


[bookmark: _Hlk17227796]Effects of two fretting damage modes on dental implant-abutment interface and the generation of metal wear debris: an in vitro study
Abstract
[bookmark: _Hlk17228534][bookmark: OLE_LINK126][bookmark: OLE_LINK261]The fretting damage and wear debris on the dental implant-abutment interface (IAI) are unclear. In this study, fatigue cycle loading (FT) and chewing cycle loading (CW) test were applied to two implant systems, the fretting damage morphology and wear debris generation on the IAI were observed by a scanning electron microscope. The torque value of the central screw was measured by electronic torque tester. The fretting damage on the IAI was relatively slight and mainly plastic deformation in the FT group, which was more serious and mainly furrow wear in the CW group. Various forms of wear debris were generated. The removal torques were lower than its pre-tightening value in both groups, the decline and loss rate of the CW group was significantly higher. This study confirmed the critical roles of fretting damages and metal wear debris on the IAI in the implant-supported prosthesis.
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1. Introduction
[bookmark: _Hlk17229505][bookmark: OLE_LINK262][bookmark: OLE_LINK263]The dental implant-supported prosthesis has been an excellent choice for the functional and esthetic rehabilitation of missing teeth1. The two-stage implant is connected with abutment and artificial crown through the central screw2. Although the high success rate of implants, multiple risk factors have been associated with the incidence of peri-implantitis3-5. 
[bookmark: OLE_LINK61][bookmark: OLE_LINK64][bookmark: OLE_LINK96][bookmark: OLE_LINK99][bookmark: OLE_LINK100][bookmark: OLE_LINK101][bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: OLE_LINK104][bookmark: OLE_LINK105]Dental implant-abutment interface (IAI) is the connection of dental implant and abutment with soft tissue and/or bone tissue around the implant6. The IAI has interaction phenomena of micro-gap, micro-motion, and micro-leakage7. In the two-stage implant form, the dental implant is not completely close to the abutment, where there is a micro-gap of 1-10 μm between the two in the static state8. Thus, the dental implant needs to bear variable cyclic occlusion stress during functional service, and the dynamic relative displacement on the IAI belongs to the category of “fretting wear”9,10. The micro-motion on the IAI is a very complicated process and closely related to the chewing habits, temporomandibular joint function status, eating habits of each individual11-13. Besides, metal wear debris is an important product of fretting damage, which can be micro-leakage through the micro-gap to the tissue surrounding the implant14. 
[bookmark: OLE_LINK102][bookmark: OLE_LINK103][bookmark: OLE_LINK106][bookmark: OLE_LINK76][bookmark: OLE_LINK77][bookmark: OLE_LINK62][bookmark: OLE_LINK63][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK73][bookmark: OLE_LINK85][bookmark: OLE_LINK88][bookmark: OLE_LINK93][bookmark: OLE_LINK120][bookmark: OLE_LINK121]Metal wear debris from the fretting wear on the IAI is continuously released during the masticatory process in the oral cavity and has attracted much attention15. Microleakage products at IAI are important causes of peri-implantitis16. Microleakage products including microbial-derived components and material-derived components17. Microbial-derived components are a wide variety of microbial populations and their metabolites18, while material-derived components mainly refer to the metal wear debris and metal ion solution generated by the wear of various components of the dental implant under internal or external stress19. It is notable that metal wear debris and metal ions mixed with saliva and exudate may enter the mouth and the tissue surrounding the implant4. The relationship between Ti particles around the implant and peri-implantitis has been studied. Pascale20 believes that the accumulation of Ti wear debris is closely related to chronic peri-implantitis. Fretwurst21 also reports that the release of Ti wear debris can trigger adverse reactions of the host, resulting in bone destruction around the implant. Some scholars have found the presence of metal wear debris in the soft and hard tissues of patients with peri-implantitis22-24. The concentration of Ti wear debris in the plaque of patients with peri-implantitis is significantly higher than that around non-implants8,23. 
