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ABSTRACT

Background: Biomechanical alignment is routinely assessed through visual observation of
joint position and body segment orientation. However, this positional paradigm
fails to account for the dynamic force-regulation mechanisms that govern
musculoskeletal system behaviour under progressive load. A mechanistically
grounded reconceptualisation of alignment — as an emergent property of
force-vector management, torque distribution, and centre-of-mass stability — is
both theoretically justified and clinically necessary.

Objective: To present a comprehensive mechanistic framework, designated the MMSX
Alignment Spectrum, that classifies biomechanical alignment into five
operationally defined grades (A through E) based on load-dependent changes in
moment arm geometry, force vector trajectories, torque distribution patterns,
and proximity to tissue tolerance thresholds; and to delineate the clinical
significance of the Grade C-to-D transition as the biomechanical watershed
between performance inefficiency and injury mechanism activation.

Methods: A narrative synthesis of peer-reviewed biomechanical, orthopaedic, sports
science, and motor control literature was conducted. Evidence was drawn from
electromyographic studies, inverse dynamics analyses, motion capture research,
tissue tolerance modelling, and in vivo loading investigations. Mechanistic
principles from classical mechanics, musculoskeletal modelling, and clinical
biomechanics were integrated to construct the five-grade MMSX framework.
The narrative synthesis followed a structured framework including: (1) database
selection (PubMed, Scopus, Web of Science), (2) keyword strategy
(biomechanics, torque, EMG, load distribution), (3) inclusion criteria (human
movement, in vivo or modelling), and (4) exclusion of non-mechanical or purely
observational studies.

Results: The proposed framework demonstrates that alignment behaviour is
load-dependent and continuously variable. Under progressive load, moment
arm geometry modifies joint torque requirements, force vectors deviate from
primary musculotendinous pathways, and compensatory torque redistribution
occurs across the kinetic chain. The Grade C-to-D transition — from active
tolerance margin encroachment to tissue tolerance violation — represents a
critical inflection point that cannot be identified through positional observation
alone. Grade D is characterised by elevated injury risk and diminished
mechanical efficiency, while Grade E constitutes frank structural failure risk.

Conclusions: Alignment is not a positional state but a continuous, load-dependent
force-regulation outcome. Clinicians, coaches, and researchers must transition
from visual-positional assessment paradigms toward force-vector and
threshold-based alignment frameworks. The MMSX Alignment Spectrum
provides a scalable, evidence-congruent instrument for this purpose, with
significant implications for injury prevention, load management, and
performance optimisation across athletic and rehabilitative contexts.

Keywords: biomechanical alignment; force-regulation; torque distribution; kinetic chain; tissue tolerance
threshold; moment arm; compensatory loading; injury mechanism; MMSX framework; movement mechanics
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Biomechanical Alignment as a
Force-Regulation Outcome

A Mechanistic Framework for Load-Dependent Transition
from Compensatory Loading to Threshold Violation

Dr. Neeraj Mehta, Ph.D. | MMSx Authority Institute

“Alignment is not what the body looks

like under load. Alignment is what the
body does with force under load.”

Ilustration 1: The concept of biomechanical alignment

1. INTRODUCTION

The concept of biomechanical alignment occupies a foundational position in sports science, clinical
rehabilitation, strength and conditioning, and movement-based medicine. Despite its central importance,
the dominant operational definition of alignment in practice remains stubbornly positional — evaluated
through observation of joint angles, segment orientations, and geometric configurations relative to
anatomical landmarks (Winter, 2009; Neumann, 2016). This positional paradigm, while useful as a
clinical shorthand, is mechanistically incomplete and, under progressive loading conditions, actively

misleading.

The human musculoskeletal system does not maintain static geometry. It continuously reorganises force
vectors, redistributes joint torques, and modulates motor recruitment patterns in response to load
magnitude, load rate, fatigue state, and environmental perturbation (Nigg & Herzog, 2007; McGill, 2016;
Zajac, 1989). What appears positionally identical across two individuals — or even within the same
individual across different loading intensities — may represent profoundly different internal force
environments. A squat pattern that appears geometrically similar at 40% and 85% of one-repetition
maximum may exhibit vastly different net joint moments, shear force magnitudes, and tissue loading

distributions (Escamilla, 2001; Schoenfeld, 2010; Kubo et al., 2019).

The consequences of this conceptual gap are non-trivial. When alignment is misidentified as a positional
property, clinicians may over-rely on visual screening tools with poor predictive validity for injury (Rabin
et al.,, 2014; Meehan et al., 2012). Coaches may accept geometric symmetry as evidence of technical
competence, absent any interrogation of the underlying force environment (Kibler et al., 2006; Hewett et
al., 2005). Researchers may operationalise alignment inconsistently across studies, undermining

meta-analytic comparability (Bahr & Holme, 2003; van Mechelen et al., 1992).
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This paper proposes a mechanistic reconceptualisation: alignment is not a positional state. It is a
continuous, load-dependent force-regulation outcome — defined by the relationship between applied
external load, internal force-vector trajectories, net torque distribution across the kinetic chain, and
proximity to tissue tolerance limits. Under this framework, alignment is never simply 'correct' or
'incorrect’; it exists on a spectrum of mechanical competence that shifts dynamically as load parameters

change.

To operationalise this reconceptualisation, we present the MMSX Alignment Spectrum — a five-grade
classification system (Grades A through E) derived from mechanistic biomechanical principles and
congruent with contemporary musculoskeletal modelling literature. Central to this framework is the
identification of the Grade C-to-D transition — the clinical threshold at which compensatory force

redistribution transitions from a viable adaptive strategy to an active injury mechanism.

This paper proceeds as follows: Section 2 provides the theoretical mechanical foundations. Section 3
presents a detailed exposition of the MMSX Alignment Spectrum. Section 4 analyses the biomechanical
determinants of each grade. Section 5 examines the clinical significance of the Grade C-to-D threshold in
depth. Section 6 discusses applied implications. Section 7 addresses limitations, and Section 8 presents

conclusions.

Rethinking Alignment: The Positional Illusion vs. Mechanistic Reality

[ The Positional Illusion ‘ The Mechanistic Reality
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Definition Birdriare Continuous, load-dependent force-regulation
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Illustration 2: The concept of biomechanical alignment
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Viscoelastic Creep and the Illusion of Static Safety

Posture A (T0):

Initial neutral sitting.
Visually optimal, internal
shear potential is minimal.

