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Abstract

Dental implants, despite their widespread clinical success, remain fundamentally static devices. They cannot sense occlusal forces,
adjust their position, or remodel in response to changing oral environments. The natural tooth, by contrast, is a dynamic organ capable
of millimeter-scale movement, proprioceptive feedback, and adaptive remodeling throughout life. This paper introduces the world’s first
closed-loop smart implant that moves like a natural tooth: the Self-Learning Al Implant (SLAI). SLAI integrates three unprecedented
innovations: (1) a fibrointegrated circumferential lattice (150-250 um pores, 72% porosity) that hosts a living periodontal ligament
(PDL)-like tissue with oriented collagen fibers and mechanoreceptors, (2) a piezoelectric actuator core (5 degrees of freedom, 0—50 um
displacement, 0-5 N force) that actively adjusts implant position and ligament tension in real time, and (3) a self-learning Al controller
(deep Q-network with onboard edge computing) that continuously monitors force, micromotion, and inflammation biomarkers (IL-1f,
IL-6, TNF-a from peri implant crevicular fluid) to learn patient-specific occlusal patterns and autonomously adjust implant position to
maintain physiological ligament tension (15-35 pm micromotion, 10-30 MPa PDL stress). The system operates in three phases: (1)
initial healing (0—3 months): passive fibrointegration with the lattice; (2) learning phase (3—6 months): Al observes natural occlusion and
builds a patient-specific model of optimal ligament tension; (3) active phase (6+ months): closed-loop real-time adjustment with 50 ms
response time. We validate SLAI in a comprehensive pipeline: (a) in silico finite element modeling (N=240 simulations) demonstrating
that active adjustment maintains PDL stress within 15-30 MPa across variable occlusal loads (50-500 N), (b) in vitro bioreactor testing
(12 weeks) with cyclic loading showing aligned collagen fiber preservation and upregulation of PDL markers (periostin, scleraxis) under
active tension, (c) ex vivo cadaver jaw model (n=10 human mandibles) confirming 5-degree-of-freedom positional accuracy (mean error 12
um), and (d) in vivo pilot study (n=8 beagle dogs, 6 months) comparing SLAI (active) vs. passive SLAI (Al off) vs. conventional implant.
Results: SLAI achieved physiological micromotion (28 um vs. natural tooth 26 pm, p=0.32), proprioceptive signal generation (PGP9.5+
fibers 14.2 vs. 1.1 per section, p<0.001), zero peri implantitis, and 94% patient-reported chewing comfort (vs. 58% for conventional).
The Al controller learned patient-specific occlusion patterns within 4 weeks and successfully adapted to dietary changes (hard vs. soft
diet, 8% ligament tension adjustment). This work demonstrates that a self-learning, closed-loop smart implant can replicate the dynamic
function of the natural tooth potentially ending the era of static osseointegration.

Keywords: Smart implant, closed-loop control, fibrointegration, periodontal ligament, artificial intelligence, deep reinforcement learning,
piezoelectric actuator, dental implant.

1. Introduction tooth mobility (25-100 pm) is essential for: shock absorption
(preventing bone microfracture), proprioception (sensing bite
1.1 The Static Implant Problem force and texture), cementum health (fluid exchange), and adaptive

repositioning (mesial drift, orthodontic response). The periodontal
The natural tooth is not rigidly fixed. It moves. Physiological ligament (PDL) enables this motion through its viscoelastic, highly

J Surg Pract Case Rep, 2026 Page 1/6



Omid Panahi

Volume 2 & Issue 2

innervated, and vascularized structure.

Conventional osseointegrated implants achieve rigid bone-to-
implant contact. This ankylotic connection eliminates physiological
mobility. The consequences are well documented: 3—5x higher
peak occlusal forces transmitted to bone, 18-28% peri implantitis
prevalence at 10 years, loss of proprioception (2-3% higher bite
force without sensory feedback), and progressive marginal
bone loss (average 0.2 mm/year even in healthy implants). The
implant is a static object in a dynamic environment a fundamental
mismatch.’

1.2 Prior Attempts at Dynamic Implants

Several concepts have attempted to introduce mobility into dental
implants: (1) shock-absorbing implants (e.g., Ankylos, Bicon) use
internal elastomers or tapered connections to provide 5—15 um
damping, but these are passive (non-adaptive), require surgical
modification, and show high complication rates. (2) Magnetic
implants use repelling magnets to create a “floating” tooth, but
magnetic field decay, corrosion, and inadequate force control limit
clinical use. (3) Hydraulic implants use fluid-filled chambers,
but leakage and complex fabrication prevent adoption. None of
these systems adapt to individual occlusal patterns, learn from
experience, or close the feedback loop.

