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A B S T R A C T   

Background and objective: The retention of selective laser melting (SLM)-built denture clasps is inferior to that of 
cast cobalt-chromium (Co–Cr) clasps engaging 0.01-in undercuts, which are commonly used in clinical practice. 
Either the clasps engage in excessively deep undercuts or inappropriate printing process parameters are applied. 
With appropriate undercut engagement and levels of process parameters, the retention of SLM-built clasps 
(including Co–Cr, commercially pure titanium [CP Ti], and Ti alloy [Ti–6Al–4V] ones) may be comparable to 
that of cast Co–Cr clasps. Therefore, this feasibility study aimed to evaluate their retention to guide dentists 
during material selection for the powder-bed fusion process during the printing of denture clasps. 
Methods: We engaged the clasp arm at an appropriate undercut depth (0.01 or 0.02 in), built clasps at the 
orientation of their longitudinal axes approximately parallel to the build platform, generated square prism 
support structures at a critical overhang angle of 30◦, applied optimized laser parameters (laser power, scan 
speed, and hatch space), and adopted annealing treatment for Co–Cr, CP Ti, and Ti–6Al–4V clasps. After post
processing and accuracy measurement, an insertion/removal test of the clasps for 15,000 cycles was performed 
to simulate 10 years of clinical use, and the retentive force was recorded every 1500 cycles. Permanent defor
mation of the retentive arms of the clasps was measured. Cast Co–Cr clasps engaging 0.01-in undercuts were 
designated the control group. 
Results: The initial retentive forces of the SLM-built Co–Cr clasps engaging 0.01-in undercuts and CP Ti and 
Ti–6Al–4V clasps engaging 0.02-in undercuts were comparable to those of the control group. SLM-built Co–Cr 
clasps engaging 0.01-in undercuts and Ti–6Al–4V clasps engaging 0.02-in undercuts had similar final retentive 
force and less permanent deformation compared with those of the control group; SLM-built CP Ti clasps engaging 
0.02-in undercuts had lower final retentive force and greater permanent deformation. 
Conclusions: Considering the long-term retention and permanent deformation of the retentive arms, Co–Cr and 
Ti–6Al–4V alloys, except CP Ti, are recommended for printing denture clasps. SLM-built Co–Cr clasps should 
engage 0.01-in undercuts, and Ti–6Al–4V clasps should engage 0.02-in undercuts.   

1. Introduction 

World Health Organization (WHO) estimated that by 2030, 1.4 
billion individuals worldwide would be aged 60 years or above [1]. 

Tooth loss is highly prevalent among older adults [2–4]. Some national 
oral health survey reports show that the average number of missing 
teeth of older adults is 5.5 in China [2], 7.3 in the United States [5], 11.1 
in Germany [3], and 8.8 in Australia [4]. The prevalence of edentulism 
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(total tooth loss) is much lower than that of partial edentulism among 
older adults [2–4]. Missing teeth of partially edentate adults can be 
restored with dental implant restorations, fixed partial dentures, or 
removable partial dentures (RPDs), of which RPDs are in greatest de
mand owing to a wide range of indications and relative affordability. A 
conventional RPD comprises a metal framework fabricated by tradi
tional investment casting and a resin base fabricated by flasking and 
packing. The fabrication of conventional RPDs is time-consuming, and 
casting defects often occur, particularly when casting pure titanium and 
titanium alloys. Over the past 20 years, computer-aided design/
computer-aided manufacturing (CAD/CAM) technology has been grad
ually applied to the fabrication of RPDs. Recently, a few researchers 
have attempted to manufacture a metal framework and resin base using 
CAD/CAM and to assemble them into an RPD [6,7]. However, the 
digitalization of RPDs mainly involves the fabrication of a metal 
framework because the CAM technology for the resin base is still 
developing. Selective laser melting (SLM) is replacing conventional in
vestment casting and is becoming routine in removable prosthodontics. 
SLM powder metal materials used to manufacture RPD frameworks 
include cobalt-chromium (Co–Cr) alloys, titanium alloys (Ti–6Al–4V), 
and commercially pure titanium (CP Ti) [8]. SLM technology has the 
advantages of high production efficiency and low cost, and the relative 
density of SLM-built metal parts can be as high as 99.9% [9–11]. 
SLM-built RPD frameworks are widely used in clinical practice. 

The accuracy and adaption of SLM-built RPD frameworks are similar 
to those of cast ones [12–15]. Their long-term retention must also meet 
clinical requirements to allow SLM-built RPDs to function stably in the 
patients’ mouths for a long time. The retention of circumferential clasps, 
the most common retainers of RPDs, has attracted the attention of many 
researchers and dentists. Clasp retention can be achieved by two main 
methods: 1) Simplifying the clasp as a cantilever beam with the same 
cross-sectional shape. A load is applied on the free end of the cantilever 
beam to make a vertical deflection of 0.01 or 0.02 in (0.25 or 0.50 mm), 
simulating the clasp arm engaging in 0.01-in or 0.02-in undercuts. The 
load indirectly deflects the retention performance of the clasp [16,17]. 
2) A more direct approach would be to insert a clasp on the tooth die and 
then dislodge it. The maximum vertical component of the force of the 
tooth die on the clasp is considered to be the retentive force of the clasp 
[18,19]. Typically, researchers insert or dislodge the clasp for 10,000 or 
15,000 cycles to simulate the conditions experienced by an RPD placed 
intraorally for several years, assuming that patients would perform four 
complete cycles per day. The retentive force of SLM-built clasps should 
neither be too small to ensure good intraoral retention of the RPD nor 
too large for patients to remove their dentures safely. Cast Co–Cr 
frameworks are most commonly used in clinical practice. The retention 
of clasps made of other metals is commonly evaluated by comparing 
their retentive force with that of the cast Co–Cr clasps. 