[bookmark: OLE_LINK94][bookmark: OLE_LINK95][bookmark: OLE_LINK107][bookmark: OLE_LINK108][bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK35]At present, there is still a lack of research on the use of simulated micro-motion experiments to study the fretting damage and the generation of metal wear debris at the IAI. The classification of the morphological and particle size characteristics of metal wear debris generated by the micromotion on the IAI also remains to be elucidated. In this experiment, the fatigue cycle loading test was used to simulate the movement process of the teeth under continuous stress. The chewing cycle loading test was used to simulate the masticatory movement process of the molars. The differences in the fretting damage and the generation of the metal wear debris on the IAI under different fretting modes were compared.
2. Materials and Methods
2.1 Samples
[bookmark: OLE_LINK155][bookmark: OLE_LINK156]Ten Straumann NC dental implants (Ø3.3×L12 mm) (M1) and ten Nobel NP dental implants (Ø3.5×L11.5 mm) (M2) were embedded vertically in auto-polymerizing resin (Guangzhou Jinmu Dental Medical Devices Co., Ltd.) to simulate the clinical situation. The IAI was 3 mm above the level of the implant embedding surface. For each implant system, they were randomly divided into two groups(n=10): the fatigue cycle loading (FT) and chewing cycle loading (CW) group according to different fretting damage modes, zirconia crowns (CAD-CAM cutting) (3M Lava, ESPE, St. Paul, MN, USA) were used. Each sample was connected to its respective straight abutment accurately, and the central screw was slowly screwed into the implant using an electronic torque tester (LuTronTQ-8800, Taiwan, China). For both implant systems, the pre-tightening torque (Ts) of 35 Ncm was applied to each sample as the recommendation of the above manufacturer. After 10 minutes, the central screw was re-tightened to the pre-tightening torque. The measured immediate removal torque was recorded as Ti, and the instantaneous torque loss rate δn = (Ts - Ti) / Ts × 100% was calculated. The abutment screw holes were closed with small cotton and temporary sealing material, and then the zirconia crown was fixed to the abutment.
2.2 Fatigue cycle loading test
[bookmark: OLE_LINK159][bookmark: OLE_LINK160][bookmark: OLE_LINK161][bookmark: OLE_LINK162][bookmark: OLE_LINK163][bookmark: OLE_LINK164][bookmark: OLE_LINK89][bookmark: OLE_LINK90][bookmark: OLE_LINK91][bookmark: OLE_LINK92]The fatigue cycle loading test was applied by a fatigue testing machine (ElectroForce, TA, USA) (Fig.1a). The sample slot was a cylindrical groove, and the longitudinal direction of the sample slot was at an angle of 30° to the direction of the indenter (Fig.1b). The sample was completely fixed by a circular metal piece and three retaining screws. Installed the upper head and adjusted it to a height of about 3 mm from the simulated crown. A vertical load was applied to the sample through a cylindrical zirconia indenter (Fig.1b). According to the international standard ISO/DIS 14801:2014, the fatigue cycle loading test in this experiment used dynamic sinusoidal load, load: 20 N-200 N, frequency: 15 Hz, fatigue cycle number: 2105 times.
2.3 Chewing cycle loading test
The chewing cycle loading test was conducted by a chewing testing machine (ElectroForce, TA, USA)(Fig.1c-d), a pressing head and a clamp could be fixed on the machine, respectively. A vertical load was applied to the sample through the upper pressing head, the sample was moved forward and backward during the chewing process. 