ALIOHAEHT SPECTELW

INTERAVERTERRAL
SHCAR POTENTIAL

POSTURE A: Initial Neutral Sitting (T0)

P

=)

L= =]

bt ) LUMEAR LORDOSIS
sl STATUS

o

&
e LUMSAR LORDOSIS
<~ sTATUS

£
e

ALIOWMEHT SPECTRLIA

POSTURE B: Prolonged, Slumped Sitting
(T30, Day 30)

Posture B (T30, Day 30):
Prolonged loading.
Visually nearly identical,
but viscoelastic
deformation has occurred.
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Core Takeaway: Time-dependent viscoelastic creep demonstrates that internal shear potential and disc loading progressively

increase under sustained load. A purely position-based assessment fails to capture this degradation toward tissue failure.

Illustration 3: The concept of biomechanical alignment

The Mechanics of Alignment: A Four-Parameter System

Quadrant 1:
Moment Arm Geometry

Joint centers must align with the
mechanical axis of load
transmission to minimize
disadvantageous moment arms.

Quadrant 3: Net Torque
Distribution

Proportional distribution across the
kinetic chain. Exhaustion of the "torque

redistribution reserve” triggers
structural failure.

Illustration

: The concept of biomechanical alignmen

Quadrant 2:
Force Vector Trajectories

Vectors must remain bounded.
Deviations range from <5° (Optimal) to
>15° (Threshold Violation) relative to
to primary musculotendinous
pathways.

Quadrant 4: COM
Stability Zones
Governed by midfoot proximity. Dynamic

Zone 1 (<3.5¢cm from midfoot) vs. Zone
2 («<7cm from midfoot boundary).

t
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First Principles of Force-Regulation

External & Internal Forces

Internal Reaction (F,,)

External Load (F_,)

ext

Muscle Forces (F,)

Passive Tissue
Forces (F.) Active and passive tissues
P generate opposing forces to

govern load transmission.

Net Joint Moment/Torque

T=Fxd
Lever ™
Arm (d)

* Mechanical advantage
dictates the magnitude of
rotational force generation.

Critical 15° Threshold

Exceeding deviation thresholds
results in dangerous
shear-to-compression ratios.

Center of Mass (COM) Dynamics

Dynamic COM placement within
narrow zones geverns stability
and compensatory loading.

Illustration 5: The concept of biomechanical alignment

The Kinetic Chain as a Torque Distribution Network
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Synthesis Statement
Mechanical compromise at a single node forces proportional torque redistribution across the entire system.
Overload at a distal joint is typically the mechanical consequence of an upstream alignment failure.

Hlustration 6: The concept of biomechanical alignment

2. THEORETICAL FOUNDATIONS: ALIGNMENT AS A MECHANICAL SYSTEM
PROPERTY

2.1 The Positional Paradigm and Its Limitations
Positional alignment assessment emerged from orthopaedic and postural medicine traditions in which

static malalignment — scoliosis, genu valgum, forefoot pronation — was a primary clinical concern
(Kendall et al., 2005; Sahrmann, 2002). In this paradigm, alignment is judged against normative
geometric templates: neutral spine curvature, knee tracking over the second toe, shoulder blades flush
against the thorax. Visual analogue scales, plumb-line assessments, and two-dimensional goniometry

represent the dominant measurement instruments.
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The validity of this approach in static conditions is partially supported by evidence linking structural
malalignment to altered stress distributions in articular cartilage (Andriacchi & Dyrby, 2005), altered
muscle lever arm lengths (Arnold et al., 2000), and modified joint contact force vectors (Sharma et al.,
1998). However, its extrapolation to dynamic, loaded conditions — where most sports injuries occur — is

epistemically problematic for several reasons.

This limitation is further illustrated by progressive viscoelastic creep under sustained postural loading,

where identical seated geometry produces divergent internal force environments over time (Figure 1).

Figure 1. Progressive Viscoelastic Creep and Alignment Degradation in a Seated Spine

Over Time

Figure 1: Progressive Viscoelastic Creep in a Seated Spine
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Figure 1 (Alignment Spectrum)

Correction: The images now show a detailed diagram of the progressive viscoelastic creep in a seated spine.

Typo Fix: The header in BACK SQUR: neutral Sitting (T0), and Neutral Sitting (TB (T30, Day 30)

Typo Fix: stress compentionrnistrip corrected to: stress compensation/creep

Typo Fix: Convslolid failure corrected to Creep-related failure (T30).
Figure 1 illustrates time-dependent viscoelastic deformation under sustained sitting
conditions. Despite minimal observable positional change, internal shear potential and
disc loading progressively increase, demonstrating the limitation of position-based

alignment assessment.

First, dynamic loading fundamentally alters the mechanical significance of any given joint position. A
neutral knee position under bodyweight loading produces substantially lower patellofemoral joint
reaction forces than the geometrically identical position under a loaded barbell squat (Powers et al.,
2014). Second, observable joint position reflects the net output of multiple competing motor control
strategies; identical positions can be achieved through mechanically distinct and differentially injurious
motor solutions (van Dieen et al., 2003). Third, the transition from tolerable to injurious loading occurs
at thresholds of tissue strain — not at observable angular thresholds — rendering positional observation

an indirect and imprecise proxy for actual injury risk (Boden et al., 2000; Meeuwisse, 1994).

2.2 A Force-Vector Framework for Alignment
Classical mechanics provides a more rigorous basis for alignment analysis. Any loaded body segment can

be analysed in terms of: (1) the magnitude, direction, and point of application of external forces; (2) the
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internal muscle and passive soft tissue forces resisting or augmenting external loads; (3) the net joint
moment (torque) arising from the mechanical advantage relationships between force vectors and joint
centres; and (4) the centre of mass (COM) trajectory relative to the base of support (Winter, 2009;

Enoka, 2015).

Within this framework, alignment — properly conceived — is the state in which these four mechanical
parameters are organised to: transmit load efficiently through joint centres along primary
musculotendinous pathways; distribute net torques proportionally across the kinetic chain without
exceeding localised tissue tolerances; and maintain system COM within a stability zone compatible with

task completion (Kibler et al., 2006; Lee & Morris, 2015).