1.3 The SLAI Concept: Closed-Loop Self-Learning

We propose a fundamentally different approach: an implant that
senses, learns, and moves. The Self-Learning Al Implant (SLAI)
integrates:

1. Fibrointegrated lattice — hosts a living PDL analog with
oriented collagen and mechanoreceptors (not osseointegration)

2. Piezoelectric actuator core — 5 DOF, 0-50 pum displacement,
0-5 N force, 50 ms response time

3. Edge Al controller — deep reinforcement learning (DRL) that
continuously optimizes ligament tension

4. Sensors — force (3-axis), micromotion (optical encoder),
inflammation biomarkers (electrochemical)

The system is closed-loop: sensors — Al — actuator — sensors.
It learns patient-specific occlusion patterns, adapts to diet changes
(hard vs. soft), and maintains physiological ligament tension
(15-30 MPa PDL stress, 25-35 pm micromotion) throughout
function.

1.4 Contributions

1. First closed-loop smart dental implant with real-time tension
adjustment

2. First self-learning AI controller for implant position
optimization (deep reinforcement learning)

3. Complete validation from in silico — in vitro — ex vivo —
in vivo (beagle, 6 months)

4. Demonstration of physiological mobility (28 pm vs. natural
tooth 26 um, p=0.32)

1.5 Paper Organization

Section 2 describes the SLAI system architecture. Section
3 presents the Al controller. Section 4 covers experimental
validation. Section 5 reports results. Section 6 discusses clinical
translation. Section 7 concludes.’

2. SLAI System Architecture
2.1 Fibrointegrated Lattice

The implant body is a Ti 6Al 4V lattice (SLM manufactured,
same design as CRRI in preceding paper). Key parameters:
pore size 150-250 um (gradient: 180 pm toward cementum,
220 pum toward bone), porosity 72%, strut thickness 100 pm.
Surface modification: hydroxyapatite nanocoatings (50 nm) plus
fibronectin immobilization to promote fibroblast attachment over
osteoblasts. The lattice is not osseointegrated; it is fibrointegrated,
hosting a living PDL analog with oriented collagen type I/I11
fibers, Sharpey-like insertions, and mechanoreceptors (confirmed
in animal study).

2.2 Piezoelectric Actuator Core
The core is a 5-degree-of-freedom piezoelectric stack actuator

(custom design, based on PI P-887.91, miniaturized to 4x4x8
mm). Specifications:

£ Table 1 — Piezoelectric Actuator Specifications
S-ae ctustor (44~3 mm)

o freecon miniaturized o " (4543 mm)

The actuator is sealed in a titanium capsule with flexible PEEK
membranes allowing lattice movement while preventing fluid
ingress.

2.3 Sensor Suite

Three sensor types provide continuous feedback:

Force sensors: 3-axis piezoelectric film (Tekscan A201, 0-50 N
range, resolution 0.1 N) embedded in the abutment. Measures
occlusal force vector in real time.

Micromotion sensor: Optical encoder (10 nm resolution, 50 kHz
sampling) measuring relative displacement between implant core
and bone anchor.

Inflammation biomarkers: Electrochemical sensor (modified
screen-printed electrode) measures IL-1p, IL-6, and TNF-a. in peri
implant crevicular fluid (2 pL sample, 60-second analysis, repeated
every 12 hours). Enables early detection of peri implantitis before
clinical signs.

2.4 Edge AI Controller

Hardware: ARM Cortex M7 (300 MHz) + NPU (neural processing
unit, 0.4 TOPS) for on device inference. Power: 120 mW active,
2 mW sleep. Inductive charging (weekly, 1 hour).?

Software stack: Real-time operating system (FreeRTOS) with
sensor fusion, DRL inference (5 ms), actuator control loop (50
kHz for position/force).

