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Abstract: Three-dimensional printing can bring huge advantages when fabricating difficult structures
and components in industry. This technology is also used commonly for printing threaded fasteners
in the engineering field. The main disadvantage of threated fasteners is self-loosening. In this study,
an International Organization for Standardization (ISO) standard M12 × 1.75 bolt and nut were
printed by using a 3D printer and three types of 3D printing materials: acrylonitrile butadiene
styrene (ABS-2), poly lactic acid (PLA), and glass. Following this, a test system for self-loosening
of the 3D-printed bolts under cyclical temperature variations was constructed, and self-loosening
of the bolted joints was observed by measuring the bolt preload using a load cell and the rotation
displacement of the nut using a dial indicator according to temperature changes (from 10 ◦C up
to 40 ◦C and 80 ◦C). The experimental results show that the ABS-2 bolt has good performance in
terms of self-loosening phenomena under cyclical temperature changes, while the PLA bolt has poor
performance in low temperature changes. The glass bolt indicated the lowest performance in high
temperature changes.

Keywords: 3D-printed bolt; self-loosening; cyclical temperature changes; bolt preload; rotation angle

1. Introduction

For the past few decades, the technology of 3D printing has developed significantly in
many engineering fields, such as automotive, metal manufacturing, construction, chemical,
aerospace, biomedical, and consumer product fields [1–4]. Three-dimensional printing can
be a good solution, which can be easily evaluated in terms of performance characteristics.
Therefore, 3D printing technologies are often referred to in the manufacturing of many
complex structures and components. A 3D-printed bolt is one of them. It is obvious
that bolts are the simplest solution for fixing together mechanical components, and today
3D-printed bolts are commonly used in real life applications such as toy manufacturing,
biomedical engineering and industrial engineering [5–7]. Additive manufacturing has
also changed the medical industry and medical education. Since then, composite-based
bolts have replaced the titanium screws that were previously employed. In addition, it
has been revealed that 3D-printed screws outperform titanium bolts in terms of efficiency
and strength for knee surgery implants [5]. Therefore, investigations on 3D-printed bolts
cannot be neglected.

It is well known that one of the primary disadvantages of bolts is self-loosening. Self-
loosening occurs in bolted joints when a transversal load that is perpendicular to the axis
of the bolt is applied to them. Then, the result of the loosening of the joint can lead the
structure to failure [8]. If a rotational load or dynamic axial load is applied to a bolted
joint, loosening can take place in the joint [9,10]. Even if there are no external loads on
bolted joints, they may loosen gradually under cyclical temperature changes [11,12]. This
self-loosening phenomenon depends on the initial preload and amplitude of temperature
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variations. If the amplitude of the temperature changes is high enough corresponding
to the initial preload of the joint, the force of a clamped part can decrease slowly under
cyclical temperature changes [13].

Three-dimensional printing filaments play a key role in additive manufacturing be-
cause the reliability of a 3D-printed product is mainly dependent on a material. Acry-
lonitrile butadiene styrene (ABS) and poly lactic acid (PLA) materials are used widely in
additive manufacturing because of their good mechanical properties [14,15].

Many investigations have been conducted by researchers on metal bolts [16–18], for
example, Z. Wenbin and et al. [19,20] conducted investigations on metal-ceramic compos-
ite bolts, but very few studies have been carried out on 3D-printed bolts. For instance,
Harshitha V, and Rao S.S. [21] conducted an investigation on ISO standard 3D-printed bolts
and nuts. They used two types of fusion deposition modeling 3D printer materials such as
PLA and ABS. The result of their study has shown that PLA bolts are stronger than ABS
bolts in sheer stress and equivalent stress. Therefore, PLA materials are often referred to in
printing bolts. Wi J.H. et al. [22] studied the self-loosening behavior of 3D-printed bolts
under transversal vibration experimentally, and they compared the test results to a steel
bolt. They proved that a steel bolt is more durable than a 3D-printed bolt in the first stage
of loosening. However, a 3D-printed bolt is advantageous in a specific complex fastening
condition. Three-dimensional-printed bolts might be used in conditions that there are
temperature changes. Owing to the nature of plastic, plastic materials are very sensitive to
temperature. Therefore, to choose a suitable material for bolts is very important in terms
of self-loosening under cyclical temperature changes. As mentioned above, self-loosening
may occur in bolted joints under cyclical temperature changes and this has been investi-
gated by researchers for steel bolts [12,13], but self-loosening of a 3D-printed bolt under
cyclical temperature changes has not been investigated before.