This definition carries an immediate and important corollary: alignment cannot be assessed from
position alone, because all four determining parameters are load-dependent. As external load increases,
moment arm geometries change, force vector angles shift, torque redistribution across segments
reorganises, and tissue tolerance margins contract relative to applied stress (Buchanan et al., 2005;
Thelen et al., 2006). Alignment assessment divorced from load context is, therefore, not alignment

assessment at all — it is segment geometry assessment.

2.3 The Kinetic Chain as a Force-Distribution Network
The kinetic chain — the serial linkage of body segments connected through joints and activated by

musculotendinous structures — functions as an integrated force-distribution network rather than a
collection of discrete lever systems (Kibler, 1998; Dillman et al., 1994). Forces applied at one node of the
chain produce torque responses at distal and proximal nodes. This interdependence means that
mechanical compromise at any single joint propagates force distribution consequences throughout the

system (Meehan et al., 2012; Paterno et al., 2010).
A representative multi-planar failure cascade during a cutting maneuver is illustrated in Figure 3.

Figure 3. Multi-Planar Kinetic Chain Malalignment and Tissue Tolerance Violation During

Sidestep Cutting

Figure 3: Multi-planar Kinetic Chain Malalignment and Passive Tissue Tolerance Violation during a Front-Facing Sidestep Cutting (Lateral Stop) Maneuver.
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Figure 3 illustrates a kinetic chain cascade initiated by anterior COM drift and primary
mover fatigue, resulting in valgus collapse, torque redistribution, and passive tissue

overload culminating in Grade D threshold violation.

Under mechanically optimal alignment (MMSX Grade A), the kinetic chain operates with minimal energy
dissipation, proportionate torque loading, and force vectors directed primarily through high-capacity
musculotendinous structures. As alignment degrades toward compensatory grades (B and C), secondary
muscles and passive structures assume increasing proportions of the total torque burden, reducing
efficiency and consuming tolerance margins. At threshold violation (Grade D), one or more tissue

systems are loaded beyond their fatigue or yield tolerances, creating the mechanical basis for injury.

2.4 Centre of Mass Dynamics and Stability Zones
The system centre of mass — the mass-weighted average position of all body segments — occupies a

critical role in alignment governance. Under static conditions, stability requires the vertical projection of
COM to fall within the base of support. Under dynamic loaded conditions, the relevant criterion is more
nuanced: COM must remain within a stability zone from which corrective forces can be generated within

available motor control latency limits (Winter, 1995; Hof et al., 2005).

The MMSX framework operationalises this through two stability zones relative to the midfoot reference:
Zone 1 (COM within 3.5 cm of midfoot) represents mechanically optimal COM management, and Zone 2
(COM within 7 em of midfoot) represents acceptable stability maintenance. COM displacement beyond
Zone 2 imposes compensatory torque demands on distal and proximal segments that progressively
encroach on tissue tolerance limits, constituting a key biomechanical signature of transition from Grade

C to Grade D alignment.
3. THE MMSX ALIGNMENT SPECTRUM: FIVE-GRADE CLASSIFICATION

The MMSX Alignment Spectrum

Grade A Grade B Grade C Grade D Grade E
(Mechanically (Ac able) (Compensatory (Threshold (Structural
Optimal) sopt Loading) Violation) Failure Risk)

Force Vectors:

Force Vectors:

Force Vectors:

Force Vectors:

Force Vectors:

S 5 = = el Multi-planar
<5° deviation 5-10° deviation 10-15° deviation >15° deviation AR
COM Position: COM Position: Ap%?o"'; ;ﬁﬁg'g’;ﬂ . COM Position: Oi?sﬁ’;:?siggﬁ‘;y

Zone 1 (<3.5¢m) Zone 2 (<7cm) 2 boundary Exceeds Zone 2 HE

Tissue Tolerance:

No tissue at limit

Tissue Tolerance:
>85% capacity

Tissue Tolerance:
Active
encroachment
(70-85%)

Tissue Tolerance:

<70%
(fatigue/yield
imminent)

Tissue Tolerance:
Multiple tissues
beyond yield

== == == THE CLINICAL THRESHOLD = == == == ==

Ilustration 7: The concept of biomechanical alignment

All figures represent conceptual biomechanical models derived from integrated literature and MMSx
force-vector simulations. They illustrate theoretical system behavior and are not direct experimental
measurements unless otherwise specified.
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The MMSX Alignment Spectrum is a five-grade classification system that operationalises alignment as a
continuous, load-dependent mechanical outcome. Each grade is defined by quantifiable mechanical
criteria — not positional descriptors — and corresponds to a distinct risk-performance profile. Table 1

presents the full classification.

Table 1. The MMSX Alignment Spectrum: Grade-Specific Mechanical Criteria and Clinical Significance

GRADE GRADE GRADE

DThreshold

GRADE

e EStructural

AMechanically

BAcceptable

CCompensatory

Optimal

Full criterion
satisfaction across
all four parameters

Force vectors < 5°
deviation from
primary pathway

COM within Zone 1
(< 3.5 cm midfoot)

Minor
compensation; well
within tolerance
margins

Force vectors
5-10° deviation

COM within Zone 2
(< 7 cm midfoot)

Loading Violation Failure Risk

Active tolerance Multiple

margin Tissue tolerance .
. : simultaneous
encroachment; exceeded; elevated . .
D : failures; structural
performance injury risk .
AP compromise
inefficiency

Force vectors
deviated across
multiple planes

Force vectors > 15°
deviation

Force vectors
10-15° deviation

COM exceeds
Zone 2;
compensatory
torque elevated

COM outside
stability zone;
fall/collapse risk

COM approaching
Zone 2 boundary

Net torques Minor torque i . Tissue tolerance < Multiple tissues at
. ” e compensation Ve . .
proportional; no asymmetry; tissue . 70%; fatiguelyield or beyond yield
) o - active; tolerance ; !
tissue at limit tolerance > 85% 70-85% imminent tolerance

Note. COM = Centre of Mass; Midfoot reference defined as the geometric centre of the foot contact polygon. Tolerance
percentages are expressed relative to maximum tissue load capacity. Grade C—D boundary is denoted as the Clinical
Threshold.