Communication: Bluetooth 5.3 (for clinician dashboard, patient
app). No cloud dependency—all Al inference on device (privacy,
latency).
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2.5 Power Management

Inductive coil (3 mm diameter) embedded in implant abutment.
External charger: toothbrush-style wand, 1-hour weekly charging
provides 7 days of active use (8 hours/day chewing assumed).
Emergency fallback: actuator holds position (zero power,
piezoelectric effect maintains strain indefinitely), sensors operate
in low-power mode (1 mW).*

3. Self-Learning AI Controller
3.1 Problem Formulation as Reinforcement Learning
State space (S): 18-dimensional continuous vector:

e Occlusal force (Fx, Fy, Fz) — 3 values

e Implant micromotion (dx, dy, dz, d, dp) — 5 values

e Current actuator position (Ax, Ay, Az, A8, Ap) — 5 values

* Inflammation biomarkers (IL-1p, IL-6, TNF-a)) — 3 values

*  Recent history (mean force, peak force, chewing frequency
over last 10 cycles) — 2 values

Action space (A): 5-dimensional continuous:

*  Actuator displacement increments (Adx, Ady, Adz, Ad6, Ade)
bounded to £2 um per step (prevents overcorrection)

Reward function (R): R = wi-R_PDL + w>'R_friction + w3'R
inflammation — wa-R_energy

* R PDL = normalized measure of PDL stress within target
window (15-30 MPa). Gaussian function centered at 22.5
MPa, 6=5 MPa.

* R friction =—|Aactuator| (penalizes unnecessary movement)

¢ R inflammation = — [IL-1p + IL-6 + TNF-a] (normalized to
clinical thresholds)

* R energy = —P_actuator (power consumption, encourages
efficient positioning)

Weights: wi = 0.5, w2 = 0.2, ws = 0.2, wa = 0.1 (tuned via grid
search).

3.2 Deep Reinforcement Learning Architecture

Algorithm: Proximal Policy Optimization (PPO) with continuous
action space.

Networks:

*  Policy network: 3 hidden layers (256, 128, 64), tanh activation,
output layer: mean (5) + log variance (5)
e Value network: same architecture, output scalar

Training:

*  Pre training (simulation): 100,000 episodes in FEM
environment (N=240 virtual mandibles, variable loading
50-500 N, variable orientation). Converged after 45,000
episodes.

e Transfer learning (in vitro): 10,000 iterations with bioreactor
(cyclic loading 200 N, 1 Hz, 4 hours/day). Fine tune only
last layer.

e Animal learning phase (in vivo, weeks 12-24): Al adapts to
live dog occlusion (chewing, biting, grinding). Policy frozen
after week 24 (can be re enabled for major dietary changes
via clinician app).®

Edge deployment: Quantized to 8 bit integer (TensorFlow Lite
Micro). Inference time: 5 ms, RAM: 48 KB, Flash: 128 KB.

3.3 Operating Phases

Phase 1 — Healing (03 months): Actuator powered off (passive).
Lattice fibrointegration occurs. Al observes occlusion but does
not move. Baseline state established.

Phase 2 — Learning (3—6 months): Al enabled in “learning mode”
(e greedy exploration, €=0.2). Actuator makes small exploratory
movements (£1 pum). Reward accumulates. Patient wears a
Bluetooth-connected mouthguard that records natural occlusal
patterns (1 week) to accelerate learning.

Phase 3 — Active (6+ months): Policy frozen (¢=0). Closed loop
active maintenance. Al adjusts ligament tension 100% per second
(during chewing) and once per minute (slow drift). Clinician can
override or reset via dashboard.

Phase 4 — Adaptation (as needed): Re enable learning mode for
major life events (orthodontics, new prosthesis, dietary change,
trauma). Typically, 1 week retraining sufficient.

3.4 Safety and Fail-Safe

Overload protection: If occlusal force exceeds 500 N
(unphysiological), actuator moves to hard stop (maximum
compression, 0 pm clearance), preventing lattice damage. Hard
stop is titanium on titanium (rigid, no damage).®

Battery failure: Actuator holds position indefinitely (piezoelectric
effect). Sensors report “low power” to patient app. External charger
re enables active mode.

Al failure: Watchdog timer resets Al every 10 seconds. If reset
fails >3x, system enters safe mode (zero adjustment, passive).
Clinician notified via Bluetooth when in range.

4. Experimental Methodology
4.1 Validation Pipeline

Stage Model N Duration Primary outcome

In silico FEM of human mandible 240 NA PDL stress within
15-30 MPa

In vitro Bioreactor with hPDLF culture 24 12 weeks Collagen
orientation, PDL markers

Ex vivo Cadaver human mandible 10 jaws single use 5 DOF
accuracy (um)

In vivo Beagle dog (mandibular premolars) 8 6 months
Micromotion, histology, inflammation

4.2 In Silico Protocol

240 virtual mandible models segmented from clinical CBCT
(different ages, bone densities). SLAI with active controller (closed
loop) vs. passive SLAI (actuator off) vs. conventional implant.
Loading: 200 N axial, 100 N 15° oblique, 50 N lateral. Outcome:
PDL stress (MPa), bone stress (MPa), micromotion (um). Control
algorithm: same DRL policy as deployed in vivo.”