Therefore, 3D-printed bolts under cyclical temperature changes were investigated
experimentally in this study. Bolts and nuts of three types of material (PLA, ABS-2, and
glass) were printed using a Zortrax M200 3D printer (manufacturer: Zortrax S.A., Olsztyn,
Poland). The results of this investigation can be used as a reference to use 3D-printed bolts
in temperature change conditions.

The structure of this article is as follows. Definition of the materials and the experiment
for selecting the optimal initial bolt preload for plastic bolts because of lack of references and
the experiment for self-loosening of 3D-printed bolts under cyclical temperature changes
are described in Section 2. The results of experiments are discussed in Section 3. Finally,
Section 4 concludes the paper.

2. Materials and Experiment
2.1. Materials

The material in additive printing technology is very important. PLA has already
become very popular in 3D printing environments with its smooth surface and good
mechanical properties. It has a high degree of hardness, it is an ecological material, and it
has a very low shrinkage rate [23]. ABS is considered as a material that is economical, and
it is used widely in gadgets and figurines. Glass is the best choice in printing automotive
and electronic objects. These three materials have the highest tensile strength among the
Zortrax M200 3D printer materials. Therefore, the materials were selected for the bolt and
nut specimens to analyze self-loosening under cyclical temperature changes. The properties
of the materials are listed in Table 1.

Table 1. Mechanical properties of 3D printer materials.

Mechanical Properties PLA ABS-2 GLASS

Tensile strength 47.95 MPa 45 MPa 39.57 MPa
Elongation at max tensile stress 3.80% 2.5% 5.94%

Glass transition temperature 57.06 ◦C 97 ◦C 78.06 ◦C
Specific density 1.292 g/cm3 1.05 g/cm3 1.409 g/cm3

Melting point 150 to 160 ◦C 267 ◦C 225 ◦C
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2.2. Bolt Preload

Bolt preload is considered a significant factor in joints because if the preload of the
bolted joint is not high enough, it can be easily loosened and lead the joint to fail. Fur-
thermore, if the preload is also more than high enough, the bolt may fail in this condition.
Considering these concepts, a test was conducted to determine the optimal initial preload
for three types of bolt materials because of the lack of information about nominal bolt
preloads for 3D-printed bolts. For this, several PLA, ABS-2, and glass bolts and nuts were
printed by using two printing methods (vertical printing and horizontal printing) in a
Zortrax M200 3D printer, as shown in Figure 1. The difference between both printing
methods is only the bolts’ position as the bolt is placed horizontally Figure 1a and vertically
Figure 1b. The rest of the printing parameters, such as printing speed, layer thickness, print-
ing time is default and the same. After that, a clamped part and a load cell (manufacturer:
Radian QBIO, Seoul, South Korea, model: RCWW-1T, nonlinearity: 1%, hysteresis: 0.5%)
were tightened by the bolts and nuts made with three types of materials. The clamp force
of the joint was increased by a wrench slowly until the bolt failed, while measurement of
the load cell was recorded simultaneously. The point that the bolt failed was considered as
a maximum point of a bolt preload for this study. The test was performed three times for
all printing methods and materials in order to confirm the results.

Figure 1. Printing method: (a) horizontal printing, (b) vertical printing.

Figure 2 shows the maximum preload for the bolts made with the three different
materials. All bolts had a maximum preload lower than 1000 N with the vertical printing
method, while the maximum preload of the bolts was more than 1500 N with the horizontal
printing method. The PLA bolt had the highest preload of more than 3000 N, and the
ABS-2 bolt had the lowest preload in both printing methods. According to the result, the
horizontal printing method showed better performance than that of the vertical printing
method. The maximum preload of the bolts printed in the horizontal printing method was
about three times higher than that of the vertical printing method. For that reason, the
printing direction of the Zortrax M200 3D printer was perpendicular to the axis of the bolt
in the horizontal printing method, while the printing direction was in the same direction
of the bolt axis. By considering these concepts, a horizontal printing method is strongly
recommended in printing threaded fasteners. Therefore, the bolts and nuts were printed in
a horizontal printing method, and the initial bolt preload was selected as 1000 N.
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Figure 2. The results of maximal preload of bolts printed by use of two different printing methods
for all bolt materials.