The long-term retention performance of SLM-built metal clasps is 
better than that of cast-metal clasps. Kim et al. [17] showed that when 
the vertical deflection was 0.01 inches, the bending load of annealed 
SLM specimens was 3.12 ± 0.44 N, which was significantly higher than 
that of unannealed SLM specimens (2.25 ± 0.99 N) but lower than that 
of cast specimens (8.87 ± 1.24 N). This indicates that annealing treat
ment can improve the elastic modulus of metals and thus improve the 
retention performance of metal clasps. The SLM-built Co–Cr clasps are 
more flexible and less rigid than cast Co–Cr clasps [17]. However, the 
printing process has not been comprehensive [17]. In the study by 
Kajima et al. [20], when the deflection was 0.01 inches, SLM-built Co–Cr 
clasps built with the longitudinal axes inclined by 0◦, 45◦, and 90◦ had 
slightly lower bending loads than cast Co–Cr clasps (9.6 ± 0.5 N). After 
106 cycles of loading/unloading, clasp specimens built at angles of 
45◦and 90◦ fractured, and clasp specimens built at an angle of 0◦ had 
slightly lower bending loads than those of cast Co–Cr clasps (9.3 ± 0.3 
N). During SLM printing, the laser spot moves rapidly, rapid solidifica
tion occurs in the molten pool, and a smaller grain size is formed. This 
leads to a higher yield and tensile strength of the SLM-built Co–Cr alloy 

than that of the cast Co–Cr alloy [20,21]. However, the SLM-built 
specimens exhibited a lower fatigue strength and life than the cast 
specimens. This may be related to the molten pool boundaries. Wen et al. 
[22] reported that the fracture of SLM-built parts initiated at the molten 
pool boundaries, and cracks extended along the boundaries in a tensile 
fracture. The fracture surfaces of the clasp specimens built at an angle of 
90◦ were approximately parallel to the molten-pool boundaries. For 
comparison, the fracture surfaces of the clasp specimens built at an angle 
of 0◦ were perpendicular to the molten pool boundaries. Cracks can 
easily propagate along molten-pool boundaries. In addition to the build 
orientation, the support structures help improve the fatigue perfor
mance and, thus, the long-term retention performance of the clasps. The 
support structures reduced the residual strain during the SLM process 
and helped to prevent micro-cracks caused by thermal distortion. 
Moreover, the supported specimens cooled more rapidly and formed 
finer grains than the unsupported specimens [23]. In another study [23], 
when the deflection was 0.02 inches, the fatigue life of supported Co–Cr 
clasp specimens was twice as long as that of unsupported ones. Laser 
parameters such as laser power, scan speed, and hatch space also un
doubtedly affect the mechanical properties and microstructure of 
SLM-built parts [11] and thus, affect the retention performance of metal 
clasps. However, few studies have investigated these factors in detail. In 
addition to the retention of SLM-built Co–Cr clasps, some researchers 
have reported that the retention of SLM-built Ti–6Al–4V clasps hardly 
meets the clinical requirements. Tan et al. [24] showed that all speci
mens of SLM-built Ti–6Al–4V clasps fractured after 4000 cycles of 
insertion/removal. The fracture of clasps was attributed to their 
engagement in excessive undercuts (0.03 in), which led to the load on 
the clasps exceeding their fatigue strength. This suggests that SLM-built 
cast alloy clasps should engage less than 0.03-in undercuts. 

We can adjust the build orientation; generate appropriate support 
structures; set proper levels of laser parameters (such as laser power, 
scan speed, and hatch space); and perform annealing treatment to 
improve the tensile and fatigue properties of SLM-built parts, or consider 
the design of clasps, such as engaging the clasp arm at appropriate un
dercut depths to ensure the retention performance of SLM-built metal 
clasps. The retention of SLM-built metal clasps is purportedly compa
rable to that of cast Co–Cr clasps, which are currently commonly used in 
clinical practice. Therefore, this feasibility study aimed to evaluate the 
long-term retention of 3D-printed clasps (including Co–Cr, CP Ti, and 
Ti–6Al–4V) to guide dentists in material selection for the powder-bed 
fusion process during the printing of denture clasps. 

2. Materials and methods 

2.1. Design of the tooth die and clasps 

The maxillary left first premolar of the resin cast was prepared for the 
distal rest seat and guiding plane (Fig. 1a). The rest seat was a rounded 
triangular shape with its apex nearest to the center of the premolar. The 
base of the triangular shape was approximately one-half the bucco- 
lingual width of the premolar. The marginal ridge was lowered to 
allow the thickness of the rest to be approximately 1.5 mm. The guiding 
plane was approximately two-thirds of the occluso-gingival height of the 
distal surface of the premolar [25]. The prepared abutment tooth was 
sprayed using a 3D scan spray (YIQIAO SCAN, Dalian Yiqiao Medical 
Devices Co. Ltd., China) and scanned using a 3D scanner (D2000, 
3Shape A/S, Denmark). Digital scans of the prepared abutment tooth 
were sculpted to ensure undercuts on the buccal surface of the abutment 
tooth; however, no undercuts were made on the lingual surface using 
reverse engineering software (Geomagic Studio 2014, 3D Systems, US). 
A cylindrical base was virtually added to the bottom of the abutment 
tooth using preparation software (Magics 21.0, Materialise, Belgium) to 
fix the tooth die in the chewing simulator (CS4.2, SD Mechatronik, 
Germany) (Fig. 1b). In routine clinical practice, RPD clasps engaging 
0.01 or 0.02-in undercuts were designed on the tooth die (Fig. 2a–d) 
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using dental CAD software (Dental System 2019 Premium, 3Shape A/S, 
Denmark). The size of the clasp arm (1.9-mm width/1.1-mm thickness at 
the body, 0.8-taper ratio from the tip to the body) and thickness of the 
proximal plate (0.8 mm) are the default values provided by the CAD 
software vendor. A cylindrical bar was virtually added to the top of the 
rest using the Geomagic Studio 2014 software to fix the clasps in the 
chewing simulator (Fig. 2e). 