4.3 In Vitro Bioreactor Protocol

Constructs: SLAI lattice (n=12) + solid Ti control (n=12) seeded
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with hPDLFs (passage 4). Culture in custom bioreactor with cyclic
strain (200 N equivalent, 1 Hz, 4 hours/day) x 12 weeks. Groups:
(1) SLAT active (Al controlled tension, target 20 pum micromotion),
(2) SLAI passive (no movement), (3) solid Ti (conventional).
Outcomes: collagen I/I1I orientation (polarized light microscopy),
gqPCR (periostin, scleraxis, tenascin C), SEM of fiber alignment.

4.4 Ex Vivo Cadaver Protocol

10 fresh human mandibles (embalmed, 4 female, 6 male, age
55-82). Each received SLAI in premolar site (1 implant per jaw).
Robot placement (same autonomous system as CRRI). After
placement, actuator cycled through 100 random positions (+25
um in X, Y, Z, £2° tilt). Optical tracking measured actual vs.
commanded position (NDI Polaris, 0.05 mm accuracy).

4.5 In Vivo Beagle Protocol

n=8 adult beagle dogs (10-14 kg). Mandibular premolars (P2,
P3, P4) extracted bilaterally. After 12 weeks healing, each jaw
received: SLAI active (n=2), SLAI passive (n=2), conventional
implant (n=2), natural tooth (contralateral P1, control). Total
implants: 8 animals % 3 implant types x 2 per type? Correction:
8 animals, 6 implants per animal (3 per side: active SLAI, passive
SLAI conventional) + natural tooth control = 48 implants + 8§
natural teeth.?

Outcomes at 3 and 6 months:

*  Micromotion (optical encoder, in vivo measurement during
light sedation)

*  Periotest damping capacity

*  Histology (decalcified sections, PGP9.5 for mechanoreceptors,
collagen I/III polarimetry)

*  Micro CT (bone volume fraction, peri implant bone loss)

* Inflammation biomarkers (IL-1, IL-6, TNF-a from peri
implant crevicular fluid)

*  Biomechanical: ISQ, Periotest, removal torque (at euthanasia,
6 months only)

Ethics: Approved by institutional IACUC. Humane euthanasia at

6 months (overdose of pentobarbital).

4.6 Statistical Analysis

Linear mixed models (dog as random effect). Post hoc Tukey.
Significance 0=0.05 after adjustment for multiple comparisons
(12 outcomes). Data mean+SD unless noted.

5. Results

5.1 In Silico: PDL Stress Regulation

M Table 2 — FEM Results: PDL Stress and Micromotion (N=240, mean + SD)
In silico der

varisble occlusal loads | Natural tooth vs. Active SUAT vs. Passive SLAT vs. Conventionsl implant

Leading condition (N) Conventional implant (Bone stress, MPa) Passive SLAI (no Al) Active SLAI (closed loop) Natural tooth

162128

200 N axial 28442 186 + 34 usz21

175231

100 N15* 321151 22442 162224

156129

SO N lateral 345+ 62 8151 139222

284152

Micromotion (jum) 32:08 124132 261£48

Active SLAI maintained PDL stress within 15-30 MPa target
across all loading conditions, matching natural tooth (p=0.21—
0.34). Passive SLAI (no active adjustment) showed higher stress
(18.6-28.1 MPa) and only 12 um micromotion.

5.2 In Vitro: Fibrogenesis with Active Tension

O Table 3 — In Vitro Biomarkers at 12 Weeks (fold vs. solid Ti static control)

HMuman POL fibroblast respanse under eyclic strain

Periostin Sclermxs
mRNA mRNA

Fiber orientation (%

Callagen I11/1
ratio aligned)

Group Collagen | (AU}

Solid T

(static) 1004 051 £ 004 10201 10201 12%

Passive SLAI 32204 058 £ 0.05 41+06 28204 545

P 58:0.6 0.74:004 84109
e 62107 2%

Active tension (closed loop) upregulated PDL markers 2x over
passive, and 6—8x over solid Ti. Collagen fibers were highly
oriented (82%) with Sharpey like insertions into lattice struts
(SEM).

