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Anterior implant support across four ZAGA-informed pathways in hybrid zygomatic rehabilitation: a finite element analysis
Muhammet Yasin Pektaş
Department of Oral and Maxillofacial Surgery, Faculty of Dentistry, Kütahya Health Sciences University, Kütahya, Türkiye
This document reports the locked real-CAD workflow. Pathway denotes the conceptual ZAGA-informed condition and trajectory its implemented computational centreline. The editable results-and-traceability workbook contains the numerical record. Internal P1–P4 identifiers map to public Trajectories A–D and are retained only for source-file provenance.
S1. Geometry and CAD provenance
The maxilla and zygomatic complex were derived from 63 female Visible Human Project CT images (c_vf1110–c_vf1172). Local indices refer to this cropped stack, starting at zero. Rows [55,285) and columns [75,437) were retained; stored values ≥1451 defined bone. Morphological closing used a spherical radius-two-voxel element, followed by largest-component selection. Local slices 59 onward were removed. An ovoid ring was added over slices [56,69), centered at x/y = 88/65 mm, with outer radii 40/58 mm, inner radii 30/48 mm and cutoff y <92 mm. Coordinates used 0.488281-mm in-plane and 1-mm axial spacing, with negative z along the stack. The patient-right half was mirrored about x =88 mm before resampling; discrete bilateral symmetry and connected-component selection followed. Supplementary Fig. S6 shows segmentation, inferior modification and the retained H4–A bone domain. JD and NTA CAD remained the implant authorities; unsmoothed surface conditioning and filled abutment channels were retained for the bonded-continuum model. The fixed spatial cortical ROI used the union of 7.15-mm tubes around the four site-specific axes.
The 40-mm centreline was sampled at 401 equally spaced points before implant insertion. Bone fraction is occupied samples divided by 401; contiguous endpoint occupancy gives engagement lengths at 0.1-mm resolution. Shared-face area equals adjoining titanium–bone faces multiplied by 0.658² mm² and includes cortical and trabecular interfaces. It describes the discretized bonded interface, not native threaded contact area or histological bone–implant contact. The common loaded-side coronal point was (61.4,29.2,−66.0) mm. Inclinations to the superior–inferior axis were 52.70°,54.16°, 61.45° and 62.21° for A–D. Cylindrical bone-clearance intervals were absent in A, t=0.20–0.40 in B (radius 2.55 mm), t=0.12–0.72 in C (3.05 mm), and t=0.05–0.75 in D (3.45 mm); t=0 denotes the coronal end. These intervals correspond to nominal lengths 0, 8, 24 and 28 mm, not measured sinus lengths. No separately validated sinus-lumen mask was available. The 39.79–45.37-mm boundary distances are perpendicular apex-to-plane distances, not force-path lengths.
Supplementary Table S1. Manufacturer-CAD authority
	Component
	Source file
	Implemented designation
	Source SHA-256
	Conditioning

	JD zygomatic fixture
	ZSZY43400.stl
	ZY43400; nominal Ø4.3 × 40 mm
	b99782a11a06b3fd2d2d0cbb866ec5724c25332d9857ee20e2c386638b9f7a92
	Quadric decimation; no smoothing

	JD angulated conical abutment
	ZEVCA4545_45deg_H4p5_CLEANED.stl
	EVCA4545C; 45°, H 4.5 mm
	5346585b6601024d5137a3dcc967bcf6d3c0c64870f50817671f76329dfc0793
	0.04-mm filled-envelope reconstruction

	NTA conventional fixture
	FNM40S L10.stp
	O-FNM 4010 S; nominal Ø4.2 × 10 mm
	9cb1e3088664cae9cc68339040a655e4d716a8c867fdc4948e39afe5b115d025
	STEP tessellation; quadric decimation; no smoothing

	NTA straight MUA
	O-NTMA(R) 5030.stp
	Regular Ø4.8 mm; gingival height 3 mm
	3b1286dc8bed53212b86deec79b78a2aedcb130e4078a8c68a18c3e25923ec96
	STEP tessellation; 0.04-mm filled-envelope reconstruction