2.2. Experimental design 

The metal powders used in dentistry include Co–Cr alloys, CP Ti, and 
Ti–6Al–4V [8]. The retention of these three types of metal clasps was 
evaluated by comparing them with those of cast Co–Cr clasps engaging 
0.01-in undercuts, the most commonly used clasps in clinical practice. 
The retentive force of the clasp is derived from the friction force between 
the clasp and tooth and adhesion force owing to the surface tension of 
the clasp-saliva-tooth system. The adhesion force was assumed to be 1 N, 
which is significantly less than the friction force [26]. The elastic 
modulus determines the friction between the clasp and tooth. Previous 
studies have shown that the elastic modulus of SLM-built Co–Cr is 

comparable to that of cast Co–Cr alloys, while the elastic modulus of CP 
Ti and Ti–6Al–4V is nearly half that of Co–Cr alloys [8,19,27]. It could 
be predicted that the retention of the SLM-built CP Ti and Ti–6Al–4V 
clasps was not as good as that of the control group. Common clinical 
practice is to make clasps engage in deeper undercuts, for instance, 
0.02-in undercuts. In the study by Yager et al. [16], SLM-built Co–Cr 
cantilever beams were permanently deformed when the vertical 
deflection at their tip was 0.02 inches. SLM-built Ti–6Al–4V clasps could 
engage 0.02-in undercuts in the study by Xie et al. [19]; however, they 
could not engage 0.03-in undercuts in the study by Tan et al. [24]. Tan 
et al. [24] observed that all SLM-built Ti–6Al–4V clasp specimens frac
tured after 4000 insertion/removal cycles. Therefore, only 0.01 and 
0.02-in undercuts were used in this study. As shown in Table 1, Co–Cr, 
CP Ti, and Ti–6Al–4V clasps with 0.01 or 0.02-in undercut engagement 
were printed, and each group had six specimens. 

2.3. Manufacturing of clasps and tooth dies 

Table 2 lists the main chemical components of the cast Co–Cr alloy 
and the characteristics of SLM metal powders used in this study. Inspired 

Fig. 1. Design of tooth die. (a) Prepared first premolar. (b) Computer-aided design (CAD) data of tooth die.  

Fig. 2. Design of clasps. (a) Profile of clasp arm. (b) Undercut. (c) Retentive arm, reciprocal arm, and rest of clasp. (d) Retentive arm tip engages undercut. (e) 
Clasp specimen. 
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by the study of Kajima et al. [20], we built clasps in the orientation of the 
cylindrical bar at the bottom and clasp arms at the top. The critical 
overhang angle was 30◦, and square prism support structures were 
generated automatically using slicer software (P3DS, Profeta Co. Ltd., 
China) (Fig. 3). The layer thickness was 0.03 mm for all specimens as 
usual [9]. Co–Cr clasp specimens were printed using an SLM printer 
(Tr150, Profeta Co. Ltd., China) under a protective atmosphere of ni
trogen. CP Ti and Ti–6Al–4V clasp specimens were printed using another 
SLM printer (Ti150, Profeta Co. Ltd., China) under argon. The diameter 
of the laser beam was 0.065 mm. Infill hatch lines were scanned using 
the zigzag strategy. This strategy is the most commonly used one for 
printing geometries with complex freeform surfaces [28]. Then the laser 
beam contoured the layer along its perimeter twice with spot 

compensation when scanning the outer contour set to 0.07 mm. The 
rotation angle of the scanning patterns between the layers was set to 67◦

[29]. The volumetric energy density E=P/(v*h*t), where P is laser 
power, v is scan speed, h is hatch space, and t is layer thickness, directly 
affecting the density and porosity of build parts [30]. The mechanical 
properties of build parts are closely related to their density and porosity. 
Inspired by previous studies [9,11,31,32], the proper levels of laser 
power, scan speed, and hatch space in the printing of Co–Cr, CP Ti, and 
Ti–6Al–4V powders were set. Table 3 lists the main process parameters. 
Castable resin patterns of the clasp with 0.01-in undercut engagement 
were printed using a digital light-processing printer (Lite600HD, 
UnionTech Co. Ltd., China) and then invested and cast into Co–Cr 
(Wironit extra-hard, BEGO GmbH, Germany) clasp specimens, which 
were the control group. The CAD data of the tooth die were sent to a 
dental laboratory (Beijing Liaison Dental Technology Co., Ltd), and 
ASTM 304 stainless steel dies were milled using a milling machine (408 
MT, Willemin-Macodel SA, Switzerland), according to the manufac
turer’s instructions. 

2.4. Postprocessing of clasps 

The 3D-printed clasp specimens were annealed in a vacuum 
annealing furnace (RZF1200, Shanghai Refan Co. Ltd., China). They 
were heated to the annealing temperature of the metal at a rate of 15 ◦C/ 
min, stabilized for 60 min, and cooled to the room temperature (23 ◦C) 
in the furnace. The annealing temperature was 1190 ◦C for the Co–Cr 
alloy, 650 ◦C for CP Ti, and 850 ◦C for Ti–6Al–4V. The 3D-printed clasp 
specimens were cut from building platforms using a wire-cutting ma
chine (DK7728, Tianlong Numerical Controlled Co. Ltd., China). After 
manual removal of the support structures, they were sandblasted using 
100-μm white fused alumina particles under a pressure of 0.4–0.6 MPa. 
They were then ground using tungsten carbide burs at a speed of 
20,000–30,000 r/min to remove residual supports, nodules, and burrs, 
and polished using carborundum points at the same speed. The cast 
Co–Cr clasp specimens were sandblasted and polished similarly. Fig. 4 
shows a clasp specimen and tooth die. 

