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Abstract

Current dental implantology, despite decades of advancement, remains fundamentally limited by the absence of a functional periodontal 
ligament (PDL). Conventional osseointegrated implants lack the proprioceptive feedback, shock absorption, and adaptive remodeling 
capacity of natural tooth roots, leading to long-term complications including peri implantitis, occlusal trauma, and prosthetic fractures. 
This paper introduces a paradigm-shifting device: the AI-Designed, Fibrointegrated, Circumferential Root Ring Implant (CRRI) the fi rst 
implant system that recreates a living, functional PDL without any human intraoperative decision. The CRRI comprises three integrated 
innovations: (1) an AI generated patient specifi c topological lattice (pore size 150–250 μm, porosity 72%) that guides organized fi brogenesis 
rather than osseointegration, (2) a circumferential root ring architecture mimicking the natural tooth root geometry including the cemento 
enamel junction and root curvature, and (3) an autonomous robotic surgical delivery system (closed loop, no human intraoperative 
choices) that follows a pre computed, AI optimized trajectory from initial osteotomy to fi nal seating. We present the complete design, 
manufacturing (selective laser melting of Ti 6Al 4V with bioactive hydroxyapatite nanocoating), and validation pipeline across three 
stages: (1) in silico fi nite element analysis (N=120 virtual mandible models) demonstrating physiological micromotion (15–35 μm) and 
stress distribution matching natural PDL, (2) in vitro bioreactor culture (4 weeks) showing oriented collagen type I/III fi ber ingrowth 
into the lattice with immunohistochemical evidence of fi brointegration (tenascin C, fi bromodulin), and (3) in vivo pilot study (n=6 
beagle dogs, 3 months) with histological and micro CT confi rmation of PDL like tissue (Sharpey-like fi ber insertion, vascular channels, 
cementum like layer on implant surface) without peri implant bone loss. The AI surgical system (robotic arm + 3D optical navigation, 
accuracy 0.12 mm) executed all osteotomies and implant seatings without human intervention (N=120 simulated surgeries, 0% failure, 
0% rescue). Compared to conventional screw type implants (control, n=6), CRRI demonstrated 4.2× higher damping capacity, 3.8× 
greater proprioceptive signal generation (mechanoreceptor staining), and zero peri implantitis after 3 months. This work establishes 
that autonomous AI design and robotic surgery can recreate the biological complexity of the natural PDL a feat unachievable by human 
intraoperative decisions potentially ending the era of rigid osseointegration. 
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1. Introduction

1.1 The Missing Ligament: The Fundamental Flaw of Modern 
Dental Implants

The natural tooth is suspended in the alveolar bone by the 
periodontal ligament a 0.15–0.38 mm thick, highly organized, 

vascularized, and innervated connective tissue. The PDL provides 
fi ve essential functions: (1) shock absorption via viscoelastic 
deformation, (2) proprioception via mechanoreceptors (Ruffi  ni 
endings, Pacinian corpuscles), (3) tooth mobility (physiological 
micromotion 25–100 μm), (4) cementum homeostasis via 
cementoblasts, and (5) adaptive remodeling in response to occlusal 
forces.
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Conventional osseointegrated implants (Brånemark type) 
deliberately achieve rigid bone to implant contact. This solves 
initial stability but creates a rigid ankylotic connection. The 
absence of a PDL leads to a cascade of predictable complications: 
occlusal overload (3–5× higher peak forces compared to natural 
teeth), peri implantitis (prevalence 18–28% at 10 years), loss of 
proprioception (2–3× higher bite force without sensory feedback), 
and prosthetic fracture (increased incidence after 5–7 years).1

Despite over 50 years of research into “fibrointegration” 
(connective tissue attachment to implants), no clinical solution 
has successfully recreated a functional PDL. The core challenge 
is not biological but geometric and surgical: the natural PDL 
requires a precisely defined, three dimensional space (root shape 
+ circumferential gap + organized fibrous orientation) that is 
impossible to create with human freehand osteotomy and standard 
cylindrical implants.

1.2 The CRRI Concept: AI-Designed, Robot-Placed, 
Fibrointegrated

We propose a complete departure from the screw type implant 
paradigm: the2 Circumferential Root Ring Implant (CRRI). The 
device is AI designed for each patient from pre operative CBCT, 
producing an implant that exactly replicates the extracted natural 
root geometry (including curvature, furcations, and cemento 
enamel junction). The surface is a topological lattice (not solid) 
optimized by generative design AI to guide fibrointegration, not 
osseointegration. The surgery is performed by an autonomous 
robotic system with zero human intraoperative decisions: the 
implant is seated in a single, pre computed motion following AI 
planned osteotomy.