Supplementary Table S2. Loaded patient-right trajectory geometry at 0.658 mm
	Trajectory
	Length (mm)
	Centreline bone fraction
	Coronal engagement (mm)
	Apical engagement (mm)
	Shared-face area (mm²)

	A
	40.0
	0.516209
	12.4
	8.0
	413.048

	B
	40.0
	0.411471
	8.1
	8.2
	352.866

	C
	40.0
	0.391521
	4.5
	11.0
	326.022

	D
	40.0
	0.296758
	1.8
	9.9
	211.719


S2. Materials, interfaces, boundary conditions, and loads
All materials were linear, homogeneous, and isotropic. Interfaces were fully bonded through shared nodes and faces. Filled abutment channels represented monolithic bonded envelopes; screws, preload, friction, separation, and micromotion were outside the model scope. The released analysis metadata assigned Co–Cr properties to the framework (218 GPa, ν = 0.33); this model input does not infer a manufacturer alloy grade from CAD. The same idealized titanium properties were assigned to all fixture and MUA domains. Superior-surface nodes were fixed in all translations on z = −1.974 mm; perpendicular plane-to-zygomatic-apex distances were 39.79, 40.60, 44.91, and 45.37 mm for Trajectories A–D.
Supplementary Table S3. Material properties
	Material
	Elastic modulus (MPa)
	Poisson ratio

	Cortical bone
	13700
	0.30

	Trabecular bone
	1370
	0.30

	Idealized titanium
	110000
	0.35

	Modeled Co–Cr framework
	218000
	0.33

	PMMA
	2700
	0.35


Supplementary Table S4. Loading protocols
	Protocol
	FDI
	Force (N)
	Patch radius (mm)
	Direction

	Posterior vertical
	14
	28
	4.0
	Global vertical

	Posterior vertical
	15
	94
	4.0
	Global vertical

	Posterior vertical
	16
	108
	4.0
	Global vertical

	Canine oblique
	13
	93
	3.5
	45° between global vertical and local palatal-to-buccal direction


S3. Discretization and numerical verification
The production mesh used 0.658-mm C3D8 elements. CalculiX assembled the scaled symmetric positive-definite system; SciPy conjugate gradients with a PyAMG smoothed-aggregation V-cycle solved the free equations at rtol = 1 × 10⁻⁹. Production acceptance required normal completion, finite fields, relative L2 residual ≤1.05 × 10⁻⁹, and force imbalance ≤1 × 10⁻⁸. Case metadata describe geometry/deck release and are not the authority for the external production solver; production solver status and hashes are recorded in the released solver-audit table.
Supplementary Table S5. Selected mesh-gate comparisons
	Sentinel
	Metric
	Coarse (mm)
	Fine (mm)
	Coarse value
	Fine value
	|Change| (%)
	Gate

	H4-Trajectory A vertical
	bone_fixed_pmax_p95_mpa
	0.658
	0.638
	7.92722
	8.09356
	2.098
	PASS

	H4-Trajectory A vertical
	bone_fixed_compression_p05_mpa
	0.658
	0.638
	11.0447
	11.2616
	1.964
	PASS

	H4-Trajectory A vertical
	zygoma_vm_p95_mpa
	0.658
	0.638
	67.5119
	66.6873
	1.221
	PASS

	H4-Trajectory A vertical
	framework_umax_mm
	0.658
	0.638
	0.419753
	0.419193
	0.133
	PASS

	H6-Trajectory D oblique
	bone_fixed_pmax_p95_mpa
	0.658
	0.638
	5.74172
	5.55646
	3.227
	PASS

	H6-Trajectory D oblique
	bone_fixed_compression_p05_mpa
	0.658
	0.638
	5.26561
	5.31621
	0.961
	PASS

	H6-Trajectory D oblique
	zygoma_vm_p95_mpa
	0.658
	0.638
	36.135
	36.8467
	1.970
	PASS

