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| Research Significance and Objectives

SIGNIFICANCE

KEY RESEARCH OBJECTIVES

The back squat remains .
the most

biomechanically .
complex fundamental o

movement in strength
training, yet individual
variation demands ’
personalized analysis.

6 O 0/ of strength athletes experience 47 0/
O low back pain 0

Develop comprehensive A-Z framework integrating 26 biomechanical
parameters for real-time assessment.

Quantify anthropometric influences on joint loading (femur-to-torso ratios).

Establish evidence-based safety thresholds: lumbar compression <6000 N,
shear <600 N.

Validate real-time feedback systems using IMUs and force plates.

Bridge industrial ergonomics and educational biomechanics through
practical application.

reduction in injury risk with proper 2 3 0/ improvement in performance
0

biomechanical analysis metrics



| Theoretical Foundation: Newton's Laws Applied to Human Movement

NEWTON'S SECOND LAW
‘ 2F = ma

> Ground Reaction Force (GRF) = system mass x acceleration + gravity
> Typical GRF: 1.6-2.2x body weight during concentric phase
> Example: 80 kg athlete + 100 kg bar = 1900 N vertical GRF

WORK-ENERGY THEOREM
W = (F-ds

> Work = integral of force over displacement
> Typical concentric work: 600-800 J for 100 kg squat
> Power output: P = W/t = 300 W average, peak 2000+ W

TORQUE AND MOMENT ARMS

> Joint Moment = Force x perpendicular distance
> Hip moment: 160 Nm, Knee moment: 130 Nm at parallel

> Moment arm varies with joint angle: d = 0.35 sin(180° - 6)

LUMBAR LOADING

Fc = (m-g-cosf) + Fm

> Compressive Force (Fc): Safety threshold < 6000 N
> Shear Force (Fs): Safety threshold < 600 N

> Critical for injury prevention in long-term training



| The MMSX Authority A-Z Framework Overview

HOLISTIC INTEGRATION REAL-TIME APPLICATION DUAL PURPOSE
Each parameter influences multiple others; All parameters measurable via IMUs, force plates, Optimizes industrial ergonomics while teaching
anthropometry affects depth, loading, and core pressure sensors, and EMG systems. educational biomechanical principles.
engagement.
Structural Kinematic Kinetic Neuromuscular Contextual
A Anatomy D Depth F Faults C Core G Grip
B Base of Support H Hip-Hinge L Lumbar Loading E Eccentric/Concentric I Intent
S Scapular Position K Kinematics T Torque M Muscular Contrib. O Objective Meas.
P Planes of Motion V Valgus/Varus N Neuromuscular R Respiration
Z Zenith W Work-Power Q Quality U Unilateral
X X-Factor
Y Yielding

Integration Model: Kalman filtering combines multi-sensor data streams for real-time feedback with <50 ms latency



| Anthropometry: The Foundation of Individual Technique

Femur-to-torso ratio determines optimal squat mechanics requiring systematic adaptation

Long Femur Ratio > 1.2

Adaptations: 30-40° forward lean
Ankle: 15-20° dorsiflexion required

. Anthropometric Ratios and Biomechanical Implications
Heel Elevation: 0.75-1.25" recommended

Anthropometric Ratios Anthropometry vs Hip Loading
Bar: H|gh bar preferred . — — Long Femur Threshold (>1.2) ‘hm Remu — — Linear Trend
Short Femur Threshold (<0.9)
1.2 4 900

Short Femur Ratio < 0.9 1o ] -
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Adaptations: 10-15° forward lean g g ¢ ®
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Average Proportions 0.9-1.2
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Adaptations: 20-30° forward lean 00 \ \ \ \ \ -
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Flexibility: High or low bar emur-to-Torso Ratio

Case Study
Balance: Even load distribution

Forcing universal technique on varied anthropometry increases

injury risk by




Joint Angle Kinematics Throughout the Squat Cycle

DESCENT (ECCENTRIC)
Hip Flexion
Knee Flexion
Ankle Dorsiflexion

Duration: 3s [ Velocity: Hip -23°/s

BOTTOM POSITION
Hip-Knee Lag
Depth Criterion

Transition: 0.15s [ IAP: 25-35 mmHg

ASCENT (CONCENTRIC)
Hip Extension
Knee Extension

Duration: 1s [ Velocity: Hip +70%s

Sticking Point: Occurs at Hip 120-130°, Knee 140-150°

where mechanical disadvantage peaks.
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Figure 1: Joint angle trajectories for Hip, Knee, Ankle, and Lumbar spine during full squat cycle.




| Ground Reaction Forces: The Foundation of Kinetic Analysis

DESCENT PHASE DYNAMICS

« Initial Deceleration: GRF drops to 1.2x BW
« Bottom Approach: Peaks at 1.8x BW
« Horizontal Shift: 50-80 N (Anterior-Posterior)

ASCENT PHASE DYNAMICS

« Explosive Initiation: Rapid rise to 2.0-2.2x BW
e Mid-Ascent: Maintained at 1.8-2.0x BW
« Horizontal Shift: 80-120 N (Acceleration dependent)

CLINICAL APPLICATION

GRF asymmetry >10% indicates unilateral weakness or
injury compensation. Vertical force profiles provide critical
data for force production capacity.