3.1 Grade A: Mechanically Optimal Alignment
Grade A represents the mechanistic ideal: all four alignment criteria are simultaneously satisfied across

the full duration of the movement task. Joint centres are oriented along the mechanical axis of load
transmission; force vectors deviate less than 5 degrees from the primary musculotendinous pathway in
any plane; net torques are proportionally distributed without any segment approaching tissue tolerance
limits; and system COM remains within Zone 1 relative to the midfoot reference throughout the

movement cycle.

Critically, Grade A is load-dependent. A movement pattern achieving Grade A at 60% of maximal load
does not necessarily maintain Grade A at 90% — the same geometric configuration may correspond to
different grades as loading intensity alters moment arm relationships and increases the absolute torque
demands on individual tissue systems (Escamilla et al., 2001; Kubo et al., 2019). Grade A is therefore not

a static property of the mover but a dynamic property of the mover-load-task system.

3.2 Grade B: Acceptable Alignment
Grade B alignment represents minor mechanical compromise that remains well within tissue tolerance

margins. Minor force vector deviations (5—10 degrees from the primary pathway) are present, typically
reflecting small asymmetries in motor recruitment or load distribution, but the net torque environment
remains manageable and no tissue system approaches its tolerance boundary. From a performance
perspective, Grade B is associated with modest efficiency reductions relative to Grade A, but poses

minimal injury risk in the absence of sustained or high-volume loading at equivalent intensities.
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A key clinical distinction between Grade A and Grade B is that Grade B compensation often recruits
secondary musculotendinous structures — typically smaller, less force-capable muscles adjacent to the
primary agonists — to manage torque shortfalls. This represents an adaptive strategy that expands the
system's functional capacity but introduces the beginnings of load redistribution that, under volume or

intensity accumulation, may progress toward Grade C.

Grades A & B: Optimal to Acceptable Alignment

Grade A Grade B

(Mechanically Optimal) (Acceptable Alignment)

© Force vectors exactly track the
primary musculotendinous
load-bearing axis.

© COM remains strictly within
Zone 1.

©@ Minor compensation introduces
secondary musculature to
manage torque shortfalls.

@ Force deviations sit between
5-10°, but total torque remains
well within physiological
tolerance limits (>85% margin).

@ Modest efficiency reductions,
but minimal injury risk.

© Load context dependency: A
movement achieving Grade A at
60% 1RM may degrade at 90%
1RM. Grade A is a dynamic
property of the mover-load-task
system, not a static posture.

Ilustration 8: The concept of biomechanical alignment

3.3 Grade C: Compensatory Loading
Grade C represents a mechanically significant state in which active compensation is occurring to

maintain task completion, and tolerance margins are being materially encroached. Force vectors deviate
10—15 degrees from the primary musculotendinous pathway; torque redistribution is actively engaging
secondary and tertiary load-bearing structures; and tissue loading in at least one system is estimated
between 70-85% of maximum tolerance capacity. System COM may approach or reach the boundary of

Zone 2.

Grade C alignment is not inherently injurious in acute, single-exposure contexts. The human
musculoskeletal system is designed to tolerate transient excursions into compensatory loading states,
and fatigue-related mechanical degradation routinely produces Grade C patterns toward the end of
high-volume training sessions (McGill, 2016; Granata & Marras, 2000). The injury risk associated with
Grade C is primarily a function of exposure volume, recovery adequacy, and the rate of approach toward
the Grade D threshold.

The most significant clinical feature of Grade C is its proximity to the clinical threshold. A small
increment in load, a reduction in neuromuscular control capacity (through fatigue, distraction, or
technical breakdown), or a perturbation in external loading conditions can precipitate transition to Grade
D. This makes Grade C the critical surveillance zone in both training prescription and real-time technique

monitoring.

Mehta, N. (2026). Biomechanical Alignment as a Force-Regulation Outcome. JMMBS.



JOURNAL OF MOVEMENT MECHANICS & BIOMECHANICS SCIENCE

Research, reviews, and methodolegical work in biomechanics, movement mechanics, rehabilitation, and performance science

The Hidden Shift: How the Kinetic Chain Redistributes Load

Grade A - Optimal at T=0 Grade C - Compensatory at T=Fatigue
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tolerance margins, relying on secondary structures to maintain task completion.

Illustration 9: The concept of biomechanical alienment
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The Risk Factor: Grade C sits squarely against the clinical threshold. A tiny increment in load,
latency, or distraction forces a transition to Grade D. It requires intensive real-time surveillance.

Hlustration 10: The concept of biomechanical alignment
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Illustration 11: The concept of biomechanical alignment

3.4 Grade D: Threshold Violation — The Critical Inflection Point
Grade D represents the crossing of the clinical threshold: tissue tolerance is exceeded in at least one

element of the Kkinetic chain, creating the mechanical conditions necessary for injury. Force vectors
deviate beyond 15 degrees from primary pathways; torque redistribution has exceeded the capacity of
secondary load-bearing structures; and one or more tissues are loaded at or beyond their fatigue

tolerance, yield point, or chronic cumulative damage threshold.

The Grade D state is mechanistically distinct from Grade C in a critically important way: at Grade D, the
system's compensatory capacity is insufficient to redistribute load away from vulnerable tissues. Whereas
Grade C compensation is adaptive — it maintains task performance while protecting against threshold
exceedance — Grade D compensation is maladaptive, exposing less force-capable tissues to loads they

cannot sustain without structural consequence (Boden et al., 2000; Dempsey et al., 2007).

Grade D does not imply immediate macroscopic tissue failure. The injury mechanism activated at Grade
D may be: (1) acute, if loading exceeds ultimate tensile or compressive strength in a single application;
(2) subacute, through creep deformation of viscoelastic structures under sustained loading; or (3)
chronic, through cumulative microtraumatic damage accumulation across repeated exposures below
single-cycle failure thresholds (Nigg & Herzog, 2007; Meeuwisse, 1994). This distinction is clinically vital
— many Grade D exposures present without immediate symptoms, contributing to the insidious onset

patterns characteristic of overuse injury aetiology.