	H6-Trajectory D oblique
	framework_umax_mm
	0.658
	0.638
	0.32819
	0.322461
	1.746
	PASS


Supplementary Table S6. Independent direct-solver verification on a 1.0-mm grid
	Outcome
	AMG-PCG
	SPOOLES direct
	AMG vs direct (%)

	Fixed-ROI cortical Pmax P95 (MPa)
	8.27826698
	8.28174342
	-0.041977

	Fixed-ROI compression P05 (MPa)
	10.4093287
	10.4090747
	+0.002440

	Loaded zygomatic-fixture VM P95 (MPa)
	67.5398388
	67.5319028
	+0.011752

	Framework Umax (mm)
	0.419054694
	0.419054713
	-0.000005


Supplementary Table S7. C3D8-to-C3D8I formulation comparison on a 1.0-mm grid
	Outcome
	C3D8
	C3D8I
	Change (%)

	fixed anatomical cortical pmax P95
	5.37644
	5.34775
	-0.534

	fixed anatomical cortical pmax P99
	7.29203
	7.36613
	+1.016

	fixed anatomical cortical pmax MAXIMUM
	17.2797
	15.9317
	-7.801

	fixed anatomical cortical compression P95
	5.53605
	5.5918
	+1.007

	fixed anatomical cortical compression P99
	8.20397
	8.2424
	+0.468

	fixed anatomical cortical compression MAXIMUM
	16.2365
	14.9478
	-7.937

	loaded zygomatic fixture vm P95
	21.8173
	22.6348
	+3.747

	loaded zygomatic fixture vm P99
	28.0587
	29.3192
	+4.492

	loaded zygomatic fixture vm MAXIMUM
	32.3058
	32.8448
	+1.668

	framework vm P95
	15.4149
	15.7879
	+2.420

	framework vm P99
	20.7159
	21.0785
	+1.750

	framework vm MAXIMUM
	27.9271
	27.7629
	-0.588

	Global Umax
	0.3622
	0.371208
	+2.487


Supplementary Table S8. Model-form sentinels
	Sentinel
	Outcome
	Reference
	Comparison
	Difference

	Cortical shell 2.0→1.0 mm
	pmax p95
	7.92722
	11.5547
	+45.760%

	Cortical shell 2.0→1.0 mm
	pmax p99
	11.3595
	20.8323
	+83.391%

	Cortical shell 2.0→1.0 mm
	compression p05
	11.0447
	17.1301
	+55.098%

	Cortical shell 2.0→1.0 mm
	compression p01
	18.1715
	25.8831
	+42.438%

	Bilateral symmetric-load noise
	pmax p95
	5.12156
	5.1396
	0.352%

	Bilateral symmetric-load noise
	pmax p99
	8.41873
	8.32369
	1.129%

	Bilateral symmetric-load noise
	compression p05
	16.458
	16.4144
	0.265%

	Bilateral symmetric-load noise
	compression p01
	27.5968
	27.6377
	0.148%


S4. Production contrasts and ROI sensitivity
Supplementary Table S9. Matched H6 versus H4 percentage changes
	Protocol
	Trajectory
	Outcome
	H4
	H6
	Change (%)