Ground Reaction Forces Across Different Anthropometric Profiles
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Case Study Total Load Peak GRF Ratio (xBW)
Long Femur 195 kg 3800 N 1.95x%
Short Femur 245 kg 5200 N 2.12x
Female Athlete 125 kg 2650 N 2.12x%
Elderly Rehab 90 kg 1530 N 1.70x



| Joint Moments and Torques: Quantifying Muscular Demands

BOTTOM POSITION MOMENTS

Hip Extension: 348-948 Nm
Glutes (45% MVC), Hamstrings (35% MVC)

Knee Extension: 203-552 Nm
Quadriceps (40% MVC)

Ankle Plantarflexion: 120-280 Nm

ANTHROPOMETRIC INFLUENCE

Profile Hip (Nm) Knee (Nm)
Long Femur (1.30) 755 440
Short Femur (0.79) 949 552
Average (1.00) 697 406

Training Implication: Posterior chain strength must match
moment demands. Insufficient glute strength leads to lumbar
compensation.
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| Lumbar Loading: Critical Safety Thresholds

BIOMECHANICAL MODEL

Compressive Force (Fc)

Fc = (m-g-cosB) + Fm

Shear Force (Fs)

Fs = (m-g-sinB)

SAFETY THRESHOLDS
Compression Limit <6000N
Shear Limit <600N

Exceeding limits increases disc herniation risk.

RISK MITIGATION

v Core Bracing (Valsalva): Reduces effective loading
by 15-20%

v High Bar Position: Reduces moment arm by 5¢cm (8-
12% less shear)

v Controlled Tempo: Prevents impact loading spikes
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Case Study Compression (N)
Long Femur (195kg) 5746

Short Femur (245kg) 7388

Average (180kg) 5282

Female (125kg) 3533

Elderly (90kg) 2213

Shear Force (N)
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| Intra-Abdominal Pressure and Core Stability

VALSALVA MANEUVER TECHNIQUE LOAD-DEPENDENT IAP RESPONSE

0 Deep Diaphragmatic Breath: Inhale 80-90% vital capacity.

. S . . % 1RM 2 H
e Glottis Closure: Forced expiration against closed airway. 60% > mmHg

e Simultaneous Contraction: Diaphragm, TA, Obliques, Pelvic
Floor. 85% 1RM 31 mmHg

1

!

° Result: IAP increases from 5-10 mmHg to 25-35 mmHg.
100% 1RM 35 mmHg
3

|

BIOMECHANICAL EFFECTS

Max Voluntary 45 mmHg
ke Stiff e +20-60°% 5
Lumbar Loading -15-20%
Lumbar Lordosis Maintained 0-5°

Transient BP elevation (180-220 mmHg systolic). Contraindicated for uncontrolled
hypertension or hernia. Without Valsalva, injury risk increases 2.8-fold.




| Muscle Activation Patterns Throughout the Movement

DESCENT (ECCENTRIC)

Muscle Activation Patterns (% MVC) - Average
Gluteus Maximus
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| Bar Path Analysis: The Gold Standard of Technical Proficiency

Bar Path Trajectory (Sagittal Plane)
—
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KINEMATIC PARAMETERS

Vertical Displacement 45 -55cm

Horizontal Deviation +3 cm (Acceptable)

Ascent Velocity 0.50-0.60m/s

Mechanical Efficiency

Optimal path reduces energy expenditure by 8-12%. Each 1 cm
of horizontal deviation increases work by ~15 J.

CASE STUDY DEVIATIONS

Short Femur 1.2 cm (Optimal)

Average 1.5 cm (Excellent)
Long Femur 1.8 cm (Good)

*Measured via IMU-based tracking



| Work and Power Output: Energetics of the Squat

Total Mechanical Work

Work and Power Output During Concentric Phase
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Work (J)
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Case Study
MECHANICAL WORK
W=|F-ds =m-g-h
Short Femur (245kg) 1200 J
Long Femur (195kg) 955 J
Elderly (90kg) 441J

Measured concentric work is lower due to elastic
energy storage (15-25% contribution).