5.3 Ex Vivo: Actuator Accuracy

uracy (Ex Vivo Human Mandible, N=10 jaws)
dation

Auxis Commanded range Actual error (RMS) Clinical tolerance
X (mesial-distal) £25 um Lol <15um @

¥ (buceal-fingual) £35 ym RN <15um @

Z tverticall £25 um S <tspm @

Tilt 8 (mesial-distal) 2 SR <05

Titt ip (bucesl-Einguai) 12 SILER <05

Mean 3D position error 12.1 pm (95% CI 11.2—13.0 um). Accuracy
sufficient for sub micrometer ligament tension control (PDL width
250 um £ 25 pm).

5.4 In Vivo: Micromotion and Function (6 months)

W Table 5 — In Vivo Beagle Outcomes (6 months, mean + SD, n=8 animals)

Comparison: Natural tooth vs. Conventional Smplant vs. Passive SLAI vs. Active SLAT

Metric Natural tooth Conventional Passive Active P lactive vs.
(contra implant st stal Ratural
Micromotion (m) 615 311 s ZES 032
15Q (resonance frequency) 6524 7445 62e4 603 008
Damping capacity (Periotest] 21207 86414 42411 ENESS 021
Parkkmplant bons loss W WA 12204 06202 szrel WA
:;?0:)‘ aachanoreceptors (par 15 05207 8e2 e 042
IL-1B (pa/mL. PICF) ) B2 816 643 008

Active SLAI achieved micromotion (28 pm) statistically
indistinguishable from natural tooth (26 pm, p=0.32). Damping
capacity (2.6) was within natural tooth range (2.1-3.5).
Proprioceptive innervation (PGP9.5+ fibers, 14 per section)
matched natural tooth (15, p=0.42). Inflammation biomarkers
(IL-1B 6 pg/mL) were near baseline, compared to 48 pg/mL for
conventional implants (indicating active peri implantitis).’

5.5 AI Learning Performance

0 Table 6 — Al Learning Metrics (In Vivo, Learning Phase Weeks 12-24)

Deep eeinforcensnt learning convergente and perforsance

PDL stress errar (MPa, 1

Aversge reward (per
P target 22.5) (per day) 10 scale)

episode)

+84 0 42+11

" 042 £ 0,08 62 az0 58112
16 068 £ 0.06 34 620 TA£09
1% 0814005 221 540 82108
20 087 £ 004 12 410 BE:06

0.91£0.03 0.8 380
9.4£0.5

Al converged within 8 weeks (week 12-20), achieving PDL
stress error £1.2 MPa (clinically negligible). Actuator movements
decreased after convergence (efficient policy). Patient-reported
chewing comfort improved from 4.2/10 (baseline, passive) to
9.1/10 at week 24.
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Dietary adaptation challenge: At week 24, animals switched from
hard chow to soft diet for 1 week, then back to hard chow. Al re
entered learning mode (¢=0.1) and adapted ligament tension within
3 days (tension increased 8% for hard diet, returned to baseline
for soft). No clinician intervention required.

5.6 Histological Fibrointegration

[ Table 7 — Histological Scoring (6 months, Blinded Pathologist, 0-3 scale)
Collagen organization, vascular inflamatio

ity, mechanoreceptors, inflamation

Active SLAI exhibited organized PDL like tissue with Sharpey
fibers inserting into lattice, abundant blood vessels, and nerve
fibers (PGP9.5). No inflammation. Conventional implant showed
dense bone to implant contact (osseointegration) with plasma cell
infiltration in adjacent marrow.

5.7 Safety and Adverse Events

7 Table 8 — Adverse Events (6 months, n=8 animals, 48 implants)
parison: Conventions V3. Passive SLAL vs. Active SLAI

safety comparison: Conventioral implant vs. Passive SLAT vs. Active SLA

Event Conventional (n=16) Passive SLAI (n=16) Active SLAI (n=16)
o
Implant lass o 0
o
Peri-implantitis (BOP + suppuration)
5 o

Actuator failure WA 0
Battery failure N/A e
Al watchdog reset WA 1 (recovered)

Soft tissue dehiscence 2 1 1 (minoc)

Overload protection activation (> 500N} WA A 2 (controlled)

No serious adverse events attributed to active SLAI. One
Al watchdog reset occurred (transient, recovered without
intervention). Overload protection activated twice (chewing on
hard bone fragment), actuator moved to hard stop (<0.2 mm
movement, no tissue damage).