	vertical
	A
	Bone Pmax P95
	7.92722
	7.99827
	+0.896

	vertical
	A
	Bone compression P05
	11.0447
	11.0198
	-0.225

	vertical
	A
	ZI VM P95
	67.5119
	67.2722
	-0.355

	vertical
	A
	Framework Umax
	0.419753
	0.421019
	+0.302

	vertical
	A
	Matched 12/22 fixture VM P95
	6.22373
	4.14017
	-33.478

	vertical
	A
	Matched 12/22 MUA VM P95
	16.1146
	12.2084
	-24.240

	vertical
	A
	Loaded zygomatic MUA VM P95
	60.1147
	61.3308
	+2.023

	vertical
	A
	Framework VM P95
	25.6608
	24.7982
	-3.361

	vertical
	B
	Bone Pmax P95
	7.40381
	7.46508
	+0.828

	vertical
	B
	Bone compression P05
	10.7852
	10.8323
	+0.436

	vertical
	B
	ZI VM P95
	66.2153
	66.0989
	-0.176

	vertical
	B
	Framework Umax
	0.417793
	0.419077
	+0.307

	vertical
	B
	Matched 12/22 fixture VM P95
	6.28981
	4.16605
	-33.765

	vertical
	B
	Matched 12/22 MUA VM P95
	16.3859
	12.168
	-25.741

	vertical
	B
	Loaded zygomatic MUA VM P95
	62.2893
	61.2164
	-1.722

	vertical
	B
	Framework VM P95
	26.2229
	25.4257
	-3.040

	vertical
	C
	Bone Pmax P95
	7.24582
	7.33135
	+1.180

	vertical
	C
	Bone compression P05
	10.8184
	10.9426
	+1.148

	vertical
	C
	ZI VM P95
	66.9865
	66.8331
	-0.229

	vertical
	C
	Framework Umax
	0.425147
	0.426256
	+0.261

	vertical
	C
	Matched 12/22 fixture VM P95
	6.58452
	4.50745
	-31.545

	vertical
	C
	Matched 12/22 MUA VM P95
	16.7051
	12.2513
	-26.662

	vertical
	C
	Loaded zygomatic MUA VM P95
	67.5901
	66.7167
	-1.292

	vertical
	C
	Framework VM P95
	28.9887
	27.963
	-3.538

	vertical
	D
	Bone Pmax P95
	6.00382
	6.03353
	+0.495

	vertical
	D
	Bone compression P05
	12.1143
	12.178
	+0.526

	vertical
	D
	ZI VM P95
	77.6902
	77.4701
	-0.283

	vertical
	D
	Framework Umax
	0.474181
	0.475511
	+0.281

	vertical
	D
	Matched 12/22 fixture VM P95
	6.88636
	4.84512
	-29.642

	vertical
	D
	Matched 12/22 MUA VM P95
	18.0674
	12.9387
	-28.387

	vertical
	D
	Loaded zygomatic MUA VM P95
	78.8399
	78.1039
	-0.934

	vertical
	D
	Framework VM P95
	29.0929
	28.1147
	-3.362

	oblique
	A
	Bone Pmax P95
	4.75218
	4.71852
	-0.708

	oblique
	A
	Bone compression P05
	5.27055
	5.19607
	-1.413

	oblique
	A
	ZI VM P95
	26.1009
	26.3721
	+1.039

	oblique
	A
	Framework Umax
	0.297368
	0.294122
	-1.091

	oblique
	A
	Matched 12/22 fixture VM P95
	5.44284
	4.24547
	-21.999

	oblique
	A
	Matched 12/22 MUA VM P95
	18.4582
	13.5626
	-26.523

	oblique
	A
	Loaded zygomatic MUA VM P95
	31.9939
	26.5193
	-17.111

	oblique
	A
	Framework VM P95
	19.6485
	17.4973
	-10.949

	oblique
	B
	Bone Pmax P95
	4.75064
	4.72254
	-0.592

	oblique
	B
	Bone compression P05
	5.08112
	5.03734
	-0.862

	oblique
	B
	ZI VM P95
	25.6378
	25.8373
	+0.778

	oblique
	B
	Framework Umax
	0.297689
	0.294413
	-1.101

	oblique
	B
	Matched 12/22 fixture VM P95
	5.51705
	4.28715
	-22.293

	oblique
	B
	Matched 12/22 MUA VM P95
	18.5374
	13.622
	-26.516

	oblique
	B
	Loaded zygomatic MUA VM P95