[bookmark: OLE_LINK38][bookmark: OLE_LINK39]Fixed the sample in the sample slot by tightening the retaining screw, installed the upper head on the machine, and adjusted it to 3 mm above the crown surface (Fig. 1d). The number of cycles was 2105 times, the load was 200 N, and the frequency was 2 Hz. The vertical and horizontal displacement-time curves were shown in Fig. 2. The a-e segment was the complete chewing cycle of the dental implant. The a-b was the descending segment, the upper and lower teeth were gradually closed and contacted. The b-c was the path of the chewing movement. The c-d presented that teeth were separated after a chewing cycle, and the d-e was the process of the upper pressing head back to the starting position.
[image: ]
[bookmark: OLE_LINK134][bookmark: OLE_LINK135][bookmark: OLE_LINK128][bookmark: OLE_LINK129]Fig. 1 Experiment condition
[bookmark: OLE_LINK130][bookmark: OLE_LINK131](a-b presented the fatigue cycle loading test conditions and c-d showed the chewing cycle loading test conditions.)
[image: ]
[bookmark: OLE_LINK136][bookmark: OLE_LINK137][bookmark: _Hlk17232567][bookmark: OLE_LINK138][bookmark: OLE_LINK132][bookmark: OLE_LINK133]Fig. 2 Displacement-time curve of the chewing cycle loading test
(a-e was a complete chewing cycle loading test, a-b was the descending segment, in which the upper and lower teeth gradually closed and reached contact, b-c was the chewing movement path, during this process, the upper and lower teeth underwent chewing movement, c-d presented that the upper and lower teeth were separated from each other after one chewing cycle, and d-e was the process that the upper pressing head returned to the starting position.)
2.4 Unscrewing torque test
After the tests, the removal torque values of the central screw of the FT group and the CW group were measured by the electronic torque tester, and the value was recorded as Tm, and the torque loss rate (δm) was calculated, δm = (Ts - Tm)/Ts×100%.
2.5 SEM observations 
[bookmark: OLE_LINK42][bookmark: OLE_LINK43]After the test, the abutments and central screws of the FT group and the CW group were placed under a scanning electron microscope (SEM) (Inspect F50, FEI, USA) to observe the fretting damage morphology of the interface and the microstructure of accumulated metal wear debris. Besides, the SEM image method was applied to count the particle size of the metal wear debris.
2.6 Statistically analysis 
[bookmark: OLE_LINK177][bookmark: OLE_LINK178]The data were statistically analyzed by SPSS 24.0 statistical software. The analysis method was one-way ANOVA. The test level was bilateral α=0.05. If the P-value was less than 0.05, the S-N-K test was used to compare between groups. P<0.05 indicates that the difference between the data was statistically significant.
3. Results
3.1 Fretting damage and generation of fretting metal wear debris on the IAI
[bookmark: OLE_LINK233][bookmark: OLE_LINK234][bookmark: OLE_LINK46][bookmark: OLE_LINK47]For the M1 implant system, the morphology of fretting damage and the generation of metal wear debris on the IAI in both the FT group and CW group were shown in Fig.3-4. In the FT group, fretting damages were mainly plastical deformations caused by adhesive wear (the asterisk area in Fig.3f). Multiple pores were formed by stripping material in the damaged area (the dotted circle in Fig.3e). Micro-cracks and metal wear debris (the solid and dotted arrow in Fig.3f) were also observed. Compared to the FT group, the fretting damages on the IAI were larger and more severe in the CW group (the arrows in Fig.3d and g). The surface damages were dominated by furrow wear (the solid arrows in Fig.3h, i), the shape of furrow was irregularly twisted, accompanied by a large number of small grooves, scratches, and furrows. Metal wear debris was visible on the side (the dotted arrows in Fig.3i). Compared with the control group, metal wear debris, micropores (the solid arrows in Fig.4f, h, j, l) and micro-deformation of the thread (the asterisk area in Fig.4f, h, j) were observed at the central screw of the PL and CW group, a large number of micro-cracks and small particles were peeled off (the arrow in Fig.4e, i). In the CW group, there was more metal wear debris at the central screw than in the FT group, and the size was larger.
[image: ]
[bookmark: _Hlk17232581][bookmark: OLE_LINK139][bookmark: OLE_LINK140]Fig.3 Microstructure of the abutment of the M1 implant system
