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[Abstract] Objective:To compare the effects of bone-anchored rapid expansion and tooth-borne rapid expansion combined with
protraction on craniofacial sutures, skeletal points, bones and maxillary dentition using three-dimensional finite element analysis,
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and provide guidance for the clinical selection of appropriate traction methods and sites. Methods*A cone beam computed
tomography (CBCT) image of one adolescent with skeletal class Il malocclusion and maxillary hypoplasia during the mixed dentition
period was selected to establish a three-dimensional finite element model of the maxillary complex (including craniofacial sutures,
skeletal points, bones and maxillary dentition). Based on this, the three-dimensional finite element models of bone-anchored and tooth-
borne rapid expansion combined with protraction were respectively established. Then, the aforementioned models were assembled into
a three-dimensional finite element model of maxillary complex with bone-anchored rapid expansion combined with protraction
(Model 1), and a three-dimensional finite element model of maxillary complex with tooth-borne rapid expansion combined with
protraction (Model 2). According to the different expansion methods and protraction sites, the following conditions were set up:
(D Based on the expansion methods, Model 1 was set as Group A, and Model 2 was set as Group B. 2 Based on the protraction sites,
Group A and B were further divided into experimental group 1 (protraction hooks were placed buccally on both sides of the maxillary
canines), experimental group Il (protraction hooks were placed buccally on both sides of the maxillary first premolars) and
experimental group Il (protraction hooks were placed buccally on both sides of the maxillary second premolars), respectively.
Additionally, as a control, Group A0 used bone-anchored rapid expansion alone without protraction, while Group B0 used tooth-borne
rapid expansion without protraction. The stress distribution characteristics of craniofacial sutures in groups A and B at different
protraction sites, as well as the displacement trends of craniofacial skeletal points, craniofacial bones and maxillary dentition were
analyzed by using charts and tables. Results-In terms of stress distribution characteristics of craniofacial sutures, pterygomaxillary
suture'’s equivalent strain was maximal in both groups A and B, and it increased when protraction hooks were placed backwards. The
maximum principal strain value of each suture in Group A | was larger than that in Group B I . In terms of the displacement trend of
craniofacial bones, as the protraction sites shifted posteriorly, both the nasal bones and maxilla in the horizontal direction moved
rightward with decreasing displacement trends in both groups A and B. In the sagittal direction, the nasal bones moved posteriorly with
decreasing displacement trends, while the maxilla moved anteriorly with increasing displacement trends in groups A and B. In the
vertical direction, the nasal bones moved downward with decreasing displacement trends, and the maxilla moved upward with
decreasing displacement trends in groups A and B. In terms of displacement trends of craniofacial skeletal points (ANS, PNS), the
maxillary plane (ANS-PNS plane) in Group A underwent clockwise rotation, with the clockwise rotation trend decreasing as the
protraction sites shifted posteriorly, while the maxillary plane (ANS-PNS plane) in Group B underwent counterclockwise rotation, with
the counterclockwise rotation trend becoming more apparent as the protraction sites shifted posteriorly. In terms of the displacement
trend of the maxillary dentition, the displacement of the central incisors in the horizontal, sagittal and vertical directions in the
experimental groups A and B was all negative, presenting a tendency to move distally, labially and extrusively. The displacement of the
first molar in the horizontal direction was also negative, indicating a trend of buccal displacement. Additionally, as the protraction site
shifted posteriorly, the labial movement trend of the central incisors’ crown increased, and the crowns of the first molars changed from
mesial to distal movement. Conclusion - Clinically, placing protraction sites posteriorly is beneficial for the anterior movement of the
maxilla. Adolescent with skeletal class Il malocclusion can choose different rapid expansion with protraction to achieve maxillary
anterior displacement while realizing favorable rotation of maxillary plane.

[Key words] bone-anchored rapid expansion; tooth-borne rapid expansion; protraction; three-dimensional finite element analysis;
skeletal Class Il malocclusion
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Tab 1 Young's modulus and Poisson’s ratio of various materials
in Model 1 and Model 2

Material Young's modulus/(N-mm™)  Poisson’s ratio
Craniofacial bones 13 400 0.30
Sutures 70 0.40
Maxillary dentition 20 700 0.30
Expander 190 000 0.33
Microimplant 113 000 0.33
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Note: Red arrows represent traction sites and directions.
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Fig 1 Eight conditions of Model 1 and Model 2
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Note: A. Anterior aspect of the model. B. Inferior aspect of the model. a—frontal bone; b—maxilla; c—zygomatic bone; d—nasal bone; e—ANS; f—PNS;

g—nasofrontal suture; h—zygomaticomaxillary suture; i—zygomatic temporal suture; j—zygomatic frontal suture; k—pterygomaxillary suture; 1—nasal

suture; m—nasomaxillary suture; n—maxillary central incisors; o—maxillary first molars.