Table 1 
Experimental design. Co–Cr, Cobalt-chromium. CP Ti, Commercially pure tita
nium. Ti alloy, Ti–6Al–4V.  

ID Group N Metal type Undercut engagement (in) 

0 Control 6 Cast Co–Cr 0.01 
1 Experimental 6 Co–Cr 0.01 
2 Experimental 6 Co–Cr 0.02 
3 Experimental 6 CP Ti 0.01 
4 Experimental 6 CP Ti 0.02 
5 Experimental 6 Ti–6Al–4V 0.01 
6 Experimental 6 Ti–6Al–4V 0.02  

Table 2 
Main characteristics of selective laser melting metal powders. NA, Not available. 
Co–Cr, Cobalt-chromium. CP Ti, Commercially pure titanium. Ti alloy, 
Ti–6Al–4V.  

Metal Cast 
Co–Cr 

Co–Cr 
powder 

CP Ti 
powder 

Ti–6Al–4V 
powder 

Manufacturer BEGO 
GmbH 

DPR 
Materials 
Co. Ltd. 

Weilali 
Materials Co. 
Ltd. 

Shangcai 3D 
Technology Co. 
Ltd. 

Chemical 
composition 
(weight%) 

Co, 
63.0% 
Cr, 
30.0% 
Mo, 
5.0% 

Co, 
(62–66)% 
Cr, 
(23–27)% 
Mo, (4–6)% 
W, (4–6)% 

Ti ≥ 99.71% Ti ≥ 87.76% 
Al, (5.50–6.75)% 
V, (3.50–4.50)% 

Particle size (μm) – 10–45 15–53 0–45 
D10 (μm) – 15 20.7 ≤15 
D50 (μm) – 28 35.3 30–40 
D90 (μm) – 44 56.5 ≤63 
Apparent density 

(g/cm3) 
– ≥4 2.36 NA 

Tapped density 
(g/cm3) 

– ≥4.5 NA NA 

Flowability (s/ 
50 g) 

– ≤40 37.54 <40  

Fig. 3. Clasp specimen and support structures. (a) Back side view. (b) Right side view. (c) Bottom side view.  

Table 3 
Main process parameters for selective laser melting metallic powders. Co–Cr, 
Cobalt-chromium. CP Ti, Commercially pure titanium. Ti alloy, Ti–6Al–4V.  

Process parameters Co–Cr alloy CP Ti Ti–6Al–4V 

Layer thickness (mm) 0.03 0.03 0.03 
Scan strategy Zigzag Zigzag Zigzag 
Scan speed (mm/s) 800 1000 800 
Laser power (W) 120 120 135 
Hatch space (mm) 0.085 0.08 0.085  
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2.5. Measurement of accuracy 

The accuracy of clasps affects their retention. If a denture clasp has 
low accuracy, the denture cannot be seated well in the patient’s mouth 
and will not have a good retention performance. Therefore, the accuracy 
of the clasp specimens was evaluated before their retention evaluation. 
There are two main indices for evaluating the accuracy of the clasps. One 
is adaption, that is, the gap between the intaglio surface of the clasp and 
tooth die after the clasp is seated on the tooth die. The second is the 
deviation of the scan data of the clasp from the original CAD data. The 
latter method was adopted in this study because it was easy to perform. 
Digital scans of all the clasp specimens were obtained using D2000. 
Before scanning, the specimens were sprayed using a 3D scan spray. The 
scan data (Scan Data A) of each clasp specimen were initially aligned 
with the CAD data through N-point alignment using Geomagic Studio 
2014. Curves were drawn on the CAD data to select the clasp arms, rest, 
and proximal plate area, and then projected onto Scan Data A. The 
selected area of Scan Data A of each clasp specimen was aligned with 
that of the CAD data using best-fit alignment. The root mean square 
(RMS) representing the 3D deviation between the selected area of Scan 
Data A of each clasp specimen and that of the CAD data, named RMSacc, 
was calculated (Fig. 5a). Similarly, the RMS between the scan data of 
each tooth die and the CAD data was calculated (Fig. 5b). 

2.6. Insertion/removal of clasps 

Each clasp specimen was screwed for antagonist administration. The 
responding tooth die was embedded in the specimen holder with an 
auto-polymerizing acrylic resin (Technovit 4000, Kulzer, Germany) 
(Fig. 6a). A force sensor is placed in the specimen chamber. The test 
conditions were maintained at room temperature (23 ◦C) under wet 
conditions (with purified water). The clasp specimen moved down and 
up with a 15-mm amplitude and 60-mm/s speed (Fig. 6b). The 
maximum vertical force at which the clasp specimen was dislocated was 
regarded as the retentive force for each cycle [10–13,18,19]. The 
average retentive force during cycles 100–109 was named the initial 
retentive force, f0. The averages of the retentive force during the cycles 
1500–1509, 3000–3009, 4500–4509, 6000–6009, 7500–7509, 
9000–9005, 10,500–10509, 12,000–12009, 13,500–13509, and 15, 
000–15009 were measured and calculated as f1, f2, f3, f4, f5, f6, f7, f8, 
f9, and f10, respectively. If a clasp specimen fractured, another specimen 
was added to the group in which it failed. 

2.7. Permanent deformation of retentive arms 

After the insertion/removal tests, digital scans of the unfractured 
clasp specimens were obtained using a scanner D2000. The scan data of 
each clasp specimen after the insertion/removal test were named Scan 
Data B. Scan Data B of each clasp specimen were aligned initially with its 
Scan Data A through N-point alignment using Geomagic Studio 2014. 
Curves were drawn on Scan Data A of each clasp specimen to select the 
reciprocal arm, rest, and proximal plate area and then projected onto its 
Scan Data B. The selected area of Scan Data B of each clasp specimen was 
aligned with that of its Scan Data A through best-fit alignment. The RMS 
between the retentive arm area of Scan Data B of each clasp specimen 
and that of its Scan Data A, denoted as RMSdef was calculated (Fig. 7). 

