Force-Aware Orthopedic Implantation as a
Closed-Loop Mechanical System:

Energetic Control and Load-Path Architectural Design for
Durable Fixation

Kambiz Behzadi, MD

Abstract

Orthopedic implant longevity is governed by transient energetic events during implantation and
by load-transfer mechanics throughout service life, yet contemporary surgical systems lack Al-
enabled closed-loop control of force and energy despite advances in kinematic accuracy.
Uncontrolled energetic delivery contributes directly to microdamage, interface instability, stress
shielding, fatigue failure, and revision surgery.

This manuscript presents a mechanics-first framework integrating closed-loop force-aware
implantation with architectural implant design for physiological load sharing. Implantation is
formalized as a controlled energetic process using measurable stiffness, dissipation, and
impedance proxies with deterministic termination criteria. Service-life mechanics are addressed
through a framework—matrix composite implant architecture that decouples fatigue-critical load
carriage from compliance and biological integration requirements. Finite-element modeling and
fatigue mechanics formulations demonstrate preservation of peri-implant strain energy density
and enhanced fatigue margins.

The proposed approach establishes a deterministic pathway beyond kinematics-only optimization
toward mechanically coherent orthopedic fixation.
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1. Introduction



Robotic and navigation systems have substantially improved geometric accuracy in orthopedic
surgery. However, implant fixation continues to rely on uncontrolled manual impaction governed
by tactile judgment and auditory cues. Peak transient forces frequently exceed 10—15 kN and are
applied to bone exhibiting heterogeneous stiffness, ductility, and fracture thresholds.

Mechanical failure modes—including microfracture, early loosening, stress shielding, and
fatigue-driven subsidence—are strongly linked to energetic history during implantation and
maladaptive load transfer throughout service life rather than geometric misalignment alone.
Despite this, contemporary systems primarily optimize kinematic variables.

This work advances two central hypotheses:

(1) Implantation must be treated as a closed-loop energetic control process rather than a
positioning task.

(2) Implant architecture must decouple fatigue-critical load paths from compliance and
biological integration requirements.

We integrate force-aware implantation with load-path architectural implant design to establish
deterministic orthopedic fixation.

2. Energetic description of implantation

Mechanical work delivered to the implant—bone interface is expressed as
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Two measurable proxy quantities characterize interface evolution.

2.1 Effective engagement stiffness
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2.2 Dissipated power proxy

Paiss(t) = F(£)x(t) + 7()6(t)

Trends in these quantities reflect progressive engagement, elastic—plastic transition, and damage
onset.



3. Closed-loop implantation dynamics

The insertion plant is represented as

mi¥ =u— F,(x,x,y)

where u denotes actuator effort and F, the evolving contact/friction reaction parameterized by

interface state .

Measured signals feed an estimator yielding

kefe(t), Paiss (), Z(t)

with Z an impedance proxy derived from vibration and acoustic features.

4. Deterministic fixation strategies

4.1 Mechanical Signature Sizing (ESSOB)

Elastic-limit proximity is identified when
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where thresholds correlate with microdamage onset.
4.2 Oscillatory friction modulation (VIOI)
Insertion is augmented by

x(t) = xo(t) + Asin (wt)

Performance is assessed through reductions in peak force and delivered work:
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4.3 Adaptive Precision Impact Management (APIM)

Impulse packets are defined as
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with incremental seating

Axl- = X(ti + At) - X(tl’)

Termination occurs when
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S. Finite-element modeling of load-path architecture

The implant—bone system is modeled as a framework—matrix composite comprising bulk load-
bearing members, a graded cellular matrix, and surrounding bone domain.

Primary outputs include strain energy density
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and interface micromotion
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evaluated under physiological loading conditions.

6. Fatigue mechanics

Framework member fatigue is evaluated using stress amplitude



__ Omax ~ Omin

and Basquin relation
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Cellular matrix fatigue strength scales with relative density:

n
Og,cell ~ Cp

The architectural objective is

Og framework < Og,cell

7. Coupled system behavior
Force-aware implantation minimizes initial microdamage

Dy — min

while load-path architecture preserves physiological strain energy

Ubone ~ Unative

leading to stable osseointegration and enhanced fatigue life.

8. Validation metrics

Implantation phase metrics include peak force, impulse history, microdamage density, and
seating variability.

Service phase metrics include fatigue life, strain energy preservation, and interface micromotion
evolution.



9. Discussion

Kinematics alone cannot address the energetic causality underlying orthopedic fixation failure.
While geometric accuracy governs implant pose, long-term durability is dictated by force and
energy transfer during implantation and subsequent load distribution throughout service life.
Durable fixation therefore emerges from controlled implantation energetics coupled with
architectural load transfer.

Al-enabled estimation within the proposed framework employs physics-informed learning
architectures that constrain model updates to mechanically admissible regimes. Rather than
relying on black-box prediction, measured force, displacement, vibration, and impedance
features are integrated with contact-mechanics formulations to infer evolving interface state
variables such as engagement stiffness, dissipation rate, and damage proximity. Continuous
procedural data enable adaptive refinement while preserving physical consistency.

By unifying closed-loop energetic regulation during implantation with architectural load-path
implant design for service-life biomechanics, the system forms a deterministic mechanical
ecosystem minimizing microdamage, stress shielding, and fatigue-driven failure.

10. Limitations and future work

This study presents a mechanics and control framework rather than clinical outcome data.
Quantitative parameterization requires experimental validation through benchtop press-fit
testing, microdamage imaging, and fatigue experiments under physiological load spectra.

Future work will refine physics-informed learning models using multi-patient datasets and
extend validation to in vivo remodeling response.

11. Conclusions

Orthopedic fixation failure arises primarily from uncontrolled energy delivery during
implantation and maladaptive load transfer during service life. Treating implantation as a closed-
loop energetic control process and restructuring implants as architectural load-path systems
establishes a coherent biomechanical pathway toward durable fixation.

The integration of force-aware implantation with load-path architectural implants converts
orthopedic surgery from artisanal practice into a deterministic mechanical system, enabling
scalable expert-level performance and improved long-term outcomes.
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