3.5 Grade E: Structural Failure Risk
Grade E represents the terminal mechanical state: multiple simultaneous tissue tolerance violations, with

force-vector derangements across several movement planes and COM displacement beyond the stability
zone boundary. Grade E is associated with acute structural compromise — ligamentous rupture,
tendinous avulsion, articular cartilage damage, or vertebral end-plate fracture — and represents the

mechanical culmination of uncorrected Grade D exposure or acute high-magnitude overload events.
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In practical contexts, Grade E alignment is rarely sustained across a complete movement cycle — system
collapse or reflexive protective mechanisms typically intervene. However, Grade E loading states can
occur transiently during explosive movements, falls, or contact events, and the tissue-level consequences

of even brief Grade E exposure may be structurally permanent.
3.6 Fatigue-Induced Alignment Deterioration and Performance Trade-off

While the MMSx Alignment Spectrum defines discrete mechanical states, real-world resistance training
is characterised by progressive fatigue, under which alignment quality dynamically deteriorates across

repetitions and sets.

As fatigue accumulates, neuromuscular force output declines, intersegmental coordination becomes
compromised, and force vectors deviate progressively from their optimal pathways. This results in
increased moment arm lengths, amplified joint torques, and a transition from mechanically optimal

(Grade A/B) states toward compensatory or threshold-violating conditions (Grade C/D).

This interaction between fatigue progression, alignment degradation, and performance trajectory is

illustrated in Figure 6.

Figure 6. The Performance-Alignment Trade-off and Fatigue Amplification curves
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Left: Short-term vs. long-term performance trajectory for aligned (dashed green) vs. non-aligned (solid red) training. Right: Alignment grade
deterication across repatitions in a 5-rapatigue maximum set showing fatigue amplification and tachnical failure endpaint rationale

4. BIOMECHANICAL DETERMINANTS OF GRADE CLASSIFICATION

4.1 Joint Centre Orientation and Moment Arm Geometry
The moment arm — the perpendicular distance between a force vector's line of action and the joint centre

of rotation — determines the mechanical advantage of both external loads and internal muscle forces in
producing joint rotation (Enoka, 2015; Zajac, 1989). Changes in joint angle under loading alter moment
arm geometries continuously throughout a movement cycle, creating a dynamic torque environment that

differs fundamentally from static geometric analysis.
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This dynamic shift in moment arm geometry and torque demand under load is demonstrated in Figure 2.

Figure 2. Dynamic Torque Redistribution and Tissue Tolerance Encroachment During

Loaded Squat Descent

Figure 2: Dynamic Kinetic Chain Torque Redistribution and Tissue Tolerance Violation during Loaded Squat Descent.
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Figure 2 demonstrates progressive alteration in moment arm geometry and torque

redistribution across the kinetic chain during loaded squat descent. Transition from

Grade A to Grade D reflects increasing reliance on secondary and passive structures as

mechanical efficiency declines.

Under Grade A conditions, joint centres are positioned to minimise disadvantageous moment arms for

compressive loads while maximising mechanical advantage for the primary agonist musculotendinous

units. As alignment degrades toward Grade C and D states, joint centres shift away from the mechanical

axis of load transmission — increasing moment arms for non-primary structures and reducing

mechanical efficiency of the primary system (Powers et al., 2014; Thelen et al., 2006).

Inverse dynamics analyses of lower extremity loading during squatting, landing, and jumping tasks have

consistently demonstrated that small deviations in knee joint centre orientation — often below the

resolution of standard clinical observation — produce substantial changes in patellofemoral and

tibiofemoral joint reaction forces (Escamilla et al., 2001; Dempsey et al., 2007; Hewett et al., 2005). This

evidence directly supports the mechanistic position that observable position underdetermines internal

force environment.

4.2 Force Vector Trajectories and Primary Pathway Criterion
The primary musculotendinous pathway criterion — that force vectors be directed through

load-optimised muscle-tendon units with deviations of less than 15 degrees across all planes — is derived

from biomechanical analyses of in vivo tendon loading, muscle fibre architecture studies, and

computational musculoskeletal modelling (Buchanan et al., 2005; Delp et al., 2007; Arnold et al., 2000).

Musculotendinous structures exhibit optimal force production capacity along their primary fibre

orientation axis (Lieber & Friden, 2000). Oblique force application — in which the resultant force vector
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is directed at an angle to the primary muscle-tendon axis — reduces the proportion of force transmitted
along the load-bearing axis, increases shear stress at entheseal attachments, and requires co-activation of
stabilising structures to resist the off-axis component (Thelen et al., 2006). The 15-degree threshold
adopted in the MMSX framework is consistent with modelling data suggesting that beyond this
deviation, shear-to-compression ratios at joint surfaces begin to exceed tissue-specific tolerance

parameters for sustained loading (McGill, 2016; Granata & Marras, 2000).

4.3 Net Torque Distribution Across the Kinetic Chain
The net joint moment (torque) at any joint in the kinetic chain is determined by the product of the

external load and its moment arm, and must be matched by the internal moment generated by muscle
and passive tissue forces. Under mechanically optimal conditions, this torque is borne predominantly by
the highest-capacity musculotendinous structures in the kinetic chain — the primary movers optimised

by evolutionary and adaptive processes for the loading pattern in question (Zajac, 1989; Winter, 2009).

As alignment degrades, primary movers lose mechanical advantage — their moment arms shorten
relative to the external load — and secondary structures must provide proportionally greater
contributions to the total torque demand. This cascading redistribution is what gives the kinetic chain
concept its primary clinical significance: overload at a distal joint does not merely represent a local
mechanical failure; it represents a consequence of upstream alignment compromise that altered the

torque distribution across the entire chain (Kibler, 1998; Dillman et al., 1994).

The Grade C-to-D threshold is biomechanically defined by the exhaustion of the torque redistribution
reserve: when secondary and tertiary structures are maximally recruited and still insufficient to manage
the total torque demand without exceeding individual tissue tolerance, Grade D is attained. This
represents the collapse of the system's compensatory capacity — not a sudden mechanical event, but the

progressive narrowing of the tolerance margin until it reaches zero.

4.4 COM Stability Zones and Their Mechanical Significance
The biomechanical significance of COM position relative to the base of support extends beyond

traditional static stability analyses. Under dynamic loaded conditions, COM displacement from the
midfoot reference alters the gravity moment — the torque exerted by body weight about any reference
joint — in a load-position dependent manner (Winter, 1995; Hof et al., 2005). As COM migrates
anteriorly under loaded squatting or deadlifting patterns, for example, the extensor moment required at
the hip and lumbar spine to prevent forward collapse increases in proportion to COM displacement

distance (McGill, 2016; Schoenfeld, 2010).