2.8. Statistical analyses 

As RMSacc and RMSdef did not follow a normal distribution, a Box- 
Cox transformation was performed using a statistical analysis system 
(SAS 9.4, SAS Institute Inc, US). Two-way analyses of variance (ANOVA) 
with the transformed RMSacc and RMSdef as the dependent variable, 
respectively, and the metal type and undercut engagement as classifi
cation variables were performed. The least-squares means for the 
different levels of the main effects were then compared. Repeated- 
measures ANOVA with f0, f1, f2, f3, f4, f5, f6, f7, f8, f9, and f10 as the 
dependent variables and the metal type and undercut engagement as the 
classification variables were performed. Within-subject and between- 
subject effects were also tested. The least-squares means of f0 and f10 
for different levels of the metal type and undercut engagement were 

Fig. 4. Fabrication of tooth die and clasp.  

Fig. 5. Accuracy measurement of clasp and tooth die. (a) Clasp. (b) Tooth die.  
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compared. Similarly, one-way ANOVAs were performed with the 
transformed RMSacc, f0, f10, and RMSdef as the dependent variable, 
respectively, and the group as the classification variable. The mean 
values of each experimental group were compared with those of the 
control group using planned comparisons. All comparison results were 
plotted using the data analysis and graphing software program (Ori
ginPro 2020b, OriginLab Corp, US). 

3. Results 

3.1. Accuracy of clasps and abutment dies 

The RMSs between the tooth dies and their CAD data were 22.7 ±
2.2 μm. The RMS between the control group of clasps and their CAD data 
was 94.7 ± 12.6 μm. Mean RMSs between different experimental groups 
of clasps and their CAD data ranged from 51.5 μm to 79.9 μm. Both the 
metal type and undercut engagement had significant effects on the ac
curacy of the SLM-built clasps (P < .05). No significant interaction effect 
between the metal type and undercut engagement was found on the 
accuracy of the SLM-built clasps (P > .05) (Table 4). For SLM-built clasps 
engaging the same undercuts, CP Ti and Ti–6Al–4V clasps showed 
higher accuracy than Co–Cr ones (P < .05), and no significant accuracy 
difference was found between CP Ti and Ti–6Al–4V clasps (P > .05) 
(Fig. 8a). For SLM-built clasps made of the same metal, the clasps 
engaging 0.01-in undercuts had significantly higher accuracy than those 
engaging 0.02-in undercuts (P < .05) (Fig. 8b). This was due to excessive 
grinding and polishing of the clasps engaging 0.02-in undercuts such 
that they were seated successfully on the tooth dies. All experimental 

groups showed significantly higher accuracy than the control group (P 
< .05), except for the SLM-built Co–Cr clasps engaging 0.02-in un
dercuts (P > .05). The accuracy of this group of clasps was similar to that 
of the control group (Fig. 9). 

3.2. Fracture of clasps 

After 7500 insertion/removal cycles, the retentive arm of one SLM- 
built Co–Cr clasp specimen engaging a 0.02-in undercut fractured at 
the clasp shoulder, while that of another fractured at the same site after 
10,500 cycles. Fig. 10 shows the fracture surface of the retentive arm of 
the failed specimen. The crack originated from the side of the clasp 
shoulder away from the rest, where the maximum von Mises stress 
occurred [27]. Subsequently, the crack propagated to the middle and 

Fig. 6. Measurement of clasps’ retentive force. (a) Fixation of clasp and die. (b) Insertion/removal cycle.  

Fig. 7. Measurement of permanent deformation of retentive arms. (a) Polishing surface. (b) Intaglio surface.  

Table 4 
Two-way analysis of variance for root mean square of clasp specimens. RMSacc, 
Root mean square between clasp arms, rest, and proximal plate area of scan data 
of each clasp specimen before insertion/removal test and that of CAD data. 
λRMSacc, Transformed RMSacc after Box-Cox transformation. Met, Metal type. 
Und, Undercut engagement.  

Dependent variable Source Df F P 

λRMSacc. Model 5 8.65 <.001* 
Met 2 15.82 <.001* 
Und 1 7.57 .010* 
Met* Und 2 2.02 .150 

*Mean difference significant (P < .05). 
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eventually terminated on the side of the clasp shoulder near the rest. The 
fracture surface of the SLM-built clasps was uneven, and many dimples 
existed, which indicated that ductile fracture occurred on the SLM-built 
Co–Cr clasps. Two additional specimens were added to the experimental 
group of clasps to ensure that there were six specimens in each group. 

3.3. Long-term retention of clasps 

Fig. 11 shows the change in the retentive force of the clasps across 
different cycling sequences. Table 5 shows that the retentive force did 

not change significantly across different cycling sequences (P > .05) and 
that the change in the retentive force of SLM-built clasps across different 
cycling sequences did not depend on the metal type and undercut 
engagement (P > .05) (Table 5). For SLM-built clasps engaging the same 
undercuts, the Co–Cr clasps had a significantly higher initial and final 
retentive force than CP Ti and Ti–6Al–4V ones (P < .05); and no sig
nificant difference in the initial or final retentive force was found be
tween CP Ti and Ti–6Al–4V ones (P > .05) (Figs. 12a and 13a). This is 
owing to the higher elastic modulus of the Co–Cr alloy than that of CP Ti 
and Ti–6Al–4V alloy [8,19,27]. For SLM-built clasps made of the same 
metal, the clasps engaging 0.02-in undercuts had significantly higher 
initial and final retentive forces than those engaging 0.01-in undercuts 
(P < .05) (Figs. 12b and 13b). SLM-built CP Ti or Ti–6Al–4V clasps 
engaging 0.01-in undercuts had significantly lower initial and final 
retentive forces than the control group (P < .05); SLM-built CP Ti clasps 
engaging 0.02-in undercuts had the same initial retentive force (P > .05) 
but a lower final retentive force (P < .05) compared with that of the 
control group; while the other experimental groups of clasps had similar 
initial and final retentive forces as those of the control group (P > .05) 
(Fig. 14). 

