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1.  Introduction

Additive manufacturing (AM), which is also known as three-di-
mensional (3D) printing, is a new manufacturing method that allows 
the fabrication of patient-dependent medical devices with a short 
turnaround time. Among the various AM techniques, laser powder 
bed fusion (LPBF) has been extensively studied and used[1]. AM has 
been widely used in the engineering field for the production of au-
tomobiles, airplanes, industrial machines, and consumer products. 
However, its applications in medical sector have also been increas-
ing, accounting for 11.3% of the total number of AM applications[2,3].

The casting of Co–Cr alloys has been widely used in the medical 
field[4–6]. Several studies have been conducted on the use of AM 
for the production of Co–Cr clasps, including the evaluation of static 
bending[7], geometrical accuracy[8,9], surface roughness[9,10], in-
ternal porosity[10], and fatigue behavior[11–13]. Kato et al.[11] 
measured the retentive force under cyclic loading up to 104 cycles, 
which is a clinically relevant number of cycles. They found that after 

103 cycles, the retentive force decreased from 10 N to approximately 
6 N and remained approximately constant up to 104 cycles. Zhang 
et al.[12] and Schweiger et al.[13] found no significant differences in 
the fatigue behavior between cast and AM Co–Cr clasps. Schweiger 
et al.[13] also reported that the initial retentive force of an AM clasp 
was 15.74 N, which was higher than that of a cast clasp. They also 
reported that the survival rate of AM clasps after 65,000 cycles was 
higher than that of cast clasps.

Ti has a significant potential for the AM using LPBF[14]. Before 
the widespread application of AM, a study was conducted to com-
pare the properties of Co–Cr and Ti–6Al–7Nb (Ti67)[15]. Takayama et 
al.[16] reported positive clinical data regarding the use of titanium 
dentures, particularly pure titanium. Among recent studies using the 
AM of commercially pure titanium (CPTi) and Ti–6Al–4V (Ti64), the 
study by Takahashi et al.[17] demonstrated that the initial retentive 
forces of cast CPTi and cast Ti64 were identical, and those of AM CPTi 
were slightly smaller than those of AM Ti64 but better than those 
of casted CPTi and cast Ti64. The retentive forces with up to 104 
insertion/removal cycles of AM CPTi were higher than those of AM 
Ti64 and AM Ti67 considering the averaged values; however, the vari-
ability was slightly larger. Surface roughness is another critical factor 
in AM. Takahashi et al.[17] found that the surface of AM CPTi was 
better than those of AM Ti64 and AM Ti67. Although the yield stress 
and ultimate strength of CPTi are lower than those of Ti64, additively 
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manufactured CPTi exhibits a significant application potential.

This study investigates the fatigue properties of titanium clasps 
by comparing CPTi and Ti64 for up to 105 cycles. In addition to the 
experimental study, a numerical approach using finite element 
analysis (FEA) is presented to predict the fatigue life of CPTi and Ti64 
clasps before manufacturing. The need for numerical studies using 
FEA is increasing owing to the demand for the quality assurance of 
AM products[18–20] and for the design of new medical devices[21]. 
In the Materials and methods section, the design of the clasp 
specimens is presented, followed by the fatigue test method and 
the numerical strategy using the elastoplastic material model, finite 
element model, and fatigue life prediction method.

2.  Materials and Methods

2.1.  Design of the clasp specimen

In this study, a typical Aker clasp for the second molar was se-
lected as the model. The clasp shown in Figure 1a was additively 
manufactured via LPBF using an EOS M290 printer (EOS, Munich, 
Germany). The dimensions of the clasp specimens are listed in Table 
1. CPTi and Ti64 were used for EOS M290. Specifically, EOS CPTi grade 
2 particles with a maximum size of 38–45 μm on average were sieved 
before manufacturing. The layer pitch was 30 μm for both materials. 
In general, in the LPBF process, the particle size should be compat-
ible with the layer pitch.