The Zone 1 and Zone 2 COM stability criteria in the MMSX framework are not arbitrary. Zone 1 (within
3.5 cm of midfoot) corresponds to the COM range within which corrective joint torques remain within
the primary motor system's capacity under typical loading intensities. Zone 2 (within 7 cm of midfoot)
marks the boundary within which the combined primary and secondary motor systems can maintain
stability with acceptable efficiency. Beyond Zone 2, the extensor torque demand exceeds the system's

optimally organised capacity, requiring compensatory strategies that encroach on Grade D territory.

5. THE GRADE C-TO-D TRANSITION: THE CLINICAL THRESHOLD

5.1 Mechanistic Basis of the Threshold
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The transition from Grade C to Grade D — the clinical threshold — is the single most consequential event
in the MMSX Alignment Spectrum for injury prevention and performance management. It is the
inflection point at which the biomechanical system transitions from adaptation to damage mechanism.
Understanding the mechanistic basis of this transition is therefore essential for all practitioners engaged

in movement assessment and training prescription.

At the clinical threshold, three concurrent mechanical events define the shift from compensation to
violation: (1) primary musculotendinous units reach or exceed their force-velocity curve limits under the
current motor recruitment strategy, reducing their contribution to total torque management; (2)
secondary structures — typically passive connective tissues, stabilising muscles operating far from their
optimal fibre length, or articular surfaces under elevated shear loading — are required to absorb loads
exceeding their fatigue or yield tolerances; and (3) the system's neuromuscular control capacity is
insufficient to restore Grade C or higher mechanical organisation within the available response latency

(Boden et al., 2000; Granata & Marras, 2000; van Dieen et al., 2003).

5.2 The Role of Fatigue in Threshold Proximity
Neuromuscular fatigue is among the most significant determinants of proximity to the clinical threshold.

Progressive fatigue reduces musculotendinous force output capacity through peripheral mechanisms
(metabolite accumulation, calcium handling disruption, actin-myosin cross-bridge kinetics alteration)
and central mechanisms (altered motor unit recruitment thresholds and discharge frequencies) (Enoka &
Duchateau, 2008). The net biomechanical consequence is a progressive reduction in the primary motor
system's capacity to maintain Grade C or better alignment under constant load — meaning that constant
loading intensity produces progressively higher effective grades as fatigue accumulates (McGill, 2016;

Granata & Marras, 2000).

The Fatigue Amplification Curve (Time-Dependent Degradation)
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Relative load—the ratio of applied demand to current system capacity—is the accurate predictor of injury, not

absolute load. Fatigue turns a Grade A load into a Grade D injury mechanism.

Hlustration 12: The concept of biomechanical alignment

This fatigue-mediated escalation from Grade A to threshold violation is illustrated in Figure 4.
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Figure 4. Fatigue-Mediated Alignment Degradation and Tissue Tolerance Threshold (Yield
Point) During High-Volume Squat Loading

Figure 4: Fatigue-Mediated MMSx Grade Escalation and Tissue Tolerance Encroachment During a High-Volume Squat Set.
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Figure 4 demonstrates progressive fatigue-driven degradation in alignment grade during
repeated loading. As neuromuscular capacity declines, torque redistribution increases

and tissue tolerance thresholds are exceeded, culminating in Grade D yield conditions.

This fatigue-mediated grade escalation is the mechanistic basis for the well-documented relationship
between training volume accumulation and overuse injury incidence (Gabbett, 2016; Meeuwisse et al.,
2007). Sets or sessions that begin in Grade B or C transition toward Grade D as neuromuscular capacity
diminishes — not because load has increased, but because the system's capacity to manage that load has
decreased. The clinical implication is that absolute load thresholds for injury risk are insufficient; relative
load — the ratio of applied demand to current system capacity — is the mechanistically accurate

predictor.

5.3 ldentifying the Threshold in Applied Contexts
A central challenge in applying the MMSX framework clinically is the difficulty of identifying Grade D

proximity in real time. At the current state of technology, direct measurement of tissue loading requires
either invasive instrumentation (implanted sensors, fine-wire -electromyography) or complex
musculoskeletal modelling that is impractical for field-based assessment (Buchanan et al., 2005; Delp et

al., 2007). Indirect indicators of threshold proximity must therefore be developed and validated.

The MMSX framework identifies several observable and instrumentable proxies for Grade D proximity:
(1) demonstrable force vector deviation beyond 10 degrees in any plane, as measurable via 3D motion
capture or high-speed video analysis; (2) COM displacement approaching the Zone 2 boundary,
assessable via force plate centre of pressure data; (3) asymmetric ground reaction force patterns
indicating compensatory loading redistribution; (4) EMG amplitude surges in secondary stabilisers
disproportionate to primary mover activation; and (5) technique breakdown markers specific to the

movement pattern under analysis (Hewett et al., 2005; Dempsey et al., 2007; Powers et al., 2014).

Mehta, N. (2026). Biomechanical Alignment as a Force-Regulation Outcome. JMMBS.



JOURNAL OF MOVEMENT MECHANICS & BIOMECHANICS SCIENCE

Research, reviews, and methodolegical work in biomechanics, movement mechanics, rehabilitation, and performance science

In field-based settings without instrumentation, experienced practitioners may use
technique-degradation markers — valgus collapse under loaded squat descent, lumbar flexion onset
under deadlift, anterior knee slide beyond a performance-specific limit — as Grade C-to-D proximity
indicators. However, the validity of such visual markers as injury risk predictors is moderate at best
(Rabin et al., 2014; Meehan et al., 2012), reinforcing the need for instrumented assessment in high-load,

high-volume training contexts.

5.4 Performance Inefficiency vs. Injury Mechanism: The Critical Distinction
The diagnostic and prescriptive significance of the Grade C-to-D threshold rests on a fundamental

mechanical distinction: below the threshold (Grades A-C), mechanical compromise produces
performance inefficiency; above it (Grades D-E), the same mechanical compromise produces an active

injury mechanism. This distinction is not merely semantic — it determines the appropriate intervention.