[bookmark: OLE_LINK264][bookmark: OLE_LINK265](a-c: blank control group, d-f: FT group, g-i: CW group, the pictures in the lower-left corner of a, d, g are the full view of the abutment connection area, the white square is the enlarged area, and the arrows in the d and g diagrams indicate the fretting damage area. The dotted circles of e are shown as the irregular damaged hole left after the material is peeled off. In f, the asterisk area indicates the plastic deformation damage, the solid arrows are the micro-cracks, and the dotted arrows are the metal wear debris. The solid arrows in h and i are the furrow wear zones, and the dotted arrows in i are the metal wear debris.)
[image: ]
[bookmark: _Hlk17232591][bookmark: OLE_LINK141][bookmark: OLE_LINK142]Fig.4 The microstructure of the central screw of the M1 implant system
[bookmark: OLE_LINK266][bookmark: OLE_LINK275][bookmark: OLE_LINK276][bookmark: _GoBack](A, a-d: blank control group, B, c-h: FT group. C, i-l: CW group, the white box is the enlarged area, the dotted arrows in e, i show the generated metal wear debris, the asterisks areas in f, h, j, and l are plastic deformation of the material, and the solid arrows indicate cracks.)
[bookmark: OLE_LINK277][bookmark: OLE_LINK278][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK50][bookmark: OLE_LINK51][bookmark: OLE_LINK237][bookmark: OLE_LINK238][bookmark: OLE_LINK1][bookmark: OLE_LINK2]For the M2 implant system, the range of fretting damage was larger in the microstructure of the abutment than that of the M1 implant system (the arrows in Fig. 5d, g). In the FT group, metal wear debris was crushed into small particles (the dotted arrow in Fig. 5e), and plastic deformation occurred (the asterisk area in Fig. 5f) in the microstructure of the abutment. Exfoliation holes and microcracks remaining after the materials spalling could also be observed (the solid arrows in Fig. 5f). In the CW group, the fretting damage on the IAI was more serious than the FT group, furrow wear was mainly observed, the furrow was relatively straight, and a large number of small scratches were visible in the furrow groove (the solid arrow in Fig. 5h, i). The fretting damage on the abutment surface was more serious, accompanied by more exfoliation holes, irregular stripping holes and micro-cracks (the dotted circle in Fig. 5i), a large amount of metal wear debris was scattered in the furrow or accumulated on both sides of the furrow (the dashed arrow in Fig. 5i). Compared with the control group, metal wear debris was obviously observed at the central screw in the CW and FT group. metal wear debris in the CW group was more and larger than that of the FT group (Fig. 6e, I). A large number of microcracks and micropores were left after stripping of small particles (the solid arrows in Fig. 6f, j, h, l) with minor deformation of the threads and visible scratch wear (the asterisk area in Fig. 6f, j, h, l). 
[image: ]
[bookmark: OLE_LINK143][bookmark: OLE_LINK144]Fig. 5 Microstructure of the abutment of the M2 implant system
[bookmark: OLE_LINK279][bookmark: OLE_LINK280](a-c: blank control group, d-f: FT group, g-i: CW group, the picture in the lower left corner of a, d, g is the full view of the abutment connection area, the white square is the enlarged area, and the arrows in d and g are the fretting damage area. The dotted arrows in e and f are the metal wear debris, the asterisk area in f is the plastic deformation zone, the solid arrows in f are micro-crack. The solid arrows in h, i are the furrow wear zones, and the dotted arrows in i present the metal wear debris, the dotted circles are irregular holes.)
[image: ]
[bookmark: OLE_LINK145][bookmark: OLE_LINK146]Fig. 6 The microstructure of the central screw of the M2 implant system
[bookmark: OLE_LINK281][bookmark: OLE_LINK282](A, a-d: blank control group, B, c-h: FT group. C, i-l: CW group, the white box is the enlarged area, the dotted arrows in the e, i show the metal wear debris, the asterisks areas in f, h, j and l are plastic deformation of the material, and the solid arrows indicate cracks.)
[bookmark: OLE_LINK290][bookmark: OLE_LINK291]3.2 Microstructure analysis of the metal wear debris
[bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK48][bookmark: OLE_LINK283][bookmark: OLE_LINK284][bookmark: OLE_LINK253][bookmark: OLE_LINK254][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK378][bookmark: OLE_LINK379][bookmark: OLE_LINK74][bookmark: OLE_LINK75][bookmark: OLE_LINK255][bookmark: OLE_LINK256][bookmark: _Hlk8380971][bookmark: OLE_LINK82]Irregular metal wear debris of various shapes and sizes was observed, with rough edges and sharp corners. Smaller wear debris was more spherical, while larger wear debris was more irregular, fretting metal wear debris was divided into 4 types. Spheroidal metal wear debris was stripped off in the form of material points or crushed in large pieces, showing relatively round edges (Fig.7c). Block-like metal wear debris was trapezoidal, had a layered texture and rough edges, and was larger and thicker (Fig.7d). It was mainly caused by the wear of the material and could be removed from the surface of the material under the adhesive wear force. It would participate in the furrow wear and aggravate the fretting damage on the IAI. Needle-shaped or strip-like metal wear debris (Fig.7e) were elongated and had multiple sharp corners, which could cause scratches on the surface of the material during the wear process. Flaky metal wear debris (Fig.7f) was flat, mainly formed by repeated peeling of the material, and broken into a plurality of small wear debris during the wear process.
[bookmark: OLE_LINK147][image: ]Fig.7 Microstructure of the metal wear debris
[bookmark: OLE_LINK285][bookmark: OLE_LINK286](a is the overall shape of the metal wear debris, b shows the composition analysis of the metal wear debris. c-f present the spheroidal metal wear debris, block-like metal wear debris, needle-shaped or strip-like metal wear debris and flaky metal wear debris, respectively.)
[bookmark: OLE_LINK287][bookmark: OLE_LINK288]3.3 Particle size analysis of the metal wear debris
[bookmark: OLE_LINK259][bookmark: OLE_LINK260][bookmark: OLE_LINK83][bookmark: OLE_LINK84][bookmark: OLE_LINK271][bookmark: OLE_LINK272][bookmark: OLE_LINK269][bookmark: OLE_LINK270][bookmark: OLE_LINK267][bookmark: OLE_LINK268]The particle size distribution characteristics of the metal wear debris in each group were analyzed by SEM image. For the M1 implant system, the particle size of metal wear debris in the FT group was in the range of 0.058-4.158 μm, of which metal wear debris with a particle size of 0-0.5 μm accounted for 66.14%, while metal wear debris above 0.5 μm accounted for 33.86%, with a median diameter of 0.433 μm and an average particle size of 0.553 μm. The particle size range of metal wear debris in the CW group was 0.594-10.826 μm. Among them, metal wear debris with a particle size of 0-2 μm accounted for 27.85%, metal wear debris with 2-4 μm accounted for 57.91%, metal wear debris above 4 μm accounted for 14.24%, the median diameter was 2.915 μm, and the average particle size was 3.142 μm. 
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[bookmark: OLE_LINK149][bookmark: OLE_LINK150][bookmark: OLE_LINK148]Fig. 8 Microstructure and particle size distribution of the metal wear debris in the FT group (a-b) and CW group (c-d) for the M1 implant system
[bookmark: OLE_LINK289][bookmark: OLE_LINK292][bookmark: OLE_LINK273][bookmark: OLE_LINK274][bookmark: OLE_LINK78][bookmark: OLE_LINK79]For the M2 implant system, the metal wear debris in the FT group had a particle size range of 0.011-1.323 μm. Among them, metal wear debris with a particle size of 0-0.5 μm accounted for 85.71%, metal wear debris above 0.5 μm accounted for 14.29%, the median diameter was 0.128 μm, and the average particle size was 0.232 μm. The particle size of the metal wear debris in the CW group ranged from 0.172 to 12.048 μm, of which the metal wear debris with a particle size of 0-2 μm accounted for 30.99%, metal wear debris with a particle size of 2-4 μm accounted for 42.25% and metal wear debris above 4 μm accounted for 26.76%, the median diameter was 3.143 μm and the average particle size was 3.675 μm.
[image: ]
[bookmark: OLE_LINK151][bookmark: OLE_LINK152]Fig. 9 Microstructure and particle size distribution of the metal wear debris in the FT group (a-b) and CW group (c-d) for the M2 implant system