A cylindrical chucking part was designed to chuck the clasp for 
the fatigue test, as shown in Figure 1b. The building orientation and 
support structure are shown in Figure 1c. The process was moni-
tored and recorded with the help of a printing service engineering 

company (J-3D Co., Ltd., Nagoya, Japan). No post-treatment methods 
were employed, and the as-manufactured specimens were used for 
the fatigue tests.

2.2.  Fatigue test

A small stroke fatigue testing machine IMC-0608 (Imoto Ma-
chinery, Kyoto, Japan), as shown in Figure 2a, was used. Figures 2b 
and c illustrate the chucking jig and the loading device for one arm 
of the clasp, respectively. The fatigue testing machine was stroke-
controlled, and the reaction force was measured.

Fourteen specimens of each material were tested under cyclic 
conditions at 1 Hz with an applied maximum stroke δ as defined in 
Figure 2d. δ is a constant for each stroke-controlled fatigue test. In 
this study, δ ranged from 0.2 to 0.5 mm. To determine the fatigue 
life, the N25 test was employed that defines the fatigue life when the 
reaction force was reduced to 75% of the initial force.

2.3.  Elasto-plastic material model for FEA

The material properties of CPTi and Ti64 were evaluated using 
five dumbbell-type flat-plate specimens for each material, as shown 
in Figure 3. The specimens were manufactured using an EOS M290 
printer. Based on the obtained relationship between the true stress 
and plastic strain, the Swift hardening law in Eq. (1) was defined for 
elastoplastic FEA.

	
σ α ε = + 

 

n
pC

 	
(1)

where σ  is the von Mises stress; ε p  is the equivalent plastic strain; 
C, α, and n are the coefficients to be calibrated using the experimen-
tal results.

2.4.  Finite element model

Elastoplastic FEA was performed by simulating the experiment 
using the Swift hardening law. The computer- aided design model in 
the STL data format for the LPBF was used for finite element model-
ing. The constrained condition was set at the surface of the cylin-
der, and the prescribed displacement was applied, as illustrated in 
Figure 4a. The displacement vector and surface nodes for applying 
the prescribed displacement were determined using a picture of the 
experimental setup. A commercial FEA code, COMSOL Multiphysics 
ver.5.5 (COMSOL, Inc., USA), was used. A finite-element mesh was 
generated using accurate 10 node tetrahedral elements, as shown 

Fig. 1.  Additively manufactured clasp specimen. (a): Additively manufac-
tured clasp of commercially pure titanium (CPTi) and ti-6A1-4V (Ti64). (b): 
Clasp specimen for fatigue test with cylindrical chucking part. (c): Building-
orientation and support structure for laser power bed fusion process.

Table 1.  Design of the clasp specimen

(mm)

Thickness of the clasp shoulder 1.5

Width of the clasp shoulder 3.0

Thickness of the middle of the clasp arm 1.0

Width of the middle of the clasp arm 1.7

Thickness of the clasp tip 0.5

Width of the clasp tip 0.7

Length of the arm 14.0
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in Figure 4b.

2.5.  Prediction of the fatigue life

The maximum principal stress and maximum principal strain ob-
tained via FEA were used for the prediction of the fatigue life using 
the Smith–Watson–Topper (SWT) method[22] expressed by Eq. (2).

	

( ) ( ) ( )σε σ σ ε +∆
= +

2
2'

' '
2

b b cf
max f f f fN N

E  	
(2)

where Nf is the fatigue life, and E is the Young’s modulus. The calcu-
lated maximum principal stress was used for determining σmax, and 
the maximum principal strain was used for estimating Δε[20]. Based 
on the rule of Baumel and Seeger[23], σ’f = 1.67σu and ε’f = 0.35 were 
used, where σu is the ultimate strength. Parameters b and c were 
calibrated in this study for CPTi and Ti64, respectively.