2.3. Test Condition

A steel plate where there were two holes with a diameter of 20 mm to insert heater
cartridges and a hole with a diameter of 13 mm for a bolt in it for a test rig was modeled
and manufactured. An M12 × 1.75 bolt and nut were modeled in Autodesk Fusion
360 software and printed by using a Zortrax M200 3D printer. A test rig was designed to
study self-loosening of the 3D-printed bolt under repeated temperature changes. A high-
accuracy compression load cell (manufacturer: Radian QBIO, Seoul, South Korea, model:
RCWW-1T, nonlinearity: 1%, hysteresis: 0.5%) was used to measure the clamped force
variation of the bolted joint, as shown in Figure 3. A high-accuracy thermocouple (K-type
thermocouple with capacity up to 300 ◦C) was attached to the plate to indicate the bolted
joint’s temperature. The bolt was fixed using clamp bench, which was fastened to a
stationary desk, and a dial indicator was used to measure the rotation displacement of the
nut (see Figure 3).

The experiment started with a 1000 N initial preload of the bolted joint, and to measure
the clamped force of the joint, a compression load cell installed between the plate and
the nut was used. After taking a measurement of the initial temperature, the desired
temperature changes were applied by the cartridge heaters, which were controlled by
power controllers in the structure. The experiments were carried out under two different
temperature change conditions from 10 ◦C up to 40 ◦C and 80 ◦C. A cycle of temperature
changes consisted of two processes of heating and cooling. The preload change of the
bolted joint was recorded in LABVIEW software (Version: LabVIEW 2015 SP1, Developer(s):
National Instruments, Austin, Texas). A single cycle of temperature changes from 10 ◦C
to 40 ◦C in the test lasted about 50 min (6 min for the heating process and 45 ± 5 min for
the cooling process). A single cycle of temperature changes from 10 ◦C to 80 ◦C in the
test lasted about 135 min (10 min for the heating process and 120 ± 10 min for the cooling
process). The rotation displacement of the nut in the loosening direction was also measured
simultaneously by a dial indicator. The experiment for all types of bolts was repeated three
times and average values were used to illustrate the results.
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Figure 3. Experimental set up.

3. Results and Discussion
3.1. Bolt Preload

The preload variation of the 3D-printed bolt under cyclical temperature changes from
10 ◦C to 40 ◦C is depicted in Figure 4. From the figure, the preload of the ABS-2 bolt
increased slowly over the heating process and was 1025 N at the end of the heating process
(40 ◦C) of the first cycle of cyclical temperature changes. Following this, the clamp force
decreased sharply at 720 N, while the temperature of the joint was 25 ◦C. In this interval,
the bolt softened by the effect of temperature. Therefore, the preload of the joint decreased
dramatically. Following this, the preload went up significantly to 877 N, which means that
the bolt started to shrink until the end of the cooling process (10 ◦C). The point that should
be noticed here is that the loosening of the ABS-2 bolt was 123 N after the first cycle when
the preload at the end of the first cycle is compared to the initial preload. Then, the preload
increased slightly to 935 N at the peak point of temperature changes in the heating process
of the second cycle and went down tremendously to 685 N when the temperature of the
joint was 20 ◦C. The preload went up significantly to 861 N at the end of the cooling process
(10 ◦C). If the preload after the second cycle is compared to the preload after first cycle, the
bolted joint loosened by 16 N. In the rest of the cycles, the bolted joint loosened by 1 N and
4 N. Furthermore, it can be assumed that after the second cycle, the ABS-2 bolt did not loosen.