B2 HEMRNNRHTEE

Fig 2 Schematic diagram of observation objects of the model
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Note: A. Three-dimensional finite element model of maxillary complex. B. Three-dimensional finite element model of bone-anchored rapid expansion with

protraction. C. Three-dimensional finite element model of tooth-borne rapid expansion with protraction.
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Fig 3 Diagram of the three-dimensional finite element model of maxillary complex and two rapid expanders with protraction
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Fig4 Diagram of Model 1 (A) and Model 2 (B)
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Fig 5 Experimental group-to-control group ratio of sutures’ equivalent strain of bone-anchored rapid expander with protraction (A) and

tooth-borne rapid expander with protraction (B)
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Group A

0.017 473 Max
0.013 127
0.009 862
0.007 409
0.005 566
0.004 182
0.003 142
0.002 360
0.001 773
0.001 332 Min

0.005 015 Max
0.004 467
0.003 919
0.003 371
0.002 822
0.002 274
0.001 726
0.001 178
0.000 630
0.000 082 Min

0.012 824 Max
0.011 433
0.010 042
0.008 652
0.007 261
0.005 870
0.004 479
0.003 088
0.001 697
0.000 306 Min

0.003 172 Max
0.002 845
0.002 519
0.002 193
0.001 866
0.001 540
0.001 214
0.000 887
0.000 561
0.000 235 Min

0.006 402 Max
0.004 543
0.003 224
0.002 288
0.001 624
0.001 152
0.000 818
0.000 580
0.000 412
0.000 292 Min

0.006 441 Max
0.005 738
0.005 035
0.004 333
0.003 630
0.002 927
0.002 225
0.001 522
0.000 819
0.000 117 Min

MR, S EEE e (EeA). ATZ4h
LA SE RN S B 5], e RAE SRR )5 T s
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0.001 197 Max
0.000 880
0.000 647
0.000 476
0.000 350
0.000 257
0.000 190
0.000 139
0.000 102
0.000 075 Min

0.000 147 Max
0.000 132
0.000 116
0.000 101
0.000 085
0.000 070
0.000 054
0.000 039
0.000 023
0.000 008 Min

0.000 350 Max
0.000 311
0.000 273
0.000 235
0.000 197
0.000 159
0.000 121
0.000 083
0.000 045
0.000 006 Min

0.000 175 Max
0.000 156
0.000 138
0.000 120
0.000 102
0.000 084
0.000 066
0.000 048
0.000 030
00.00 012 Min

0.000 200 Max
0.000 127
0.000 081
0.000 052
0.000 033
0.000 021
0.000 013
0.000 008
0.000 005
0.000 003 Min

0.000 109 Max
0.000 097
0.000 085
0.000 073
0.000 061
0.000 049
0.000 038
0.000 026
0.000 014
0.000 002 Min

Note: A. Pterygomaxillary suture. B. Zygomaticomaxillary suture. C. Zygomatic temporal suture. D. Zygomatic bone. E. Nasomaxillary suture. F. Nasofrontal

suture. In scale label, positive value represents tensile stress, and negative value represents compressive stress. Based on the right and frontal views of the
nasofrontal suture, which are represented as points and lines with relatively small values, no analysis was conducted on the nasofrontal suture in this area.
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Fig 6 Diagram of sutures’ maximum principal strain of Group A | and Group B | (right view and front view)
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Tab 2 Displacement of the cranio-maxillofacial bones along the X-axis/mm

Group A
Cranio-maxillofacial bone
A0 Al All
Frontal bone -0.063 97 -0.064 05 -0.063 98
Maxilla -0.063 97 -0.064 05 -0.063 98
Zygomatic bone -0.045 22 -0.045 16 -0.045 05
Nasal bone -0.024 05 -0.023 81 -0.023 73

F3 EIEEEHE Y A/ mm

Tab 3 Displacement of the cranio-maxillofacial bones along the Y-axis/mm

Group A
Cranio-maxillofacial bone
A0 Al All
Frontal bone 0.027 70 0.027 40 0.027 30
Maxilla -0.008 59 -0.009 51 -0.009 81
Zygomatic bone -0.009 50 -0.009 87 -0.009 98
Nasal bone 0.024 60 0.024 40 0.024 25

F4 FEHEEHEZH LR/ mm

Tab 4 Displacement of the cranio-maxillofacial bones along the Z-axis/mm

Group A
Cranio-maxillofacial bone
A0 Al All
Frontal bone 0.026 51 0.026 10 0.025 80
Maxilla 0.023 89 0.023 40 0.023 20
Zygomatic bone 0.021 34 0.020 90 0.020 80
Nasal bone -0.018 22 -0.018 00 -0.017 80
2.3.2  fUUAN A B AL RS K/ AR 5 AL kO AR A
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Group B
Al BO BI Bl BII
-0.063 93 -0.003 08 -0.003 52 -0.002 89 -0.002 24
-0.063 93 -0.003 08 -0.003 52 -0.002 89 -0.002 24
-0.044 98 -0.001 53 -0.001 67 -0.001 33 -0.000 99
-0.023 71 -0.000 48 -0.000 35 -0.000 16 -0.000 04
Group B
All BO BI Bl BII
0.027 30 0.001 00 0.000 77 0.000 63 0.000 62
-0.010 00 -0.000 61 -0.003 45 -0.003 89 -0.004 34
-0.010 01 -0.000 27 -0.001 05 -0.001 26 -0.001 42
0.024 21 0.000 93 0.000 77 0.000 56 0.000 37
Group B
All BO Bl BIl BII
0.025 70 0.001 10 0.000 64 0.000 32 0.000 31
0.023 10 0.001 05 0.000 36 0.000 18 0.000 11
0.020 70 0.000 70 0.000 36 0.000 20 0.000 10
-0.017 70 -0.000 70 -0.000 63 -0.000 35 -0.000 07
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Fig 7 Displacement trend of each skeletal point (ANS, PNS) in Group A (A) and Group B (B) in the vertical direction (Z-axis)
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Note: A —C. Displacement analysis of maxillary central incisor in the horizontal direction (A), sagittal direction (B) and vertical direction (C). D —F.

Displacement analysis of maxillary first molar in the horizontal direction (D) sagittal direction (E) and vertical direction (F).
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Fig9 Diagram of the displacement trend of the maxillary first molar in Group A and Group B
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