Fig. 2.  Fatigue testing machine. (a): Small stroke fatigue testing machine IMC-0608 (Imoto Machinery, 
Kyoto, Japan). (b): Chucking jig for clasp specimen. (c): Loading device for one arm of clasp. (d): Applied 
cyclic stroke.

Fig. 3.  Dumbbell-type specimen to measure material properties of CPTi and 
Ti64

Fig. 4.  Finite element model of the fatigue test specimen. (a): Solid model of 
clasp made from STL data with cylindrical chucking part and boundary condi-
tions. (b): Finite element mesh using 10 node tetrahedral elements.
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3.  Results

3.1.  Material properties

From the static tensile test of dumbbell-type flat plate speci-
mens of CPTi and Ti64, the relationship between stress and strain 
was obtained, as shown in Figure 5. The curve shows the average 
of the results obtained for five specimens. The variability was negli-
gible for both materials. The Young’s modulus, yield stress, ultimate 
strength, and coefficients of the Swift hardening law in Eq. (1) were 
calibrated, as summarized in Table 2.

The Young’s moduli of CPTi and Ti64 were approximately the 
same. The yield stress and ultimate strength of Ti64 are approxi-
mately double those of CPTi.

3.2.  Experimental and numerical results for the fatigue life

To explain the fatigue behavior, Figure 6 shows a typical 
example of the distribution of the maximum principal stress in the 
FEA and the fractured position in the experiment. These results were 
obtained when the stroke was 0.5 mm, which was the maximum 
value in this study. Therefore, the fatigue life of the specimen was 
only 6878. For all specimens, the fracture position was approximately 
the same in all the experiments, which was consistent with the stress 
concentration region in the FEA.

Figure 7 shows the method for determining the fatigue life 
based on the N25 test method. Two results obtained for CPTi under 
0.30 and 0.35 mm stroke conditions are shown. The reaction force 
gradually decreased by 10% of the initial force and then rapidly 
decreased.

The experimentally obtained fatigue life of a total of 28 speci-
mens is plotted in Figure 8; the circular and triangular markings 
represent values obtained for CPTi and Ti64, respectively. For both 
materials, when the applied stroke was less than 0.33 mm, no sig-
nificant variability was observed. The dashed lines represent the 
approximated curves. If 104 cycles were required for clinical use, the 
allowable stroke was less than 0.45 mm for both materials. When a 
stroke smaller than 0.33 mm was applied, CPTi had a better fatigue 
life than Ti64. For strokes larger than 0.35 mm, no clear differences 
were observed in the fatigue life between CPTi and Ti64.

Using the approximated dashed curves, the parameters of 
the SWT method in Eq. (2) were calibrated as listed in Table 3. The 
calibrated parameters enable the prediction of the fatigue life before 
manufacturing in the design phase of patient-specific clasps with dif-
ferent shapes.

4.  Discussion

Comparing the experimentally obtained fatigue life of CPTi 
and Ti64 clasps, no significant differences were observed between 
the two materials when a stroke larger than 0.35 mm was applied. 
However, CPTi had a better fatigue life under a stroke smaller than 

Fig. 5.  Static tensile test results for CPTi and Ti64, in which the curve shows 
the average of 5 specimens for each material

Table 2.  Measured material properties and coefficients of Swift hardening 
law for finite element analysis