	32.7895
	27.5086
	-16.105

	oblique
	B
	Framework VM P95
	19.7543
	17.5805
	-11.004

	oblique
	C
	Bone Pmax P95
	5.00166
	4.96661
	-0.701

	oblique
	C
	Bone compression P05
	5.06996
	4.984
	-1.695

	oblique
	C
	ZI VM P95
	27.2971
	27.5363
	+0.876

	oblique
	C
	Framework Umax
	0.306995
	0.30343
	-1.161

	oblique
	C
	Matched 12/22 fixture VM P95
	5.75032
	4.53614
	-21.115

	oblique
	C
	Matched 12/22 MUA VM P95
	18.7752
	13.8135
	-26.427

	oblique
	C
	Loaded zygomatic MUA VM P95
	34.982
	29.9502
	-14.384

	oblique
	C
	Framework VM P95
	19.9767
	17.8953
	-10.419

	oblique
	D
	Bone Pmax P95
	5.74887
	5.74172
	-0.124

	oblique
	D
	Bone compression P05
	5.29085
	5.26561
	-0.477

	oblique
	D
	ZI VM P95
	35.9793
	36.135
	+0.433

	oblique
	D
	Framework Umax
	0.331494
	0.32819
	-0.997

	oblique
	D
	Matched 12/22 fixture VM P95
	5.63119
	4.56405
	-18.951

	oblique
	D
	Matched 12/22 MUA VM P95
	18.968
	13.911
	-26.661

	oblique
	D
	Loaded zygomatic MUA VM P95
	35.4403
	29.7417
	-16.079

	oblique
	D
	Framework VM P95
	20.0496
	17.9489
	-10.478


Supplementary Table S10. Alternative-ROI Trajectory A-to-D changes in cortical Pmax P95
	Protocol
	Support
	ROI
	A
	D
	A→D (%)

	vertical
	H4
	Equal-count
	9.4755
	6.02434
	-36.422

	vertical
	H4
	Dynamic 5 mm
	9.4755
	5.88759
	-37.865

	vertical
	H6
	Equal-count
	9.57721
	6.00407
	-37.309

	vertical
	H6
	Dynamic 5 mm
	9.57721
	5.92373
	-38.148

	oblique
	H4
	Equal-count
	5.159
	6.61362
	+28.196

	oblique
	H4
	Dynamic 5 mm
	5.159
	6.11416
	+18.515

	oblique
	H6
	Equal-count
	5.1269
	6.54539
	+27.668

	oblique
	H6
	Dynamic 5 mm
	5.1269
	6.10334
	+19.045


S5. Production solver audit and figure provenance
Release status: PASSED. Production mesh: 0.658 mm; adjacent confirmation mesh: 0.638 mm. Maximum production relative L2 residual: 9.807e-10. Maximum force imbalance: 9.094e-11. Maximum selected primary mesh change: 3.227%. These values describe the original 2-mm baseline only; additional 1-mm-shell checks are reported separately in Tables S13–S15.
Released field figures use fixed class-specific scales: cortical Pmax 0–12 MPa, cortical compression 0–20 MPa, JD fixtures and MUAs 0–110 MPa, NTA fixtures 0–12 MPa, and NTA MUAs 0–45 MPa. Labels report the percentage above each ceiling; over-range values use the uppermost color. Component values are mapped only to the corresponding surface within one 0.658-mm cell diagonal. Interpolation, lighting, transparency, and smoothing are display-only. Figs. 1–2 contain no stress field. Fig. 3 combines implemented vectors, constrained surfaces, and mesh/ROI with nominal CAD context; sleeves and framework housings are illustrative, not solved interfaces. Numerical geometry and results remain unchanged.
Supplementary Table S11. Production solver audit
	Cell
	Nodes
	Elements
	Iterations
	Relative L2 residual
	Force imbalance
	Audit