1.3 Contributions

1.	 First AI generated lattice topology specifically optimized for 
PDL like fibrogenesis (not osseointegration)

2.	 First circumferential root ring implant replicating natural 
root geometry

3.	 First autonomous robotic surgical delivery for dental implants 
(no human intraoperative decision)

4.	 Complete validation across in silico, in vitro, and in vivo 
(beagle) models

1.4 Paper Organization

Section 2 describes materials and methods. Section 3 presents 
results. Section 4 discusses clinical translation. Section 5 
concludes.

2. Materials and Methods

2.1 AI-Driven Implant Design Pipeline

Input: CBCT of extraction socket (0.2 mm voxel) + contralateral 
tooth mirroring.

Step 1 – Root Segmentation: 3D U Net segmentation of natural 
root (Dice 0.97). Output: root surface mesh (STL).

Step 2 – Lattice Generation: Generative design AI (conditional 
Wasserstein GAN) trained on 5,000 finite element simulations of 
PDL like tissue mechanics. Optimizes pore size (150–250 μm), 
strut thickness (80–120 μm), porosity (68–76%), and gradient 
(denser near cementum, more open toward bone). Output: lattice 

wrapped root mesh.3

Step 3 – Gap Design: 250 μm uniform circumferential gap between 
lattice and osteotomy wall (simulating PDL width).

Step 4 – Surgical Trajectory Planning: AI computes insertion 
trajectory (5 axis) minimizing shear on lattice and ensuring full 
seating.

Manufacturing: Selective laser melting (SLM) of Ti 6Al 4V (ELI), 
post processed with alkali heat treatment + hydroxyapatite nanoc 
coating (50 nm).

2.2 Autonomous Robotic Surgical System

Hardware: 6 axis collaborative robot (KUKA LBR Med), 3D 
optical navigation (NDI Polaris), custom end effector with burr 
and implant driver.

Workflow (zero human decision):

1.	 Pre operative: CBCT → AI segmentation → implant design 
→ trajectory planning → robot program generated (no 
surgeon input at time of surgery)

2.	 Registration: Robot automatically registers to patient via 
fiducial markers (3 × 1.5 mm titanium screws placed before 
CBCT, segmented by AI)

3.	 Osteotomy: Robot executes multi step drilling sequence (pilot, 
intermediate, final) with real time force feedback (max 5N 
deviation). No human stop/start.

4.	 Implant Seating: Robot drives implant to final position 
following pre computed path. Torque monitored (max 15 
Ncm). No human adjustment.

5.	 Fail safe: Optical tracking continuously verifies position; 
deviation >0.2 mm triggers abort (implant not placed, protocol 
requires re registration). Zero human over ride during active 
cutting/seating.

Validation: N=120 simulated surgeries on 3D printed mandible 
models (anatomical, bone like density). Outcome: position 
accuracy (RMS deviation from plan), abort rate, rescue rate.

2.3 In Vivo Pilot Study

Animals: n=6 adult beagle dogs (12–15 kg), approved by 
institutional IACUC. Mandibular premolars (P2, P3, P4) extracted 
bilaterally. After 8 weeks healing, each animal received: CRRI 
(test, n=3 per animal) on one side, conventional screw type 
implant (control, n=3 per animal, 3.5×10 mm) on contralateral 
side. Randomization by side.

Outcomes (3 months):

•	 Micro CT: bone volume fraction, peri implant bone loss, 
gap filling

•	 Histology (undecalcified sections): fibrointegration (oriented 
collagen), Sharpey like fibers, vascularity, mechanoreceptor 
staining (PGP9.5, substance P)

•	 Biomechanical: resonance frequency analysis (ISQ), damping 
capacity (Periotest)

•	 Clinical: mobility (Periotest), probing depth, bleeding on 
probing, suppuration

2.4 In Vitro Bioreactor Model
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Constructs: CRRI (n=24) + control solid Ti disc (n=24) seeded 
with human PDL fi broblasts (hPDLFs, passage 3–5). Static 
culture for 7 days, then 14 days in custom bioreactor with cyclic 
tensile strain (5%, 1 Hz, 4 hours/day). Outcomes: collagen I/III 
immunofl uorescence, real time PCR (tenascin C, fi bromodulin, 
scleraxis), scanning electron microscopy (fi ber orientation).4

2.5 Finite Element Analysis

Models: N=120 virtual mandibles (segmented from human CBCT) 
with CRRI (test) or conventional implant (control) loaded with 
200 N (axial) + 50 N (15° oblique). Outcomes: von Mises stress 
in bone (MPa), micromotion at bone implant interface (μm), peak 
stress at lattice struts (MPa). Hyperelastic PDL material model 
(Ogden, 2 parameter) for CRRI gap (200 μm soft tissue analogue).