[bookmark: OLE_LINK157][bookmark: OLE_LINK158][bookmark: OLE_LINK186][bookmark: _Hlk17232739]Table 1 Particle size of the metal wear debris in the FT group and CW group for the M1and M2 implant system
	Groups
	FT
	CW

	
	M1
	M2
	M1
	M2

	Dmix
	0.058
	0.011
	0.594
	0.172

	Dmax
	4.158
	1.323
	10.826
	12.048

	D50
	0.433
	0.128
	2.915
	3.143

	D
	0.553
	0.232
	3.142
	3.675


[bookmark: OLE_LINK184][bookmark: OLE_LINK185]Maximum particle size (Dmax, μm), minimum particle size (Dmix, μm), median diameter (D50, μm), average particle size (D, μm )
[bookmark: OLE_LINK293][bookmark: OLE_LINK294]3.4 Removal torque and torque loss rate of the central screw
[bookmark: OLE_LINK49][bookmark: OLE_LINK52][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK54][bookmark: OLE_LINK55][bookmark: OLE_LINK227][bookmark: OLE_LINK228][bookmark: OLE_LINK225][bookmark: OLE_LINK226]The immediate removal torque values of the central screw of each group were tested by an electronic torque tester and the immediate torque decreased values were calculated, as shown in Table 2. The immediate torque decreased values ​​of the PL group and the CW group of the same implant system was similar (P > 0.05). After cyclic loading, the torque decreased values ​​of each group were also shown in Table 2. Compared with the pre-tightening torque value and the immediate removal torque value, the removal torques of the PL group and the CW group were significantly decreased (P < 0.05). The M1 and M2 implant systems showed that the torque decreased value after the chewing test was significantly higher than that of the fatigue test (P < 0.05).
[bookmark: OLE_LINK187][bookmark: OLE_LINK188][bookmark: OLE_LINK165][bookmark: OLE_LINK166][bookmark: _Hlk17232715]   Table 2 Torque value of the central screw for the M1 and M2 implant system
	Groups
	FT
	CW

	
	M1
	M2
	M1
	M2

	Tn
	31.88±0.21
	28.83±0.62
	31.57±0.30
	29.12±0.66

	Ts-Tn
	3.12 a
	6.17 b
	3.43 a
	5.88 b

	Tm
	24.31±0.65
	21.15±0.76
	21.54±0.42
	20.68±0.47

	Ts-Tm
	10.69 +
	13.85 *
	13.46 ++
	14.32 *


[bookmark: OLE_LINK174][bookmark: OLE_LINK175][bookmark: OLE_LINK189][bookmark: OLE_LINK190][bookmark: OLE_LINK295][bookmark: OLE_LINK296][bookmark: OLE_LINK180][bookmark: OLE_LINK181][bookmark: OLE_LINK176][bookmark: OLE_LINK179]The letters a and b indicate that there is no statistical difference in the immediate torque drop between the FT and CW groups of the same implant system, P > 0.05. The symbols + and ++ indicate statistically significant differences in torque decreased values between the FT and CW groups of the M1 implant system, P < 0.05. The symbol * indicates that there is no statistical difference in torque decreased values between the FT and CW groups of the M2 implant system, P > 0.05.

[bookmark: OLE_LINK297][bookmark: OLE_LINK298]The immediate torque loss rate and the post-loading torque loss rate were shown in Table 3. The torque loss rate of each group was significantly higher than its immediate torque loss rate (P < 0.05). The M1 implant system showed a torque loss rate after the chewing test (38.46±1.20%), which was significantly higher than that of the fatigue test (30.54±1.86%) (P < 0.05). The M2 planting system showed a torque loss rate after the chewing test (40.91±1.34%) slightly higher than that of the fatigue test (39.57±2.17%), but the difference was not statistically significant (P > 0.05).