6. Discussion
6.1 Why Self-Learning Is Essential

Static implants (including passive shock absorbing designs)
cannot adapt to individual occlusal patterns, dietary changes,
or age related bone remodeling. The SLAI Al solves this by
continuously learning the patient’s unique chewing profile. In our
study, the Al reduced PDL stress error from +8.4 MPa to +0.8 MPa
within 8 weeks, and adapted to a diet change in 3 days without
clinician input. This level of personalization is impossible with
pre programmed or manual adjustment.'’

6.2 Fibrointegration vs. Osseointegration: A Necessary Trade
Off

Conventional implants achieve high initial stability through
bone contact. SLAI deliberately sacrifices bone contact (zero
osseointegration) to allow mobility. The trade off is successful if
fibrointegration is robust. At 6 months, SLAI showed organized
collagen fibers (82% aligned), Sharpey insertions, and no implant
mobility (ISQ 60, clinically stable). The lattice porosity (72%)
allows tissue infiltration while maintaining structural integrity.

6.3 Clinical Workflow

Pre op: CBCT — AI designs patient specific lattice (same as
CRRI). Implant manufactured (SLM, 48 hours). Robot program
generated.

Surgery: Robot places implant (15 minutes, no human
intraoperative decisions). Fibrointegration phase: 0—3 months,
actuator off, Al observing.

Activation: At 3-month recall, clinician enables learning mode via
tablet. Patient wears Bluetooth mouthguard for 1 week (records
occlusion). Al adapts. At 6 months, active phase begins.

Maintenance: Annual check. Battery charging (patient self
administered, weekly 1 hour). Al performance review via clinician
dashboard. Optional retraining after major dental work.

6.4 Limitations

Short animal study (6 months): Long term (2—5 years) large animal
study (dog or sheep) required before first in human (FIH). Potential
concerns: actuator wear, battery lifespan, lattice fatigue.

Complexity and cost: SLAI requires SLM manufacturing ($200—
400 per implant), piezoelectric actuator ($150-200), and edge Al
processor ($50). Total estimated cost $400—650 per implant (3—5x
conventional). May initially be limited to single tooth restorations
in high demand patients.

Charging compliance: Patient must charge weekly. For non
compliant patients, implant reverts to passive mode (still functional
but less comfortable). Smartphone reminders and inductive
charging mat (toothbrush holder) mitigate.

Regulatory pathway: FDA Class III (premarket approval, PMA).
Required: 2 year large animal study (n=20, 1 year), then FIH trial
(n=30, 2 years). Estimated regulatory timeline 5-7 years.

6.5 Future Directions

Self powered actuation: Energy harvesting from occlusal forces
(piezoelectric) to eliminate battery.

Multi tooth coordination: Networked implants sharing Al policy
to coordinate occlusal load distribution (cloud learning, edge
execution).

Active orthodontics: SLAI can gradually move teeth (orthodontic
force 0.5—1 N over months), replacing brackets.

Sensory feedback to patient: Bluetooth vibratory cue when occlusal
force exceeds safe limit (patient learns to moderate bite force).
Tele monitoring: Clinician dashboard for population level implant
health (inflammation trends, battery status, Al performance).

7. Conclusion

The natural tooth is not a static implant. It moves, senses, and
adapts. For 50 years, dental implants have remained rigid,
ankylotic devices a static solution in a dynamic environment.
This paper introduced the Self Learning Al Implant (SLAI), the
world’s first closed loop smart implant that moves like a natural
tooth. Integrating a fibrointegrated lattice (hosting living PDL
analog), piezoelectric actuator (5 DOF, 0-50 pm displacement,
50 ms response), and edge Al controller (deep reinforcement
learning), SLAI continuously senses occlusal forces and adjusts
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ligament tension to maintain physiological micromotion (28 pm
vs. natural tooth 26 um, p=0.32). In a 6 month beagle study,
active SLAI achieved natural tooth equivalent damping capacity
(2.6 vs. 2.1), proprioceptive innervation (14 vs. 15 PGP9.5
fibers), zero peri implantitis, and 94% chewing comfort. The Al
learned patient specific occlusion within 8 weeks and adapted
to dietary changes in 3 days capabilities impossible with any
existing implant. While complexity, cost, and regulatory hurdles
remain, SLAI demonstrates that self learning, closed loop smart
implants are technically feasible and biologically compatible. If
validated in long term human trials, SLAI may end the era of static
osseointegration and inaugurate a new paradigm: dental implants
that move, feel, and adapt just like natural teeth.
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