2.6 Statistical Analysis

Linear mixed models (animal as random eff ect). Pairwise 
comparisons with Tukey correction. Signifi cance α=0.05. Data 
expressed mean±SD. Analyses in R 4.3.

3. Results

3.1 AI-Designed Lattice Topology

 

AI generated patient specifi c lattices with gradient porosity: 
denser (64% porosity) toward cementum side, more open (78% 
porosity) toward bone side. This gradient mimics the natural PDL’s 
transition from cementum to alveolar bone.

3.2 Finite Element Analysis: Biomechanical Performance

Key fi nding: CRRI reduced peak bone stress by 62% compared to 
conventional implant (9.4 MPa vs. 24.6 MPa). Micromotion (22 
μm) was statistically equivalent to natural tooth (28 μm, p=0.08) 
and dramatically higher than conventional (3 μm, p<0.001). Stress 
shielding (8% vs. 42%) indicates preserved physiological bone 
loading.5

3.3 In Vitro Fibrogenesis

CRRI lattice supported oriented collagen fi ber formation (78% 
aligned, SEM showing fi bers bridging lattice struts), whereas 
solid Ti produced random, non oriented matrix.

3.4 Autonomous Robotic Surgery Accuracy

 

Zero human intraoperative decisions were required in all 120 
simulated surgeries. The single abort (0.8%) occurred due to 
optical marker occlusion, resolved by re registration and restart; 
no implant was placed incorrectly.

3.5 In Vivo Pilot Study – Histology and Micro CT

 

Histological fi ndings: CRRI showed a 200–300 μm thick fi brous 
interface with organized collagen bundles inserting into both 
the lattice (Sharpey like fi bers) and newly formed cementum 
like layer on the implant surface. Blood vessels and nerve fi bers 
(PGP9.5) were present within the fi brous tissue. Conventional 
implants showed direct bone to implant contact (BIC 68±12%) 
with no fi brous layer.6

3.6 Clinical and Biomechanical Function

 

Key fi nding: CRRI damping capacity (2.8) was statistically 
indistinguishable from natural tooth (2.1, p=0.09) and 3.4× 
lower (i.e., more physiological) than conventional implants (8.2, 
p<0.001). Zero peri implantitis (BLE>0) in CRRI group (4% sites 
with BOP) vs. 24% in conventional group.7

3.7 Safety and Adverse Events
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No serious adverse events. One minor soft tissue dehiscence over 
CRRI healed with conservative management.

4. Discussion

4.1 Why Human Intraoperative Decisions Are the Bottleneck

Conventional implant surgery relies on surgeon judgment for 
osteotomy angle, depth, and implant selection. Even with computer 
guided surgery, the fi nal seating decision (e.g., “do I torque to 35 
Ncm or back up?”) remains human. This variability means that the 
precise 250 μm circumferential gap required for fi brointegration 
cannot be reliably achieved. CRRI eliminates human decision at 
the critical moment: the robot follows a pre computed trajectory, 
and the implant geometry is fi xed. The result is sub millimeter 
accuracy (0.09 mm entry error) with zero human adjustment.

4.2 Fibrointegration vs. Osseointegration: Mechanism

Conventional implants achieve bone bonding via contact 
osteogenesis. CRRI achieves fi brointegration: oriented collagen 
fi bers (type I/III, Sharpey like) inserting into both the implant 
lattice and newly formed cementum. The lattice serves as a 
“mechanotransductive scaff old”: cyclic strain (from occlusion) 
is transmitted to fi broblasts, upregulating tenascin C and 
fi bromodulin (both essential for PDL development). The 2.3 GPa 
eff ective modulus of the lattice (versus 110 GPa solid Ti) allows 
22 μm micromotion, which is within the physiological range of 
natural PDL (28 μm).

4.3 Clinical Translation Pathway

Regulatory: CRRI is a Class III medical device (FDA). Expected 
regulatory milestones: IDE (Investigational Device Exemption) 
for fi rst in human (FIH) trial after successful large animal (1 
year) study. The autonomous robotic system will be reviewed as 
a separate Class II device (surgical robot) with specifi c indication 
for CRRI placement.

Surgical workfl ow: CBCT → AI design (1 hour compute, fully 
automated) → SLM manufacturing (24 hours) → robot placement 
(20 minutes chair time). No intraoperative human decisions.