	H4-A-V
	790985
	609009
	91
	9.238e-10
	7.820e-11
	PASS

	H4-A-O
	790985
	609009
	92
	8.664e-10
	4.459e-11
	PASS

	H4-B-V
	790841
	608773
	91
	8.594e-10
	7.977e-11
	PASS

	H4-B-O
	790841
	608773
	92
	8.304e-10
	4.557e-11
	PASS

	H4-C-V
	790317
	607844
	91
	9.225e-10
	7.561e-11
	PASS

	H4-C-O
	790317
	607844
	91
	9.720e-10
	7.465e-11
	PASS

	H4-D-V
	789800
	606721
	91
	7.892e-10
	8.462e-11
	PASS

	H4-D-O
	789800
	606721
	91
	9.807e-10
	7.492e-11
	PASS

	H6-A-V
	791129
	609122
	91
	8.770e-10
	9.094e-11
	PASS

	H6-A-O
	791129
	609122
	92
	8.155e-10
	4.002e-11
	PASS

	H6-B-V
	790985
	608886
	90
	9.744e-10
	7.002e-11
	PASS

	H6-B-O
	790985
	608886
	92
	9.405e-10
	4.518e-11
	PASS

	H6-C-V
	790461
	607957
	91
	9.037e-10
	8.890e-11
	PASS

	H6-C-O
	790461
	607957
	92
	8.105e-10
	5.345e-11
	PASS

	H6-D-V
	789944
	606834
	91
	8.098e-10
	9.052e-11
	PASS

	H6-D-O
	789944
	606834
	92
	8.421e-10
	4.952e-11
	PASS


Supplementary Table S12. Figure files
	File
	Bytes
	SHA-256

	Figure_1.tif
	10312180
	ef0ae7694b7903e73419187e23feb79523a22f5afffb03992fd09d8a73055179

	Figure_2.tif
	6818936
	59b120a55f5f69878465bb3d5eca3fe8b18f1b0062de12305c48b7d03611c199

	Figure_3.tif
	7435130
	57a8d09ae9278a830a37fc81604f7b5debb347d9cfd7c67bdddf8ddb974344a4

	Figure_4.tif
	8014110
	1c16532bf8b659e033e5566129500a9b07e930008874e4bd2f10b48d9a808fe5

	Figure_5.tif
	7951136
	a38154c267d5285901c71336a122cc46174eb25671ffc820808b4c6c5d301b1d

	Figure_6.tif
	3402014
	435edaff05e6b8c6b5018c52cba6e000dcf43f01374c051fd20e81d0b59cc9af

	Figure_7.tif
	3331494
	977117c59d63ae52817b0f1fe6b7a357be9266d5ebde6fb3d2778adcbc89696a

	Additional_file_3.tif
	12719104
	d73c54917853952d88e686df8e70a8d59f2b68ac39c0aab2532bb4d19a6939c2

	Additional_file_4.tif
	12493914
	c45507819c3cbca760df677a9f180f1038d9bc6b33b3710045d14f6ebb33c0fe

	Additional_file_5.tif
	1542250
	9d1c13cc2361c41b7fc920bfbacb0023117cd128fb2738b0cbc7360aee006ddb

	Additional_file_6.tif
	1545008
	9aebfce407311f0c6ca97fdb5714e8e3a5d56195c05a043c9213b71f73919851

	Additional_file_7.tif
	11415892
	fac2b13237e22278767eaf961d8b1a56e227390d1066dfc54fae2c14cad723d8

	Additional_file_8.tif
	1536068
	05ceda0c40c8a5280288659627174357ed049df4feb67a3b371fe2ec8e6a21b9