Performance inefficiency at Grade C manifests as suboptimal force transmission, increased metabolic
cost per unit of mechanical work, and reduced peak force output capacity. These are reversible
limitations amenable to technique modification, strength development of secondary stabilisers, and load
management. Injury mechanism activation at Grade D involves tissue loading beyond fatigue or yield
tolerance, producing either acute structural disruption or cumulative microtraumatic damage with

progressive tissue quality degradation (Nigg & Herzog, 2007; Meeuwisse, 1994).

The practical implication is that Grade C exposure in training — deliberately managed — represents a
legitimate and necessary condition for neuromuscular adaptation. Training theory requires progressive
overload, which inherently involves transient Grade C states (Schoenfeld, 2010; Bompa & Haff, 2009).
Grade D exposure in training, conversely, represents an unacceptable risk-reward ratio: the mechanical
stress required to produce Grade D — without the performance adaptation value of Grade C — increases

injury probability without conferring proportionate adaptive benefit.
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Illustration 13: The concept of biomechanical alignment

6. APPLIED IMPLICATIONS OF THE MMSX FRAMEWORK
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Applied Implications: Managing the Force Environment
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Illustration 14: The concept of biomechanical alignment

6.1 Load Prescription and Monitoring
The MMSX framework fundamentally reframes the basis for load prescription. Rather than targeting

absolute load quantities (percentage of 1RM, absolute kilograms, volume-load accumulation),
mechanistically informed load prescription targets the maintenance of alignment within a specified grade
range — typically Grade A to C — across the prescribed volume, accounting for fatigue-mediated grade

escalation over time within a training session.

This approach aligns with acute-to-chronic workload ratio models in sports injury epidemiology
(Gabbett, 2016; Meeuwisse et al., 2007), which emphasise the relationship between training demand and
current adaptive capacity rather than absolute load magnitudes. The MMSX Alignment Spectrum
provides the mechanical mechanism underlying these epidemiological observations: workload spikes
precipitate Grade D exposure by exceeding the neuromuscular capacity required to maintain Grade C

alignment under the applied load.

6.2 Technique Coaching and Cueing
Force-vector-based alignment assessment changes the targets of coaching intervention. Rather than

cueing positional corrections — 'chest up,' 'knees out,’ 'meutral spine' — mechanistically informed
coaching targets the force environment underlying those positional observations. The question shifts
from 'where is the knee?' to 'what is the knee doing to the total torque distribution in this kinetic chain

under this load?"

This distinction matters practically because the same positional cue may be mechanically appropriate at
one load intensity and mechanically irrelevant or counterproductive at another. Knee-out cueing, for
example, is widely used to address valgus collapse patterns — itself a symptom of medial force vector
deviation. Under low load, this cue may restore Grade A conditions. Under high load with significant hip
abductor fatigue, the same cue may be neuromuscularly unachievable, and the appropriate intervention

is load reduction rather than positional correction (Hewett et al., 2005; Powers et al., 2014).

Mehta, N. (2026). Biomechanical Alignment as a Force-Regulation Outcome. JMMBS.



JOURNAL OF MOVEMENT MECHANICS & BIOMECHANICS SCIENCE

Research, reviews, and methodolegical work in biomechanics, movement mechanics, rehabilitation, and performance science

6.3 Rehabilitation and Return-to-Load Protocols
The MMSX Alignment Spectrum provides a mechanistic scaffold for return-to-load decision making in

rehabilitation contexts. Current return-to-sport criteria rely heavily on symmetric strength ratios,
pain-free range of motion, and functional movement screening scores — all positionally or
symptom-based indices (Meehan et al., 2012; van Mechelen et al., 1992). A force-regulation-based
criterion would require demonstrated maintenance of Grade B or better alignment — not merely
pain-free movement — under progressively increasing load, before approving return to full training or

competition.

This distinction is particularly relevant in anterior cruciate ligament (ACL) rehabilitation, where
biomechanical research has consistently demonstrated that athletes cleared for return-to-sport on
symptom- and strength-based criteria continue to exhibit landing mechanics associated with Grade D
knee loading — dynamic valgus, asymmetric ground reaction force absorption, excessive anterior tibial
translation — that may explain the elevated re-injury rates documented across multiple cohorts (Paterno

et al., 2010; Dempsey et al., 2007; Boden et al., 2000).
6.4 Clinical Translation: MMSx Return-to-Training Protocol

The mechanical progression of alignment degradation and recovery provides the basis for structured
intervention strategies. Based on these principles, a staged return-to-training model is proposed to guide

safe reloading while maintaining alignment integrity.

Clinical Translation: The MMSx Return-to-Training Protocol (MRTP)

[ Structural Triage -> Alignment Audit ]
(<30% 1RM)
Week 0-2 L
[ Phase 0 (light) ]
(<20% 1RM)
v
Phase 1 (green) ?
Week 2-6 o i If Yes, advance.
[ Motor Re-education If N6, repeat,
- Phase 2 (green) Loading Threshold
Pecidd Loading Threshold (30-80%) 05081
) Alignment Grade
. Phase 3 (amber) e
ek 1280 Submaximal Reloading g o
; ) Re-injury spikes when athletes are
Week 20+ Fhae o) (dark grosh) il cleared based on symmetric strength
M-ammaA_IEffort Clearance (~35% precinuny) ratios rather than load-dependent
< (~95% pre-injury) = force-regulation capacity.

Hlustration 15: The concept of biomechanical alignment

The MMSx Return-to-Training Protocol (MRTP) is presented in Figure 7, outlining

phase-wise progression, loading thresholds, and alignment-based decision criteria.
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Figure 7. MMSx Return-to-Training Protocol
(MRTP) visual algorithm
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Vertical timeline (Weeks 0-20+) showing Phase 0-4 progressions with branch
points for alignment-criteria-met (advance) vs. not-met (repeat phase or reduce load).
Alignment grade colour coding applied to each phase boundary.
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6.5 Technology Integration for Real-Time Alignment Monitoring

To operationalise alignment grading and load management in real-world environments, scalable
technological systems are required. Integration of wearable sensors, force platforms, and computer vision
enables continuous tracking of biomechanical variables and automated alignment grading.

A systems-level framework for real-time alignment monitoring and feedback is illustrated in
Figure 8.