Average Power Output Peak Power Output
50 o
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% a0 g 1500
& 20 1 #1000
10 500
0 - 0 -
neey LongPEY e pert® pad® e Long P e pert® pend® gerty
Case Study Case Study
POWER OUTPUT BENCHMARKS
P=F xv Ratio = Power / Mass
Peak (Short Femur) 2644 W Elite Athlete > 25 W/kg
Peak (Average) 1942 W Trained > 18 W/kg
Peak (Female) 1349 W Novice <12 W/kg

Peak power occurs at 40-50% 1TRM load, maximizing
the force-velocity relationship.

Correlation: Peak power correlates with athletic
performance (vertical jump, sprint) at r = 0.89.



| Tempo and Eccentric-Concentric Phases

3S Os

ECCENTRIC AMORTIZATION
Controlled descent allows for optimal muscle The transition point. Must be minimized (< 0.2s) to
fiber recruitment and positioning. Minimizes shear utilize the Stretch-Shortening Cycle (SSC).

forces by preventing rapid deceleration.

Primary Adaptation

Primary Adaptation Elastic Energy Transfer. Stores potential energy in

Hypertrophy & Motor Control. Increases series elastic components.

metabolic stress and time under tension.

Standard Notation: 3 - 0 - 1 - 0 (Eccentric - Pause - Concentric - Pause)

1s

CONCENTRIC

Explosive ascent. Intention to move the load as
fast as possible (CAT - Compensatory
Acceleration Training).

Primary Adaptation

Strength & Power. Maximizes Rate of Force
Development (RFD) and motor unit firing.



| Fault Detection and Real-Time Correction Protocols

A DYNAMIC KNEE VALGUS

DETECTION THRESHOLD
> 10° Medial Collapse

MECHANISM

Gluteus medius weakness or adductor
magnus dominance leads to internal femoral
rotation during concentric phase.

CORRECTION PROTOCOL

v Cue: "Spread the floor" or "Knees out"

v Drill: Banded squats (RNT) to force
activation

v Limit: Reduce load to 60% 1RM until
corrected

£ LUMBARFLEXION

DETECTION THRESHOLD
> 20° Flexion (" Butt Wink")

MECHANISM

Anatomical hip depth limit reached or
hamstring stiffness. Increases shear force
on L4-L5 discs exponentially.

CORRECTION PROTOCOL

v Cue: "Chest up" or "Brace core"
v Adjust: Limit depth to neutral spine range

v Mobility: Improve ankle dorsiflexion

&3 WEIGHT SHIFT

DETECTION THRESHOLD
> 10% L/R Difference

MECHANISM

Unilateral strength deficit or pain avoidance
behavior. Often subconscious compensation for
previous injury.

CORRECTION PROTOCOL

v Cue: "Even pressure on feet"
v Drill: Tempo squats (3-0-3) for control

v Supp: Unilateral leg press / Split squats



| Real-Time Feedback Systems Integration

SENSOR INPUTS

IMU Network 100 Hz

5-sensor array (Tibia, Femur, Sacrum,
Thorax) tracking 3D orientation.

Force Plates 1000 Hz

Dual-axis vertical GRF measurement for
CoP and impulse.

Surface EMG 2000 Hz

Muscle activation timing and intensity
monitoring.

SYSTEM LATENCY

PROCESSING CORE

{#Sensor Fusion

Kalman Filtering
> Combines noisy sensor data to
estimate true joint states.

Inverse Dynamics
Real-time calculation of joint moments
and shear forces.

ANGULAR ACCURACY

WIRELESS PROTOCOL

FEEDBACK LOOP

Visual

Screen overlay indicating depth and bar
path deviation.

Auditory

Tone signal when safety thresholds (Shear
>600N) are breached.

Haptic

Vibration cue for knee valgus correction.

EVENT DETECTION RATE




| Anthropometric Case Study 1: Long Femur Athlete

ATHLETE PROFILE

Femur Length
Torso Length
Femur/Torso Ratio

Tibia Length

Biomechanical Challenge

To maintain center of mass over mid-foot, the athlete requires

52 cm

40 cm

1.30

42 cm

excessive forward lean (35-45°). This significantly increases the

moment arm for the lower back, elevating shear forces.

TECHNIQUE ADAPTATIONS

- Wider Stance Width

Artificially shortens the sagittal projection of the femur, allowing for a
more upright torso.

- High Bar Position
Reduces the moment arm of the trunk, minimizing shear stress on the
lumbar spine.

. Heel Elevation (0.75")

Increases functional ankle dorsiflexion, permitting greater knee travel
and reducing hip flexion demand.