3.4. Permanent deformation of retentive arms 

Both the metal type and undercut engagement had significant effects 
on the permanent deformation of the retentive arms of the SLM-built 
clasps (P < .05); no significant interaction effect was found between 
the metal type and undercut engagement (P > .05) (Table 6). For SLM- 
built clasps engaging the same undercuts, the permanent deformation of 
CP Ti clasps was significantly greater than that of Co–Cr and Ti–6Al–4V 
ones (P < .05). This was related to the lower yield strength of CP Ti 
compared to those of Co–Cr and Ti–6Al–4V alloys. No significant per
manent deformation difference was found between the Co–Cr and 
Ti–6Al–4V clasps (P > .05) (Fig. 15a). For SLM-built clasps made of the 
same metal, the permanent deformation of clasps engaging 0.01-in un
dercuts was less than that of clasps engaging 0.02-in undercuts (P < .05) 
(Fig. 15b). The permanent deformation of the SLM-built Co–Cr and 
Ti–6Al–4V clasps engaging 0.01-in undercuts was less (P < .05) and that 
of SLM-built CP Ti clasps engaging 0.02-in undercuts was greater (P <
.05) than that of the control group (Fig. 16). 

4. Discussion 

Tasaka et al. [33] showed that the deviation between cast Co–Cr 
clasps and the tooth die was − 85.2 to 72.80 μm, and that between the 

Fig. 8. Least-squares means of transformed RMSacc for main effects. RMSacc, Root mean square between clasp arms, rest, and proximal plate area of scan data of each 
clasp specimen before insertion/removal test and that of CAD data. (a) Metal type. (b) Undercut engagement. Co–Cr, Cobalt-chromium. CP Ti, Commercially pure 
titanium. Ti alloy, Ti–6Al–4V. *Mean difference significant (P < .05). 

Fig. 9. RMSacc of different groups of clasps. RMSacc, Root mean square between 
clasp arms, rest, and proximal plate area of scan data of each clasp specimen 
before insertion/removal test and that of CAD data. Group 0, Control group, 
cast Co–Cr clasp specimens engaging 0.01-in undercuts. Group 1, SLM-built 
Co–Cr clasp specimens engaging 0.01-in undercuts. Group 2, SLM-built Co–Cr 
clasp specimens engaging 0.02-in undercuts. Group 3, SLM-built CP Ti clasp 
specimens engaging 0.01-in undercuts. Group 4, SLM-built CP Ti clasp speci
mens engaging 0.02-in undercuts. Group 5, SLM-built Ti–6Al–4V clasp speci
mens engaging 0.01-in undercuts. Group 6, SLM-built Ti–6Al–4V clasp 
specimens engaging 0.02-in undercuts. SLM, Selective laser melting. Co–Cr, 
Cobalt-chromium. CP Ti, Commercially pure titanium. Ti alloy, Ti–6Al–4V. 
*Mean significant difference between experimental and control group (P < .05). 
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SLM-built Co–Cr clasps and tooth die was − 3.20 to 52.40 μm. Tan et al. 
[24] showed that the mean RMS values between the scan data of 
SLM-built Ti–6Al–4V clasps and their CAD data were 50.95 ± 5.79 μm. 
The accuracy of the clasps in these studies was similar to that in this 
study. Takahashi et al. [34] suggested that a gap of no more than 120 μm 
between the clasp and tooth would be acceptable for clinical use. 
Therefore, the accuracy of the clasp specimens in this study met the 
needs of dental clinics and could represent actual clinical situations. 

The retentive force of the clasp was primarily derived from the 
friction between the clasp and tooth [26]. Reciprocating sliding wear 
tests [35] showed that the coefficient of friction (COF) between cast pure 

Ti and human enamel was 0.1 before 100 cycles in the saliva condition. 
Similar tests [36] showed that the COF between cast Ti–6Al–4V alloy 
and human enamel was 0.13, and that between cast pure Ti and human 
enamel was 0.12 in the initial cycles. The COF between polished cast 
Co–Cr alloy and human enamel was 0.09, whereas the COF between 
sandblasted cast Co–Cr alloy and human enamel was 0.24 in the saliva 
condition in the study by Sato et al. [37]. The friction and wear between 
dental restorative materials and human enamel are complex processes. 
The COF is affected by many factors, such as hardness, surface rough
ness, and normal load. However, there is yet to be an accepted standard 
for this purpose. Moreover, there is a need for further research on the 
friction and wear between SLM-built metals and human enamel. During 
repeated insertion/removal, plastic deformation of the clasp arms and 
wear between the clasp and tooth die occur. Debris is generated between 
the clasp and tooth die, which increases the COF [35,36]. However, such 
rapid wear does not occur when a patient inserts an RPD and removes it 
from the mouth. Additionally, patients regularly clean RPDs. There was 
no accumulation of debris between the clasps and teeth. Consequently, 
the retentive force of the clasps after the patient wears the RPD for 10 
years may be lower than the final retentive force of the clasps reported in 
this study. Before each measurement of the retentive forces, the debris 
between the clasp and tooth die should have been cleaned. 

Unlike polymer clasps, which age in the mouth, thermocycling or 
simulating the oral temperature is not necessary for metal clasps. The 
test conditions were maintained at room temperature. Some researchers 
performed tests using artificial saliva or purified water to simulate the 
oral environment. In reciprocating sliding wear tests [35], the COF be
tween cast CP Ti and living human teeth remained almost constant after 
500 cycles under saliva or dry conditions. However, the COF increased 
more slowly in the first 500 cycles under saliva conditions. Therefore, 
this study was conducted using purified water. 