Supplementary figure legends
Supplementary Fig. S1. Loaded-side cortical compression under posterior vertical loading. (A–D) H4 with Trajectories A–D; (E–H) H6 with Trajectories A–D. H4 denotes two conventional plus two zygomatic implants; H6 denotes four conventional plus two zygomatic implants. Compression magnitude is max(0, −Pmin), where Pmin is minimum principal stress, on the fixed coordinate-space region of interest (ROI) using a common 0–20 MPa scale. Labels report fifth/first percentiles (P05/P01) and the percentage above 20 MPa; values above the ceiling use the uppermost color.
Supplementary Fig. S2. Loaded-side cortical compression under canine oblique loading. (A–D) H4 (two conventional plus two zygomatic implants); (E–H) H6 (four conventional plus two zygomatic implants). Layout, region of interest (ROI), camera, and the common 0–20 MPa scale match Supplementary Fig. S1.
Supplementary Fig. S3. Deterministic outcome profiles across categorical Trajectories A–D. (A–D) Vertical-protocol cortical maximum principal stress (Pmax) 95th percentile (P95), cortical compression fifth percentile (P05), loaded zygomatic-fixture von Mises P95, and maximum framework displacement (Umax); (E–H) corresponding oblique-protocol outcomes. Orange circles denote H4 (two conventional plus two zygomatic implants) and blue squares H6 (four conventional plus two zygomatic implants). For each protocol and outcome, H4 and H6 share a data-driven y-axis range; ranges differ between protocols. Curves may overlap where values are close. Points are deterministic solutions; no inferential statistics are shown.
Supplementary Fig. S4. Mesh sensitivity in (A) H4–Trajectory A vertical and (B) H6–Trajectory D oblique sentinels. H4 denotes two conventional plus two zygomatic implants; H6 denotes four conventional plus two zygomatic implants. Curves show absolute changes across adjacent spacings from 0.800 to 0.638 mm. Both panels use the same y-axis limit; the dashed line marks the 5% gate and the 0.658→0.638-mm confirmation pairs are highlighted. Coarser non-monotonic transitions are retained.
Supplementary Fig. S5. Coordinate-matched H6-minus-H4 cortical maximum principal stress (Pmax) fields. H4 denotes two conventional plus two zygomatic implants; H6 denotes four conventional plus two zygomatic implants. (A–D) Vertical and (E–H) oblique loading for Trajectories A–D. Signed coordinate-wise differences use common zero-centered symmetric limits; white denotes near-zero differences. These fields are not differences between separately summarized ROI P95 endpoints.
Supplementary Fig. S6. Anatomical model construction. A, cropped source CT bone segmentation before inferior modification; B, inferior truncation and addition of the ovoid ridge before mirroring; C, retained final H4–Trajectory A bone domain. The panels use a common orthographic camera and scale. Scale bars, 20 mm; arrows indicate projected superior and anterior model directions. No stress field is shown, and the solved geometry is unchanged.


Cortical-shell sensitivity
The original H4–A cortical-thickness comparison is retained in Table S8. The expanded analysis repeats all 16 support–trajectory–load conditions with a 1.0-mm shell at 0.658 mm (Table S13), compares A–D contrasts at both thicknesses (Table S14), and checks H4–A vertical and H6–D oblique models at 0.638 mm (Table S15). Node coordinates, element connectivity, load and restraint sets, and implant–prosthesis material domains match the corresponding 2-mm models. Only cortical/trabecular labels and their assigned stiffness differ. The same fixed coordinate-space ROI rule was retained, but thinning changes which elements are cortical. These are deterministic material-partition sensitivity comparisons, not paired measurements in identical cortical tissue.
Supplementary Table S13. Primary outcomes with a 1.0-mm cortical shell
	Support
	Trajectory
	Load
	Pmax P95 (MPa)
	Compression P05 (MPa)
	Fixture VM P95 (MPa)
	Framework Umax (mm)

