchers have also observed certain special 
circumstances that may cause uncertainty in the preload. 
For example, the preload is reduced after the tightening 
torque is released. This is called the initial loss of 
clamping force. In addition, geometric errors such as 
nonparallel contact of the bearing surface may also cause 
uncertainty in the preload.

4.1  Initial Loss of Preload
During the fastener tightening process, even if the 
corresponding relationship between torque and preload 
is determined, an initial loss of preload after bolt 
tightening is observed [7]. This phenomenon is referred 
to as initial preload loss.

Fisher and Struik [117] reported that the preload 
decreased by 2%–11% immediately after bolt fastening 
in structural steel. Mayer [118] indicated that most of the 
preload loss occurs within 15–20 s after tightening and 
that this reduction persists gradually for a certain period. 
Through experiments and numerical methods, Fukuoka 
et  al. [119] studied the phenomena of reductions in the 
thread friction torque and axial tension, which occur 
immediately after the tightening torque is released. The 
results showed that the initial loss of clamping force 
was affected mainly by the bearing friction coefficient. 
Moreover, the rates of variation in the clamping force 
increased with a decrease in the grip length. However, 
they did not consider the effects of other factors. Zhu 
et  al. [120] systematically studied the effects of six fac-
tors (joint materials, fastener class, gasket grade, lubrica-
tion, surface roughness, tightening speed, and number of 
repeated tightening cycles) and their interactions on the 
initial loss of clamping force. They determined that the 
amount of initial loss of clamping force decreased signifi-
cantly with an increase in the number of repeated tight-
ening cycles. Therefore, they considered that eliminating 
plastic deformation during tightening could minimize 
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the initial loss of clamping force. Through experiments 
and finite element analysis, Liu et al. [121, 122] recently 
concluded that the initial loss of clamping force is caused 
by the elastic rotation of the bolt shank and plastic defor-
mation of the bolted joint structure.

Few studies have been conducted on the initial loss of 
clamping force. This may be because the percentage of 
the initial loss of clamping force is small. However, the 
percentage of the initial loss of clamping force can be 
13% under certain conditions [120]. This indicates the 
need to focus on the initial loss of the clamping force. It 
severely affects the safety and reliability of bolted joints, 
particularly in critical applications.

4.2  Non‑parallel Bearing Surface
The geometric deviations of the bolted joint structures 
also increase the uncertainty of the tightening process. 
Bolted joints are complex combinations of bolts, nuts, 
and several connected parts. Therefore, the cumulative 
total deviations need to be considered during tightening. 
It has been reported that the preload scatter caused by 
the introduction of geometric deviations significantly 
exceeds that caused by friction alone.

The non-parallel contact of the bearing surface is a 
typical geometric deviation. It can cause the bolts to 
bend and deform during tightening and thereby, generate 
uncertainty in the preload. Ganeshmurthy et  al. [123] 
investigated the effect of nonparallel contact surfaces on 
the tightening process using finite element analysis. The 
results showed that a significant nonlinear process occurs 
during the tightening process with a non-parallel contact. 
However, they did not explain the mechanical reason for 
the nonlinear interval or its influence on the tightening 
accuracy. Hashimura et  al. [124] experimentally studied 
the linearity slope of the torque–preload correlation 
during the tightening process with an inclined bearing 
surface. However, they attributed the preload deviation 
to the variation in the equivalent friction radius caused 
by the non-uniform contact pressure without considering 
the influence of the nonlinearity of the tightening 
process. In 2019, Sun et al. [125, 126] obtained a similar 
conclusion through a theoretical derivation and finite 
element analysis. In addition, they concluded that the 
additional thread friction torque caused a preload 
deviation.

The bolted joint is a complex combination. Therefore, 
the accumulation of geometric deviations would be 
considerable. Thus, the deviations in clamping force 
caused by geometric deviations need to be considered. 
The effects of geometric deviations on the effective 
friction radius, friction torque, and preload deviation and 
the transfer and accumulation of geometric deviations in 
bolted joints should be studied further.

5  Conclusions and Prospects
An inappropriate preload can cause a wide range of 
problems. Precise control of the preload has become 
a critical issue in mechanical assembly processes. 
Therefore, researchers and engineers have studied 
preload control methods. By classifying, analyzing, and 
summarizing relevant literature, the research progress 
of preload control methods for threaded fasteners has 
been summarized systematically. The conclusions are 
as follows:

(1) The torque control method is most widely used in 
engineering because of its simple operation and 
convenient implementation in mass-production 
applications. Other tightening methods such as 
yield control, ultrasonic control, bolt heaters, 
and hydraulic bolt tensioners have unique 
advantages. These are typically used in critical joint 
applications. However, relatively few studies have 
used these methods. Their engineering application 
has significant limitations.

(2) The scatter of the preload obtained by the torque 
control method is larger. This can be attributed 
to three aspects: the inaccurate torque–preload 
relationship, assumed effective friction radius, and 
complex friction characteristics. Friction is the 
most important factor affecting the torque–preload 
relationship. It is highly difficult to control and 
essentially infeasible to predict.

(3) The friction characteristics of the tightening process 
do not depend on an individual factor (such as the 
material or lubrication conditions). These constitute 
the response of the entire system. Different 
combinations of conditions can yield varying 
results. These should be analyzed for a specific 
system. Future research should be directed toward 
identifying the correct combination of materials 
and lubricants to achieve repeatable friction 
during tightening and repeated tightening, prevent 
loosening and fretting during service, and prevent 
galling during repeated disassembly processes.

(4) In critical applications, threaded fasteners should 
not be tightened repeatedly. In cases where 
threaded fasteners are used repeatedly, the 
variations in friction during repeated tightening 
should be considered. In general, the friction 
coefficients of well-lubricated fasteners are lower 
during repeated tightening, whereas those of 
ineffectively lubricated fasteners increase gradually. 
Because well-lubricated fastener surfaces “run in” 
during assembly, repeated tightening processes 
increase the risk of overtightening.
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(5) Researchers should pay attention to the special 
circumstances that may cause higher scatter of 
the preload in bolted joints, i.e., the initial loss of 
clamping force and the preload deviations caused 
by geometric deviations. These factors should be 
considered to realize precise control of the bolt 
preload.

In addition, the mechanical behavior, dynamic 
characteristics, and fatigue performance of bolted joint 
structures under different tightening methods remain 
unclear. Furthermore, there are no guidelines for the 
practical application of certain methods. In most cases, 
this relies on the experience and skills of workers. In the 
future, it would be important to study these problems 
extensively to improve the quality and efficiency of the 
assembly of bolted joints.
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