CPTi Ti64

Young’s modulus E (GPa) 112.7 109.8

Yield stress σY (MPa) 431 813

Ultimate strength σu (MPa) 527 936

C (MPa) 647.5 1111

n 0.0915 0.038

α 0.0117 0.00025

Fig. 6.  Maximum principal stress distribution at a prescribed displacement d = 0.5 mm and 
fractured fatigue test specimen after 6878 cycle stroke of 0.5 mm. (a): CPTi. (b): Ti64. (c): Frac-
tured CPTi specimen.
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0.33 mm. In this smaller stroke range, the fatigue life of both materi-
als exceeded 104 cycles and that of CPTi under a stroke of ≤0.3 mm 
exceeded 105 cycles. In a study of Co–Cr clasps by Marie et al.[6], the 
measured clasp tip displacements ranged from 0.105 to 0.319 mm. 
Tan et al.[24] observed permanent deformation in their fatigue tests 
after a critical crack appeared in the middle of the arm. The largest 
displacement (>0.5 mm) was observed at the clasp tip; however, the 
displacement at the middle position where the crack was observed 
was approximately 0.1 mm. The boundary condition in our experi-
ment varies from that of the real case or previously published stud-
ies[6,24]. However, the stroke range at the middle position of the arm 
is consistent with those reported by other researchers. Therefore, 
a notable finding of this study is the good performance of CPTi in 
terms of the fatigue behavior. In future, the clinical evidence of par-
tial dentures with CPTi clasps, as presented by Fueki et al.[25], should 
be determined.

The potential of AM has been reported in many papers[11–13] 
through comparison with casted clasps. However, they are mainly 

focused on Co–Cr clasps. For titanium clasps produced via AM, as de-
scribed in the Introduction, Takahashi[17] reported that CPTi and Ti64 
produced via AM showed higher retentive forces than those of cast-
ing at both initial states and after 104 insertion and removal cycles. 
The initial retentive force of the CPTi AM clasp was slightly lower than 
that of Ti64, which agreed with our results for a large stroke. In addi-
tion, our study reveals the advantages of using CPTi in the high-cycle 
region. However, no control specimens were prepared, such as cast 
titanium clasps or conventional Co–Cr clasps with the same shape 
and size, which is a limitation of this study. Process-induced defects 
and surface conditions should also be examined in future studies. 
Additionally, the effects of the difference in the crystallite structures 
of CPTi and Ti64 on the fatigue behavior should be explored.

Many studies have demonstrated the high potential of CPTi 
fabricated via LPBF[14,16,17,26]. In our study, grade 2 pure Ti (EOS, 
Munich, Germany) was used in the same manner as that described by 
De Wild et al.[26]. Takayama et al.[16] used JIS type 3 pure titanium. 
The yield stress value listed in Table 1 is equivalent to the value of 
the better grade 4 specimen presented in[14]. Another possibility for 
obtaining improved pure titanium was presented in[14], to achieve a 
higher yield stress and similar elongation to those of Ti64. In addition 
to the static properties of CPTi, we demonstrated the merit of CPTi in 
terms of a high-cycle fatigue life. Note that the properties of Ti64 are 
discussed in our previous paper on FEA[20].

Considering the surface roughness, which is assumed to exhibit 
a correlation with fatigue behaviors, Takahashi et al.[17] reported 
that CPTi possessed a better surface morphology than Ti64 and Ti67. 
As described in Section 2.2, specimens manufactured without the 
post-treatment step were used in our study. The fatigue test results 
of less than 106 cycles were significantly influenced by the surface 
conditions of the as-manufactured specimen. Liu et al.[27] reported 

Fig. 7.  Time history of the reaction force and the determination of the fatigue life using the N25 method. (a): CPTi specimen under 0.30 mm stroke. (b): CPTi 
speciment under 0.35 mm stroke.

Fig. 8.  Experimentally obtained fatigue life of CPTi and Ti64 clasps with each 
regression curve and prediction obtained using the Smith–Watson–Topper 
(SWT) method employing calibrated parameters

Table 3.  Calibrated fatigue parameters in the equation used in the Smith–
Watson–Topper method

CPTi Ti64

b -0.067 -0.105

c -0.419 -0.453
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that in the engineering applications, surface defects influence the 
low-cycle fatigue, whereas internal defects are dominant in the high-
cycle fatigue. For engineering applications, Sun et al.[28] compared 
the fatigue behaviors of CPTi and Ti64 in a very high cycle range from 
105 to 108. However, clinically important low-cycle fatigue data are 
lacking. This study provides practical fatigue data for clasps in terms 
of the comparison between CPTi and Ti64 from 104 to 106 cycles. 
However, the influence of the surface roughness and defects[27] 
should be studied further using post-treatment in future.