HIP MOMENT SHEAR FORCE

755 906



| Anthropometric Case Study 2: Short Femur Athlete

The "Natural Squatter”
Femur Ratio < 0.90

Anthrop ic Ratios and Bi

Anthropometric Ratios

Anthropometry vs Hip Loading

Femur-to-To.

ase Study

ottom (Nm)

Hip Moment at B

Femur-to-Torso Ratio

Torso Angle: 10-15° (Very Upright)
Squat Depth: Easily achieves full depth (ATG)
Stance: Moderate width sufficient

Advantage: Minimized shear stress coefficient

rrrrrr

KINETIC ANALYSIS (245 KG LOAD)

Hip Moment Knee Moment
949 ., 552
High due to massive load High quad demand
Lumbar Compression Lumbar Shear
7388 1165
Exceeds 6000N limit! Exceeds 600N limit!

The Efficiency Paradox: Short femur athletes have the best mechanical levers, allowing
them to lift loads that exceed the biological failure tolerance of their spinal tissues.
Strength often outpaces structural integrity.



| Anthropometric Case Study 3: Female Athlete

ANATOMICAL PROFILE

Q-Angle ~18°

Significantly wider than male average (12°). Increased lateral pull on the
patella.

Pelvic Structure Wider / Shorter

Gynecoid pelvis shape provides a broader base of support but alters
femoral inclination.

A BIOMECHANICAL RISK

Increased susceptibility to Dynamic Knee Valgus during high-load
concentric phases. ACL stress is 2-3x higher without proper glute
medius activation.

PERFORMANCE ANALYSIS

BODYWEIGHT RATIO TOTAL LOAD

Lumbar Safety Profile
Parameter Value Limit Status
Compression 3533 N 6000 N SAFE
Shear Force 557 N 600 N SAFE

Training Implications
— Glute Medius: Essential accessory work to counteract valgus.
— Hamstrings: Focus on co-contraction to stabilize the knee (ACL protection).

-~ Volume: Generally higher tolerance for volume due to faster recovery rates.



| Comparative Analysis: Back Squat vs Front Squat

@

iHt BACK SQUAT W FRONT SQUAT
Posterior Chain Dominant: Greater recruitment of gluteus maximus and Anterior Chain Dominant: Emphasizes quadriceps development with
hamstrings. @ upright torso.
Higher Load Capacity: Typically 15-20% more weight lifted due to Thoracic Demand: Requires significant upper back extension and core
mechanical leverage. rigidity.
Greater Trunk Lean: Increases moment arm on the lumbar spine. Spinal Safety: Reduced shear forces due to vertical trunk position.

BIOMECHANICAL PARAMETER BACK SQUAT FRONT SQUAT

Torso Inclination 30° - 45° 10° - 20°

Lumbar Shear Force High (Critical) Low (Safer)

Knee Joint Moment ~130 Nm ~150 Nm (Relative)

Muscle Activation (EMG) Glutes ++ / Hams + Quads ++ / Erector +

Compressive Load Higher (due to load) Lower

*Front squats are clinically recommended for athletes with lumbar pathology or spondylolysis due to reduced shear.



| Training Applications: Strength, Hypertrophy, and Power

MAX STRENGTH

Neuromuscular Efficiency

>85%

Volume 1-5Reps

Sets 3-6Sets

Tempo X-X-X-X

Rest 3 -5min
BIOMECHANICAL MECHANISM

Maximizes motor unit recruitment and rate
coding. High mechanical tension with
minimal metabolic accumulation.

HYPERTROPHY

Structural Adaptation
0

65-80% 1

Volume 8 -12 Reps
Sets 3-5Sets
Tempo 3-0-1-0
Rest 1-2 min

BIOMECHANICAL MECHANISM

Optimizes time under tension (TUT) and
metabolic stress. Controlled eccentric
phase induces muscle damage for repair.

POWER

Rate of Force Development

39—60% 1RM

Volume 1-5Reps

Sets 4 -8 Sets

Tempo Max Velocity

Rest 2 - 3min
BIOMECHANICAL MECHANISM

Targets the velocity component of the
power equation (P=Fv). Enhances neural
drive and stretch-shortening cycle
efficiency.



CONTRAINDICATIONS:

| Rehabilitation and Elderly Population Adaptations

,\(‘ SAFETY MODIFICATIONS

Box Squats

Controls depth and eliminates the stretch-
shortening cycle to reduce ballistic forces on
joints.

Reduced ROM

Limiting knee flexion to 60-70° initially to
protect patellofemoral joint while building
strength.