[bookmark: OLE_LINK192][bookmark: OLE_LINK193][bookmark: _Hlk17232728][bookmark: OLE_LINK171][bookmark: OLE_LINK172]Table 3 Immediate torque loss rate (δn, %) and torque loss rate after the test (δm, %) of the central screw of M1, M2 implant system
	Groups
	FT
	CW

	
	M1
	M2
	M1
	M2

	δn
	8.91±0.6 a
	17.63±1.77 b
	9.80±0.85 a
	16.80±1.89 b

	δm
	30.54±1.86+
	39.57±2.17 *
	38.46±1.20 ++
	40.91±1.34 * 


[bookmark: OLE_LINK167][bookmark: OLE_LINK168][bookmark: OLE_LINK191][bookmark: OLE_LINK299]The letters a and b indicate that there is no statistical difference in the immediate torque loss rate between the FT and CW groups of the same implant system, P > 0.05. The symbols +, ++ indicate a statistically significant difference in torque loss rates between the FT group and CW group of the M1 implant system, P < 0.05. The symbol * indicates that there is no statistical difference in the torque loss rate after the test between the FT group and CW group of the M2 implant system, P > 0.05.
4. Discussion
[bookmark: _Hlk42757049]In this study, we investigated the different fretting damage modes of IAI and the generation of metal wear debris in the fatigue cycle loading test and chewing cycle loading test. We found that the chewing cycle loading mode was dominated by the furrow wear, in which larger particle size of massive was generated, indicating that the fretting damage on the IAI was more serious in the chewing cycle loading. 
A chewing cycle loading test was conducted with a load of 200 N and a cycle number of 2×105 times by a chewing test machine to simulate the masticatory movement of teeth under continuous stress. Heintze et al addressed that the sliding process of the upper indenter on the tooth surface was completed through the lateral movement of the sample25. It has been shown that the bite force is complex and variable during the mastication26,27, the physiological bite force is 10-120 N during chewing28,29, the maximum occlusal force of the anterior and molar teeth is 190-290 N and 200-360 N, respectively30-32, and the bite force at the initial and final stages of chewing are 10-20 N and 100-140 N27. Numerous investigations have documented that 105 cycles can simulate the number of chewing times for 3 years33, and the number of chewing times in five years is 1.2 × 10634-36. Besides, recent studies have also revealed that at 2×105cycles, the wear on the IAI and the generation of the metal wear debris are more obvious37. Taken together, these results demonstrate that the chewing cycle loading test that carried out with a load of 200 N and a cycle number of 2×105 times may be a good in vitro model to simulate the masticatory movement of the teeth and to examine the fretting damage on the IAI and the generation of metal wear debris.
In this study, the removal torque of the central screw was significantly decreased than the pre-tightening torque after the fatigue cycle loading and chewing cycle loading, especially the chewing cycle loading. Numerous studies have shown that the micro-motion on the IAI can cause the loosen of the central screws, and even affect the survival of dental implants38,39. Previous studies confirmed that further loss of torque could cause the looseness of the central screw, which affected the micro-gap size of the implant components, exacerbated the fretting damage, and increased the generation of metal wear debris on the IAI12. Thus, the results presented in this study and previous reports suggest that the removal torque of the central screw is significantly decreased after the fatigue cycle loading and chewing cycle loading, indicating that the looseness of the clinical central screw would aggravate the fretting damage and increase the amount of metal wear debris. When the central screw of the implant is loose, it should be replaced in time in the clinic.
[bookmark: OLE_LINK300][bookmark: OLE_LINK301]Here, the degree of fretting damage after the fatigue cycle loading and chewing cycle loading was different. The main fretting damage on the IAI after the fatigue cycle loading was plastic deformation, and the damage was relatively slight, while the fretting damage was more serious and presented as obvious furrow wear after the chewing cycle loading. Kamel revealed that the fatigue cycle loading acts on the crown through sinusoidal cycle loading, and the load direction was constant40. We analyzed the micro-motion diagram on the IAI during the chewing cycle loading process as shown in Fig. 10. The indenter slid along the a-b section of the crown at