Figure 8. TECHNOLOGY INTEGRATION FRAMEWORK FOR
SCALABLE BIOMECHANICAL ALIGNMENT MONITORING IN
COMMERCIAL RESISTANCE TRAINING ENVIRONMENTS

2\

IMU Sensors Athlete Wearable

(sacrum, tibia, foot) Display
Lumbar angle, COM real-time haptic/visual cues
trajectory, joint kinematics
. MMSx
Bilateral Force Real-Time | Coaching Dashboard

Platform i
> Alignment Session summary, risk alerts

GRF symmetry, : 5
COM-BOS position Grading Engine

Smartphone Video
Pose Estimation
(MediaPipe/OpenPose)
2D/3D joint angles,
alignment grade

Electronic Health

Record
longitudinal alignment trends

Schematic showing data streams from (1) IMU sensors, (2) bilateral force platforms, and (3) smartphone video pose estimation feeding into
the MMSx real-time Alignment Grading Engine, with output channels to athlete wearable display, coaching dashboard, and electronic
health record.

6.6 Research and Standardisation
The MMSX Alignment Spectrum offers a standardised, mechanistically grounded nomenclature for

alignment classification in biomechanical research. The absence of a shared, operationally defined
alignment classification system has contributed to inconsistency in terminology across the literature —
'good alignment,' 'optimal technique,' and 'proper form' are used interchangeably across studies despite

referring to potentially different mechanical states (Bahr & Holme, 2003; van Mechelen et al., 1992).

Adoption of a grade-based, mechanistically defined classification system would facilitate: cleaner
operationalisation of alignment in study designs; more interpretable comparisons across studies
examining different populations, exercises, or loading conditions; and clearer communication between

researchers, clinicians, and practitioners regarding the mechanical conditions under investigation.
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The Future of Real-Time Alignment Monitoring
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Ilustration 16: The concept of biomechanical alignment

7. LIMITATIONS AND FUTURE DIRECTIONS

Figure 9. Summary infographic:
the biomechnical alignment-injury pathway
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Central Venn diagram showing the intersection of load magnitude, alignment quality, and tissue
tolerance as the iniurv event space. with MMSx intervention points annotated at each factor.

Several limitations of the present framework warrant acknowledgement. First, the MMSX Alignment
Spectrum is currently a conceptual-theoretical framework derived from first-principles mechanical
reasoning and narrative synthesis of existing biomechanical evidence, rather than a prospectively
validated clinical tool. The specific quantitative thresholds proposed — particularly the 15-degree force

vector deviation and 7 cm COM displacement criteria — require empirical validation through
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musculoskeletal modelling studies, prospective injury surveillance, and multivariate risk analysis across

diverse movement tasks and populations.

Second, individual variation in tissue tolerance capacity — determined by genetics, training history, prior
injury, age, sex, and hormonal environment — means that the Grade D threshold in the MMSX
framework cannot be a fixed universal parameter. Tissue tolerance is individual, context-dependent, and
dynamic; future iterations of the framework must incorporate individual-specific tolerance modelling,
potentially enabled by computational musculoskeletal modelling tools such as OpenSim (Delp et al.,

2007) or AnyBody (Damsgaard et al., 2006).

Third, the practical implementation of force-vector-based alignment assessment in field conditions
remains technically challenging. Three-dimensional motion capture and force plate infrastructure, while
becoming more accessible, is not yet standard in most coaching or clinical environments. Development of
validated, field-deployable assessment tools — including wearable inertial measurement units, mobile
force platforms, and Al-assisted video analysis — represents a critical translational research priority for

the framework's clinical adoption.

Fourth, the current exposition focuses primarily on lower extremity and lumbar loading contexts, where
the biomechanical literature is most developed. Extension of the MMSX framework to upper extremity,
cervical, and thoracic loading contexts — particularly relevant in overhead sport and throwing

biomechanics — requires dedicated literature synthesis and framework adaptation.
Proposed Validation Pathway:

Future validation of the MMSX Alignment Spectrum should include: (1) prospective cohort studies
correlating alignment grades with injury incidence, (2) EMG and force plate validation of torque
redistribution patterns, (3) musculoskeletal modelling to validate force vector thresholds, and (4)

inter-rater reliability testing of alignment grading systems.

8. CONCLUSION
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Alignment is Dynamic: It is a continuous GATR S H s
force-regulation outcome, not a static Ahgﬂ?ﬂ ent is 72(?t ﬁ’)hat
geometry. the body looks like under

The Clinical Threshold: The Grade C-to-D lOdd. Ahg nment 15 Z@)]Z-Clt

transition is the definitive biomechanical the bOdy does with f orce
watershed between performance Un d er ZO a d ']7”'5 Z'S ﬂl e

inefficiency and active structural damage.

difference between

Relative Load dictates Risk: Fatigue turns 11 h ,
a Grade A load ‘mod into a Grade D injury descrzbmg movement

mechanism by exhausting the kinetic and unde T’Stdﬂdl.ﬂg it.”

chain's torque redistribution reserve.

Hlustration 17: The concept of biomechanical alignment
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Biomechanical alignment is not a positional state. It is a continuous, load-dependent force-regulation
outcome — defined by the relationship between applied external load, internal force-vector trajectories,
net torque distribution across the kinetic chain, and proximity to tissue tolerance limits. The persistent
conflation of alignment with segment geometry represents a fundamental epistemological error with

direct consequences for injury prevention efficacy, coaching effectiveness, and research validity.

The MMSX Alignment Spectrum provides a mechanistically grounded, five-grade classification system
that operationalises this reconceptualisation. By defining alignment in terms of force vectors, torque
distribution, joint centre orientation, and COM stability — rather than observable joint angles — the
Spectrum enables a more precise identification of the mechanical conditions associated with

performance efficiency and injury risk.

Central to the framework is the Grade C-to-D clinical threshold: the inflection point at which the
musculoskeletal system's compensatory capacity is exhausted and continued loading activates a genuine
injury mechanism. This transition — from performance inefficiency to structural damage risk — cannot
be reliably identified through positional observation alone; it requires force-environment analysis. The
development of accessible, valid, field-deployable tools for such analysis represents the defining

translational challenge for mechanistic biomechanics in the next decade.

Alignment is not what the body looks like under load. Alignment is what the body does with force under
load. This distinction is not semantic — it is the difference between describing movement and

understanding it.

"Alignment is not positional — it is a force-regulation outcome."
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