The glass bolt loosened to 898 N in the beginning cycle. However, the preload kept
loosening in the rest of the cycles and was 814 N after the final cycle, which means that
the glass bolted joint loosened by 42 N more than the ABS-2 bolted joint. When it comes
to the PLA bolt, the preload of the PLA bolted joint increased slowly up to 1024 N when
the temperature was 30 ◦C in the heating process, then the preload started to go down
and was 1005 N when the temperature hit the peak point. The reason for this is that the
glass transition temperature of PLA material is much lower than that of ABS-2 and glass
materials [24,25]. Hence, the loosening in the PLA bolt started earlier compared to the other
materials. Following that, the preload kept decreasing until the temperature reached 25 ◦C
in the cooling process, and it measured 466 N. Then, the preload went up to 686 N at the
end of the beginning cycle of temperature changes. In the rest of the cycles, the bolted joint
loosened to 641 N, 597 N, and 584 N. From the results of the experiments, it can be assumed
that there was a similar periodic result after the second cycle. Therefore, four cycles of
temperature changes were considered satisfactory for analysis of all 3D-printed bolts.

Figure 5 depicts the preload changes of three different 3D-printed bolts under cyclical
temperature changes from 10 ◦C to 80 ◦C. It can be noticed from the figure that there
was a similar scenario with the lower temperature-change test condition. The starting
point of loosening of the bolted joints, however, is an exception since the bolts began to
loosen earlier, before the temperature reached the peak point of 80 ◦C, than that of a lower
temperature-change condition. The preload of the ABS-2 bolt was 708 N, which loosened by
292 N after the first cycle of temperature changes, and in the rest of cycles, it kept loosening
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by 690 N, 668 N, and 664 N, respectively. The glass and PLA bolts loosen by 254 N and
359 N, respectively after the first cycle, and then they did not loosen any more by the end
of the test. It can be assumed from the results that glass and PLA bolts reached the maximum
loosening that can be caused by the amplitude of the temperature changes after the first cycle.

Figure 4. The preload variations of all bolted joints under cyclical temperature changes from 10 ◦C to
40 ◦C.

Figure 5. The preload variations of all bolted joints under cyclical temperature changes from 10 ◦C
to 80 ◦C.

3.2. Rotation Angle

The rotation angle is measured using the method illustrated in Figure 6 and calculated
by using Equation (1):

tanϕ =
h
l

, (1)

where, ϕ is the rotation angle of the nut, h is the linear displacement, and l is half of the
length of the nut side.
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Figure 6. The method for measuring the rotation angle of the nut in the loosening direction.

The changes of the rotation angle of the nuts under cyclical temperature changes from
10 ◦C to 40 ◦C are shown in Figure 7. The glass nut rotated by about 0.2 degrees in the first
cycle. It had a very small rotation of 0.26 degrees at the end of the experiment. The ABS-2
nut did not rotate through the experiment. However, the PLA nut rotated significantly by
about 2.4 degrees after the first cycle. Hence, the nut kept rotating slightly through the test
and by approximately 2.9 degrees after the final cycle of the temperature changes.

Figure 7. The rotation angle variations of all bolted joints under cyclical temperature changes from
10 ◦C to 40 ◦C.

The changes of the rotation angle of the nuts under cyclical temperature changes from
10 ◦C to 80 ◦C are shown in Figure 8. It can be noticed from the figure that the ABS-2 nut
rotated by 0.73 degrees in the initial cycle and did not rotate any further, and the same
scenario was observed with both glass and PLA nuts. In other words, after the initial cycle,
glass and PLA nuts rotated in the loosening direction by 8.38 degrees and 3.64 degrees,
respectively, and their values kept constant by the end of the test.
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Figure 8. The rotation angle variations of all bolted joints under cyclical temperature changes from
10 ◦C to 80 ◦C.

4. Conclusions

In this paper, self-loosening of 3D-printed bolts using three different materials, namely
ABS-2, PLA, and glass under cyclical temperature changes was investigated experimentally.
According to the results of the investigation, the following conclusions were obtained:

• Bolt preload for PLA was approximately 1.5 times higher than that of ABS-2 and glass.
• All bolts loosened more in the first cycle of temperature changes than in the rest of the

cycles, and the ABS-2 loosened about 2.5 times less in comparison to PLA bolts when
temperature changes make up from 10 ◦C to 40 ◦C.

• Under high temperature changes, PLA and glass bolts reached the maximum amount
of loosening in the first cycle of temperature changes and did not loosen anymore.

• Although the ABS-2 bolt was weaker than the rest of the bolt materials in terms of the
maximum preload, it was durable for temperature changes.
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