The retentive force of the clasps changed with an increase in the 
number of insertion/removal cycles. The retention change of the clasps 
should also be emphasized to ensure that the RPD functions stably in the 
patient’s mouth for a long time. The retention changes of clasps in 
different material types of tooth dies may differ. In a study by Tanaka 
et al. [38], although there was no statistically significant difference 
between the initial retentive force of cast Co–Cr clasps on silver palla
dium copper alloy (Ag–Pd) full-metal crowns (FMC) and that of cast 
Co–Cr clasps on monolithic zirconia crowns (MZC), the retentive force of 
cast Co–Cr clasps on Ag–Pd FMC decreased significantly after 3000 
insertion/removal cycles. In contrast, the retentive force of the cast 
Co–Cr clasps on the MZC was significantly reduced after 5000 insertion 
cycles of emplacement/dislocation. The materials used to make tooth 
dies include stainless steel, Co–Cr alloys, glass ceramics, and zirconia. 
Compared to zirconia, the wear resistance of glass ceramics is closer to 
that of enamel. In a study on the wear between dental restorative ma
terials and natural teeth [39], the volume loss of teeth against leucite 
glass-ceramic was significantly greater than that of teeth against stain
less steel. The wear resistance of metals is closely related to their 
hardness. Harder metals tend to exhibit better wear resistance. The 
Co–Cr alloy has a higher hardness, whereas 304 stainless steel has a 
hardness closer to that of human enamel. In this study, 304 stainless 

Fig. 10. Scanning electron microscope of fracture surface of retentive arms. (a) Crack initiation area of cobalt-chromium clasp. (b) Fracture surface. (c) Crack 
termination area; arrow indicates dimple. 

Fig. 11. Retentive force changes of clasps during cyclic insertion/removal. 
Group 0, Control group, cast Co–Cr clasp specimens engaging 0.01-in un
dercuts. Group 1, SLM-built Co–Cr clasp specimens engaging 0.01-in undercuts. 
Group 2, SLM-built Co–Cr clasp specimens engaging 0.02-in undercuts. Group 
3, SLM-built CP Ti clasp specimens engaging 0.01-in undercuts. Group 4, SLM- 
built CP Ti clasp specimens engaging 0.02-in undercuts. Group 5, SLM-built 
Ti–6Al–4V clasp specimens engaging 0.01-in undercuts. Group 6, SLM-built 
Ti–6Al–4V clasp specimens engaging 0.02-in undercuts. SLM, Selective laser 
melting. Co–Cr, Cobalt-chromium. CP Ti, Commercially pure titanium. Ti 
alloy, Ti–6Al–4V. 

Table 5 
Repeated-measures analysis of variance for within-subject and between-subject 
effects. Met, Metal type. Und, Undercut engagement. Cyc, Cycling sequence.  

Classification variables Source Df F P 

Met and Und Cyc 10 1.65 .197 
Cyc*Met 20 1.37 .252 
Cyc*Und 10 2.38 .096 
Met 2 10.89 <.001* 
Und 1 14.52 .001* 

*Mean difference significant (P < .05). 
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Fig. 12. Least-squares means of initial retentive force for main effects. (a) Metal type. (b) Undercut engagement. Co–Cr, Cobalt-chromium. CP Ti, Commercially pure 
titanium. Ti alloy, Ti–6Al–4V. *Mean difference significant (P < .05). 

Fig. 13. Least-squares means of final retentive force for main effects. (a) Metal type. (b) Undercut engagement. Co–Cr, Cobalt-chromium. CP Ti, Commercially pure 
titanium. Ti alloy, Ti–6Al–4V. *Mean difference significant (P < .05). 

Fig. 14. Comparison of initial retentive force (a) and 
final retentive force (b). Group 0, Control group, cast 
Co–Cr clasp specimens engaging 0.01-in undercuts. 
Group 1, SLM-built Co–Cr clasp specimens engaging 
0.01-in undercuts. Group 2, SLM-built Co–Cr clasp 
specimens engaging 0.02-in undercuts. Group 3, SLM- 
built CP Ti clasp specimens engaging 0.01-in un
dercuts. Group 4, SLM-built CP Ti clasp specimens 
engaging 0.02-in undercuts. Group 5, SLM-built 
Ti–6Al–4V clasp specimens engaging 0.01-in un
dercuts. Group 6, SLM-built Ti–6Al–4V clasp speci
mens engaging 0.02-in undercuts. SLM, Selective 
laser melting. Co–Cr, Cobalt-chromium. CP Ti, 
Commercially pure titanium. Ti alloy, Ti–6Al–4V. 
*Mean significant difference from control group (P <
.05).   
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steel was used to manufacture the tooth dies. 
It was found that the measured initial retentive force of the SLM-built 

Co–Cr clasps engaging 0.02-in undercuts was slightly lower than we 
estimated. This may be due to the excessive grinding and polishing of 
this group of clasps to ensure that they could be seated smoothly on 
tooth dies. This was also indicated by the slightly lower accuracy of this 
group of clasps compared with the other groups of SLM-built clasps. The 
overall results showed that the initial retentive force of SLM-built Co–Cr 
clasps engaging 0.01-in undercuts and CP Ti and Ti–6Al–4V clasps 
engaging 0.02-in undercuts was comparable to that of the control group. 
Compared with the control group, SLM-built Co–Cr clasps engaging 
0.01-in undercuts and Ti–6Al–4V clasps engaging 0.02-in undercuts had 
a similar final retentive force and less permanent deformation; SLM- 
built CP Ti clasps engaging 0.02-in undercuts had less final retentive 
forces and greater permanent deformation. Previous researchers [17,20] 
showed that when the vertical deflection was 0.01 inches, the initial 
bending load for SLM-built Co–Cr clasp arms was significantly lower 
than that for cast Co–Cr clasp groups. In contrast, the initial retentive 
force of the SLM-built Co–Cr clasps engaging 0.01-in undercuts in this 
experiment was equal to that of the control group. The fatigue life of 
SLM-built CP clasp arms was 9327 ± 1159 when the vertical deflection 
at the tip was 0.02 inches in the experiment of Yu et al. [40], while none 
of the SLM-built CP Ti clasps engaging 0.02-in undercuts fractured after 
15,000 cycles of insertion/removal in this experiment. Tan et al. [24] 
showed that all specimens of SLM-built Ti–6Al–4V clasps engaging 
0.03-in undercuts fractured after 4000 cycles of insertion/removal. In 
contrast, SLM-built Ti–6Al–4V clasps engaging 0.02-in undercuts did not 
fracture after 15,000 insertion/removal cycles, and their long-term 
retention and permanent deformation of the retentive arms were com
parable to those of the control group. 