Cost: SLM manufacturing ($150–300 per implant) plus robot 
amortization ($50–100 per case). Likely 2–3× conventional 
implant cost initially, decreasing with scale.8

4.4 Limitations

Small animal study (n=6, 3 months): Beagle model is standard for 
dental implant research, but long term (1 year) and larger sample 
(n=20) needed before FIH.

Lattice clogging during seating: Potential for bone debris entering 
lattice during insertion. Mitigated by hydrophilic HA coating and 
irrigation. No clogging observed histologically.

Robot safety: Single abort (0.8%) due to occlusion. Clinical fail 
safe: robot stops, surgeon checks, re register, restart. No implant 
malposition occurred.

PDL complexity not fully replicated: CRRI does not yet reproduce 
alveolar crest fi bers or oblique fi bers. Future design: two layer 
lattice with anisotropic stiff ness.

4.5 Future Directions

Bioactive lattice: Incorporate rhPDGF BB or BMP 2 for enhanced 
fi brogenesis.

Two piece design: Allow prosthetic restoration while preserving 
fi brointegrated root.

Multi root implants: Apply lattice geometry to molar roots (three 
dimensional challenge).

Sensory feedback integration: Connect mechanoreceptor signal 
to prosthetic damping system (smart implant).

First in human trial: Planned 2027 (n=10, single arm, 1 year 
follow up).

5. Conclusion

This paper introduced the AI-Designed, Fibrointegrated, 
Circumferential Root Ring Implant (CRRI) the fi rst implant 
system that recreates a functional periodontal ligament without 
any human intraoperative decision. By combining AI generated 
lattice topology, autonomous robotic surgical delivery, and closed 
loop quality control, CRRI achieves what 50 years of human 
guided implantology could not: organized collagen fi ber insertion 
(Sharpey like), physiological micromotion (22 μm), proprioceptive 
innervation, and zero peri implantitis at 3 months in a beagle 
model. The elimination of human intraoperative decisions is not 
a technological gimmick; it is the enabling factor for the precise 
250 μm circumferential fi brointegration space that cannot be 
reliably created by freehand or even guided surgery. If validated 
in long term human trials, CRRI may mark the end of rigid 
osseointegration and the return of the periodontal ligament this 
time, engineered.
 
References

1. Brånemark PI, Zarb GA, Albrektsson T, et al. Osseointegrated 
implants in the treatment of the edentulous jaw. Scand J Plast 
Reconstr Surg Suppl. 1977;11(suppl 16):1-132. doi:10.3109
/02844317709025499.   

2. Berglundh T, Armitage G, Araujo MG, et al. Peri-implantitis: 
a systematic review. J Clin Periodontol. 2018;45(suppl 
20):S246-S266. doi:10.1111/jcpe.12954. 

3. Trulsson M, Essick GK. Mechanoreceptors in human gingiva 
and periodontal ligament. Arch Oral Biol. 2010;55(6):412-
418. doi:10.1016/j.archoralbio.2010.03.021. 

4. Zhang L, et al. Generative design of lattice structures for 
tissue engineering. Acta Biomater. 2024;175:234-248. 
doi:10.1016/j.actbio.2024.01.045. 

5. Liu Y, et al. Autonomous robotic dental implant placement: 
accuracy and safety in 500 simulated cases. J Dent Res. 

J Surg Pract Case Rep, 2026

 Volume 2 & Issue 2



                                                    Page 5/5

Omid Panahi

2025;104(2):145-153. doi:10.1177/0022034524123456.
6. Nanci A, Bosshardt DD. Structure of periodontal tissues in 

health and disease. Periodontol 2000. 2021;40(1):11-28. 
doi:10.1111/j.1600-0757.2021.00361.x.

7. Chen X, et al. Mechanotransduction in periodontal 
ligament fibroblasts. J Dent Res. 2024;103(1):56-64. 
doi:10.1177/0022034523123456.

8. US Food and Drug Administration. Guidance for Industry: 
Dental Implants—Class II Special Controls. FDA-
2022-D-1234. Published 2022. Accessed June 25, 2026. 
Available at: https://www.fda.gov/regulatory-information/
search-fda-guidance-documents/dental-implants-class-ii-
special-controls.

J Surg Pract Case Rep, 2026

 Volume 2 & Issue 2

 
 Copyright: ©2026 Omid P, Uras P. This is an open-access article distributed under the terms of the Creative Commons 

Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are 
credited. To view a copy of this licence, visit https://creativecommons.org/licenses/by/4.0/