A significant study on the fatigue behavior of AM CPTi was con-
ducted by Hasib et al.[29]. They discussed the correlation between 
the building orientation in LPBF and fatigue. It was proposed that 
the building orientation influenced the fatigue properties when 
the crack extension speed was low. To fabricate the specimens in 
this study, a limitation existed in determining the building orienta-
tion because of the cylindrical chucking part. Kobayashi et al.[30] 
presented the dependency of the shape error and internal defects 
on the building orientation for Co–Cr. Wang et al.[31] discussed the 
support structures of partial dentures. In the next step of the present 
study, the same building orientation as that of a clinical clasp[20] 
without the cylindrical chucking part would be used by developing 
a geometry compensation methodology[32] for the chucking part.

In addition to the experimental data, a numerical approach 
was presented to predict the fatigue life. The usefulness of FEA for 
prosthesis design is well established[33,34]. However, to the best of 
our knowledge, the prediction of the fatigue life of additively manu-
factured clasps has not yet been published. The fracture position in 
the fatigue test is in the region of stress concentration in the FEA, 
which supports the usefulness of FEA. Notably, a highly accurate 
10-node quadratic-type element and fine mesh were employed, as 
shown in Figure 4b. Based on the SWT method, which is widely used 
for titanium and aluminum alloys[35], and the Baumel and Seeger 
rule, the parameters were calibrated for CPTi and Ti64. In future, 
they must be validated through experiments on clasps with different 
shapes. That is, using the calibrated parameters listed in Table 3, the 
FEA and fatigue life prediction of a clasp with different sizes must be 
performed and compared with the experimental results. In such a 
validation study leading to the generalization of the methodology, 
the variability in the fatigue life should be thoroughly analyzed by 
increasing the number of fatigue tests. Within this limitation, the 
present results allow us to evaluate the fatigue life in the design 
phase before manufacturing. This is important for ensuring the qual-
ity of the patient-specific clasp.

Repeatability is an important and critical factor in AM and 
LPBF[36] for the quality assurance of clasps for clinical use. In the ex-
perimental results, variability was observed for higher strokes; how-
ever, under smaller strokes, no variability was observed, although 
the number of specimens was limited. The sources of variability are 
the material properties, geometrical accuracy, and initial defects 
in the AM clasp. Concerning the material properties, the ultimate 
strength of Ti64 listed in Table 1 is consistent with the average level 
reported by Dowling et al.[37]. FEA can predict the fatigue life before 
manufacturing, as shown in Figure 8. To analyze the variability, novel 
numerical studies have considered the initial defects in probabilistic 
FEA[18–20,38]. However, the variability in the fatigue life can be 
expressed by calibrating the fatigue parameters in the SWT method, 
in a similar manner as that performed for the averaged fatigue life in 
Figure 8 and Table 3.

5.  Conclusions

CPTi and Ti64 clasps in a typical design of Akers were manu-
factured using LPBF. Specimens uniquely designed for chucking in 
a stroke-controlled fatigue testing machine were used. Fourteen fa-
tigue tests were conducted for each material. Within the limitations 
of this study, the experimental results based on the N25 test method 
revealed that the CPTi clasp exhibited a longer fatigue life than the 
Ti64 clasp under a stroke smaller than 0.33 mm.

In the numerical studies, the elastoplastic material model was 
determined using a static tensile test of dumbbell-type flat plate 
specimens manufactured via LPBF. The stress concentration region 
estimated using FEA was consistent with the fracture position in the 
experiment. The parameters in the SWT method were calibrated 
for CPTi and Ti64. Under the limitations of the above-mentioned 
clasp design and cyclic loading condition, the establishment of the 
numerical method enabled us to predict the fatigue life and analyze 
quality assurance in the design phase before manufacturing. The 
application of this method to other clasp designs will be validated 
in the next step.
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