	H4
	A
	Vertical
	11.555
	17.130
	80.528
	0.6248

	H4
	B
	Vertical
	11.108
	16.707
	79.651
	0.6226

	H4
	C
	Vertical
	11.546
	16.524
	77.917
	0.6358

	H4
	D
	Vertical
	9.048
	18.244
	85.796
	0.7055

	H6
	A
	Vertical
	11.705
	17.139
	80.427
	0.6257

	H6
	B
	Vertical
	11.153
	16.658
	79.517
	0.6235

	H6
	C
	Vertical
	11.606
	16.541
	77.815
	0.6365

	H6
	D
	Vertical
	9.120
	18.230
	85.438
	0.7065

	H4
	A
	Oblique
	8.144
	8.328
	30.265
	0.4526

	H4
	B
	Oblique
	8.153
	7.905
	29.731
	0.4538

	H4
	C
	Oblique
	8.731
	7.773
	30.756
	0.4698

	H4
	D
	Oblique
	10.061
	8.022
	39.593
	0.5016

	H6
	A
	Oblique
	8.085
	8.257
	30.606
	0.4479

	H6
	B
	Oblique
	8.106
	7.840
	30.051
	0.4491

	H6
	C
	Oblique
	8.682
	7.724
	30.908
	0.4647

	H6
	D
	Oblique
	10.046
	7.996
	39.492
	0.4969


All models used the 0.658-mm grid and the original bonded interfaces and loading rules. The corresponding 2.0-mm results are reported in main Table 2. Compression is max(0, −Pmin P05). Full-precision values and paired percentage changes are supplied in Additional file 2.
Supplementary Table S14. Trajectory A-to-D contrasts at both cortical thicknesses
	Support
	Load
	Outcome
	2.0-mm shell
	1.0-mm shell

	H4
	Vertical
	Cortical Pmax P95
	-24.26%
	-21.69%

	H4
	Vertical
	Compression P05 magnitude
	+9.68%
	+6.50%

	H4
	Vertical
	Zygomatic VM P95
	+15.08%
	+6.54%

	H4
	Vertical
	Framework Umax
	+12.97%
	+12.92%

	H6
	Vertical
	Cortical Pmax P95
	-24.56%
	-22.08%

	H6
	Vertical
	Compression P05 magnitude
	+10.51%
	+6.37%

	H6
	Vertical
	Zygomatic VM P95
	+15.16%
	+6.23%

	H6
	Vertical
	Framework Umax
	+12.94%
	+12.91%

	H4
	Oblique
	Cortical Pmax P95
	+20.97%
	+23.55%

	H4
	Oblique
	Compression P05 magnitude
	+0.39%
	-3.67%

	H4
	Oblique
	Zygomatic VM P95
	+37.85%
	+30.82%

	H4
	Oblique
	Framework Umax
	+11.48%
	+10.84%

	H6
	Oblique
	Cortical Pmax P95
	+21.68%
	+24.26%

	H6
	Oblique
	Compression P05 magnitude
	+1.34%
	-3.16%

	H6
	Oblique
	Zygomatic VM P95
	+37.02%
	+29.03%

	H6
	Oblique
	Framework Umax
	+11.58%
	+10.94%


Change = 100×(D−A)/A. Interface area, endpoint and boundary separation covary. Across all four trajectories, exact ordering changed in 9 of 16 support–load–outcome combinations; the highest oblique compression shifted from D to A for both supports. Four of 32 H6–H4 primary contrasts changed sign. Full support contrasts are supplied in Additional file 2.
Supplementary Table S15. Grid sensitivity with a 1.0-mm cortical shell
	Model
	Load
	Outcome
	0.658 mm
	0.638 mm
	Change

	H4–A
	Vertical
	Cortical Pmax P95
	11.555
	11.585
	+0.261%

	H4–A
	Vertical
	Compression P05 magnitude
	17.130
	17.194
	+0.376%

	H4–A
	Vertical
	Zygomatic VM P95
	80.528
	80.071
	-0.567%

	H4–A
	Vertical
	Framework Umax
	0.6248
	0.6310
	+0.992%

	H6–D
	Oblique
	Cortical Pmax P95
	10.046
	9.711
	-3.341%

	H6–D
	Oblique
	Compression P05 magnitude
	7.996
	8.352
	+4.448%

	H6–D
	Oblique
	Zygomatic VM P95
	39.492
	39.796
	+0.770%

	H6–D
	Oblique
	Framework Umax
	0.4969
	0.4934
	-0.701%


Stress is reported in MPa and displacement in mm. All eight absolute changes were <5%; the largest was 4.4478%. These adjacent-grid tests include rerasterization effects and do not establish formal mesh independence.
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