The limitations of this study are as follows. First, the effects of both 
the angle of cervical convergence and depth of the undercut on the 
retention of clasps should be explored. However, only the undercut 
depth was considered in this study. Second, it was assumed that the 
clasps did not rotate during insertion and removal. However, it is 
difficult to ensure that the retentive and reciprocal arms are not in 
contact with the abutment tooth simultaneously, resulting in an unbal
anced force being applied to the crown of the abutment tooth in the 
buccolingual direction. Moreover, the physiological mobility of the 
periodontal ligament also helps the clasp rotate during insertion on or 
dislocation from the abutment tooth. Moreover, clasps are not always 
dislodged along the insertion path during the removal of the RPD from 
the patient’s mouth. 

Traditionally, prefabricated clasp wax patterns have been used to 
fabricate various types of clasps, including circumferential, I bars, and 
ring clasps. The size of the clasp arm is limited by the wax pattern used. 
The application of CAD/CAM in dentistry makes it possible to change 
the size of the clasp arm, including the width and thickness of the profile 
and taper from the tip to the body of the clasp arm. However, the size of 
the clasp arm differs among studies. Considering that 3Shape CAD 
software is widely used by many dental hospitals and laboratories 
worldwide, the default size of the clasp arm provided by CAD software 
was adopted in this experiment. In future research, the structural pa
rameters of the clasp arm will be optimized. Optimal parameters can be 
further explored according to the methods used in this study. It is also 
necessary to optimize the structural parameters of other RPD compo
nents, such as the lingual bar. Furthermore, the application of cellular 
structures in RPDs, which are designed by constructive generative 
design [41] and built with high-strength amorphous alloys [42], helps to 
cushion the occlusal surface of artificial teeth from excessive bite force 
and controls the stress and displacement of RPDs to protect the mucosa 
and bone tissues under RPDs. 

SLM-built RPD frameworks require sandblasting and polishing 
because of their relatively high surface roughness. Hybrid additive and 
subtractive manufacturing have been introduced in dentistry to solve 
these problems. For example, some scholars have attempted to manu
facture Co–Cr clasps via repeated laser sintering and milling [43,44]. 
After several layers were built by laser sintering, high-speed milling of 
the contours to a fine finish was performed. The sintering and milling 
were repeated until a part was constructed. The Co–Cr clasps built in this 
way had a smoother surface and better fit. There have been no reports of 
RPD frameworks manufactured using this technology. However, this 
technology is becoming increasingly popular in dentistry. 

Table 6 
Two-way analysis of variance for permanent deformation of retentive arms. 
RMSdef, Root mean square between retentive arm area of scan data of each 
specimen before insertion/removal test and that of its scan data after insertion/ 
removal test. λ1RMSdef, Transformed RMSdef after Box-Cox transformation. Met, 
Metal type. Und, Undercut engagement.  

Dependent variable Source Df F P 

λ1RMSdef. Model 5 15.34 <.001* 
Met 2 15.40 <.001* 
Und 1 45.00 <.001* 
Met*Und 2 0.44 .651 

*Mean difference significant (P < .05). 

Fig. 15. Least-squares means of transformed RMSdef for main effects. RMSdef, Root mean square between retentive arm area of scan data of each specimen before 
insertion/removal test and that of its scan data after insertion/removal test. (a) Metal type. (b) Undercut engagement. Co–Cr, Cobalt-chromium. CP Ti, Commercially 
pure titanium. Ti alloy, Ti–6Al–4V. *Mean difference significant (P < .05). 
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5. Conclusions 

Within the limitations of this in vitro study, the following conclu
sions were drawn:  

1. The accuracy of the SLM-built Co–Cr, CP Ti, and Ti–6Al–4V clasps 
was better than that of cast Co–Cr clasps fabricated by 3D-printed 
resin casting.  

2. SLM-built Co–Cr clasps engaging 0.01-in undercuts and CP Ti and 
Ti–6Al–4V clasps engaging 0.02-in undercuts had similar initial 
retentive forces as cast Co–Cr clasps engaging 0.01-in undercuts.  

3. SLM-built Co–Cr clasps engaging 0.01-in undercuts and Ti–6Al–4V 
clasps engaging 0.02-in undercuts had similar final retentive forces 
as cast Co–Cr clasps engaging 0.01-in undercuts and lower perma
nent deformation than cast Co–Cr clasps engaging 0.01-in undercuts. 
SLM-built CP Ti clasps engaging 0.02-in undercuts had lower final 
retentive forces and higher permanent deformation than cast Co–Cr 
clasps engaging 0.01-in undercuts.  

4. Considering the long-term retention and permanent deformation of 
the retentive arms, Co–Cr and Ti–6Al–4V alloys, except CP Ti, are 
recommended for printing denture clasps. SLM-built Co–Cr clasps 
should engage 0.01-in undercuts, and Ti–6Al–4V clasps should 
engage 0.02-in undercuts. 
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