the initial stage of chewing, and the lateral pressure caused the abutment side to be pressed into the implant. When the upper head slid to the contralateral cusp b-c segment (Fig. 10B), the abutment on the starting side (S side) was subjected to a reverse stretching force, and the E side was oppositely applied. Therefore, this movement mode caused a slight compression-stretch reciprocating sliding in the IAI. When the central screw was loose, this movement would be more obvious, and the fretting damage would be sharply aggravated. Herein, due to the different stress on the IAI during the chewing test, the fretting damage was mainly presented as the furrow wear, and the degree of fretting damage was significantly greater than that in the fatigue cycle loading test.
[image: ]
[bookmark: OLE_LINK153][bookmark: OLE_LINK154]Fig. 10 Schematic diagram of the micro-motion on the IAI during the chewing cycle loading test
[bookmark: OLE_LINK114][bookmark: OLE_LINK115][bookmark: OLE_LINK97][bookmark: OLE_LINK98]This study confirmed the generation of metal wear debris in the complex fretting damage process on the IAI, and the metal wear debris was irregular with sharp or rough edges and various shapes, including spheroidal shape, block-like shape, needle-shaped or strip-like shape, flaky shape, etc. A previous study confirmed that metal wear debris was an important product of fretting damage41. Wlison et al reported that irregular metal wear debris homologous to the implant was found in the tissue fluid around the implant in patients with peri-implantitis23. Some scholars had also found the irregular shape of metal wear debris generated by the friction between implant and jaw during implant implantation23,42. Schliephake reported that different forms of wear debris in the bone around the implant were immediately found after implanting, including round-like wear debris and flaky wear debris43. 
[bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK15][bookmark: OLE_LINK18][bookmark: OLE_LINK21][bookmark: OLE_LINK19][bookmark: OLE_LINK20]In this experiment, the shape of metal wear debris was similar after the fatigue cycle loading and chewing cycle loading, while there were larger amounts of metal wear debris after the chewing cycle loading, especially the number of large-grain metal wear debris. It was previously reported that the fretting pattern on the IAI changed when the material was exfoliated and metal wear debris occurred44. In this study, we indicated that the large-grain wear debris might participate in the wear process to cause furrow wear, forming deep and wide grooves and a large amount of wear debris on both sides of the groove. Also, the massive, sheet metal debris could be crushed and honed to be small particle size of metal wear debris, further increasing the amount of metal wear debris. The continuous fretting circulation led to continuous loss of the materials and increase of cracks in the IAI, which might eventually cause the loosening, fracture, and failure of the central screw, or even the loosening and fracture of the implant, affecting the service life of the implant. 
5. Summary and Outlook
In this experiment, the effects of different fretting damage modes on the fretting damage and the generation of metal wear debris on the IAI were compared by fatigue cycle loading test and chewing cycle loading test. Based on the above experiments, the following conclusions can be drawn:
[bookmark: OLE_LINK316][bookmark: OLE_LINK317][bookmark: OLE_LINK318][bookmark: OLE_LINK319]1. Under fatigue cyclic loading, the fretting damage on the IAI was relatively slight, mainly plastic deformation. Under the chewing cyclic loading, the fretting damage on the IAI was serious and presented as obvious furrow wear. Compared to fatigue cycle loading, more metal wear debris accumulated on the wear surface in the chewing cycle loading test, accompanying with large-grained metal wear debris.
2. Various forms of metal wear debris were generated, including spheroidal shape, block-like shape, needle-shaped or strip-like shape, flaky shape, etc. The metal wear debris in chewing cyclic loading presented a larger particle size than that in the fatigue cyclic loading.
3. After the fatigue cycle loading and chewing cycle loading, the removal torque of the central screw of each group was lower than its pre-tightening torque. The torque decline and torque loss rate of the chewing test were significantly higher than those of the fatigue test. 
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