Assisted Patterns

Using TRX or counterbalance to offload
bodyweight and ensure upright torso
mechanics.

B LOADING PROTOCOL

Intensity

40-60% 1RM. Focus on motor control and
movement quality over absolute load.

Volume

2-3 sets of 8-12 reps. Higher repetition
ranges promote connective tissue
adaptation.

Tempo

3-1-1-0. Slow eccentric phase (3s) is critical
for tendon health and safety.

?® CLINICAL OUTCOMES

Bone Mineral Density

Axial loading stimulates osteogenesis via
Wolff's Law, combating osteoporosis.

Sarcopenia Reversal

Type Il fiber recruitment preserves muscle
mass and metabolic function.

Fall Prevention

Increased lower limb power correlates with
40% reduction in fall risk.

Uncontrolled hypertension (avoid Valsalva), severe osteoporosis (avoid spinal flexion), acute disc pathology.



| Real-Time Integration Model: Kalman Filtering & Sensor Fusion

MATHEMATICAL FOUNDATION

STATE UPDATE EQUATION

Ricke = Rigk-1 T Kz - HR g 1)

KALMAN GAIN

Ky = Py 1H (HPyy H' + R)!

% State Estimate (Joint Angles)
K Kalman Gain (Weighting Factor)
z Measurement (IMU/Force Data)

R Sensor Noise Covariance

FUSION ARCHITECTURE

0 PREDICTION (TIME UPDATE)

Project the current state forward using the physics model and gyroscope
integration (high frequency, drift prone).

9 MEASUREMENT (OBSERVATION)

Acquire noisy but absolute data from accelerometers (gravity vector) and force
plates (CoP).

Compute Kalman Gain to optimally fuse prediction and measurement, minimizing

e CORRECTION (MEASUREMENT UPDATE)
error variance.

< Drift Error
Maintained over 60s of continuous movement, exceeding optical motion capture
o .
0.5 standards for field use.



| Clinical Implications and Injury Prevention

©® THE COST OF DYSFUNCTION @® THE POWER OF ANALYSIS

3.2X 47%

INCREASED INJURY RISK INJURY REDUCTION
Athletes ignoring anthropometric constraints (e.g., long femur forcing Implementation of real-time feedback systems significantly reduces
upright torso) face triple the risk of lumbar pathology. acute injury incidence in collegiate programs.

60% 5:1

LBP PREVALENCE ROI RATIO
Low Back Pain is the #1 complaint in strength sports, primarily driven by Every $1invested in biomechanical screening saves $5 in rehabilitation
cumulative shear forces >600N. and lost playing time costs.

MECHANISM OF INJURY CLINICAL EFFICACY

Repetitive micro-trauma from sub-clinical faults (e.g., "Butt Wink") Objective feedback bridges the gap between proprioception (what it



| Future Directions and Technological Advancement

b »

AI-DRIVEN ANALYSIS SMART TEXTILES
Markerless pose estimation using computer vision Integration of EMG sensors and strain gauges
(e.g., OpenPose) to track joint centers via standard directly into compression garments for seamless
The Paradigm Shlﬂ: smartphone cameras. data collection.
Lab to Field
ACCURACY: 98% vs VICON LATENCY: < 10ms

The future of biomechanics lies in the

democratization of elite-level analysis.
Moving from constrained laboratory w
environments to unconstrained, real-world

applications through sensor fusion and IMMERSIVE COACHING

artificial intelligence. . N
Augmented Reality (AR) overlays providing "ghost" 2 02 6

trajectories for athletes to follow in real-time.

Projected Standard of Care

RETENTION: +40% MOTOR LEARNING



| Conclusions and Practical Recommendations

2 INDIVIDUALIZATION

The "ideal" squat technique is a myth. Femur-to-torso ratio is the

primary determinant of trunk inclination and joint loading distribution.

Recommendation: Screen anthropometry before prescribing
technique.

2~ TECHINTEGRATION

Multi-sensor fusion with Kalman filtering provides lab-quality data
(<0.5° error) in field settings, enabling immediate correction.

Recommendation: Implement real-time feedback loops for motor
learning.

=¢ SAFETY THRESHOLDS

Lumbar shear forces (>600 N) present the highest injury risk.
Technique must prioritize minimizing the moment arm of the trunk
over absolute depth.

| Recommendation: Limit depth if lumbar flexion (>20°) occurs.

l~ PERFORMANCE

Optimizing bar path and tempo (3-0-1-0) enhances mechanical
efficiency and power output while reducing metabolic cost.

Recommendation: Periodize load and velocity based on specific
adaptation goals.

MMSX AUTHORITY GOLD STANDARD: EVIDENCE-BASED PRACTICE
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