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BIOMECHANICS TAXONOMY

Symbols

>  Following are prerequisites for this material

<  This material is a prerequisite for the following

=  This material is of equal value to the following

Level 1:  advanced high school and core undergraduate

Level 2:  Optional undergraduate and graduate

Level 3:  Graduate

Topics in bold are listed in the order in which they are to be presented

Principles of Statics (Level 2A)

Force and moment


Line of action of a force

Moment about a point 

Moment about a line

Couples and torques

Equivalence and replacement

Generalized active forces

Noncontributing forces

Forces acting on a rigid body

Bringing noncontributing forces into evidence

Friction forces

Static equilibrium

Free-body diagram

Principle of static equilibrium

The Three-Force Rule

>  Calculus

<  Mammalian Anatomy, Human Physiology, Cell and Molecular Biology, Matrix Algebra, Differential Equations, Kinematics and Dynamics, Thermodynamics, Control Systems Theory, Mechanics of Solids, Materials Science, Systems Physiology, Biomedical Instrumentation, Design, Biomedical Imaging, Biomaterials, Tissue Engineering, Optics, Bioenergetics, Biotransport, Biotechnology, Biosignal Analysis

= Ethics

Joint Forces and Moments (Level 2B)

Static analyses of joint forces

Forces in the elbow joint

Forces in the hip joint

Forces in the knee joint

Clinical significance of high joint forces

Muscle forces and joint torques (Muscle Forces and Joint Torques Module)
Relation between muscle forces and joint torques

Muscle moment arm

Relation between moment arms and joint torques

Determinate vs. Indeterminate Problems

Indeterminate Muscle and Joint Forces

Techniques for solving the indeterminate problem

Applications


Knee extension


Squatting


Gait

>  Mammalian Anatomy, Human Physiology, Calculus, Matrix Algebra, Statics, Kinematics and Dynamics, Systems Physiology

<  Cell and Molecular Biology, Differential Equations, Thermodynamics, Control Systems Theory, Mechanics of Solids, Materials Science, Biomedical Imaging, Biomedical Instrumentation, Design, Biosignal Analysis, Biomaterials, Tissue Engineering, Bioenergetics, Biotransport, Biotechnology

=  Ethics, Optics

Body Anthropometry (Level 2C)

Mass center


System of particles vs. rigid body

Determination of mass center location

Inertia vectors and inertia scalars

Inertia matrix and inertia dyadic

Parallel axis theorem

Area and mass moments of inertia

Determination of mass moment of inertia

Principal moments of inertia

>  Mammalian Anatomy, Human Physiology, Calculus, Matrix Algebra, Statics, Differential Equations, Systems Physiology

<  Cell and Molecular Biology, Kinematics and Dynamics, Biomedical Instrumentation, Design, Biosignal Analysis, Biomedical Imaging, Biomaterials, Tissue Engineering

=  Mechanics of Solids, Thermodynamics, Control Systems, Optics, Ethics, Bioenergetics, Biotransport, Biotechnology

Movement Kinematics (Level 2D)

Kinematics of rigid bodies

Angular velocity

Angular acceleration

Velocity and acceleration

Theorem for two points fixed on a rigid body

Theorem for one point moving on a rigid body

Generalized coordinates

Generalized speeds

Partial velocities

Kinematics of motor tasks


Holonomic vs. nonholonomic constraints


Kinematically constrained movement

Kinematics of Joints (Joint Kinematics Module)

Instant center


Calculation of instant center (two dimensions)


Instantaneous Screw Axis


Calculation of screw axis (three dimensions)


Relation between instant center and moment arm


Sliding vs. rolling


Four-bar mechanism for knee-joint movement

>  Mammalian Anatomy, Human Physiology, Calculus, Matrix Algebra, Statics, Kinematics and Dynamics, Differential Equations, Systems Physiology

<  Cell and Molecular Biology, Biomedical Imaging, Biomedical Instrumentation, Design, Biosignal Analysis, Biomaterials, Tissue Engineering 

=  Control Systems, Materials Science, Mechanics of Solids, Thermodynamics, Optics, Ethics, Bioenergetics, Biotransport, Biotechnology

Movement Dynamics (Level 2E)

Degrees of freedom

Equations of motion


D’Alembert’s principle


Kane’s dynamical equations

Formulation and solution of equations of motion (Equations of Motion Module)
Single pendulum:  One degree-of-freedom system

Multiple links in a plane

General 3D articulated linkage


Solution of nonlinear, ordinary, differential equations

Inverse dynamics method

Input Kinematics; Output Forces

Direct dynamics method

Input Forces; Output Kinematics

Optimization method

Static optimization

Dynamic optimization

Applications


Knee extension


Squatting


Jumping (Movement Control Module)

Gait

>  Mammalian Anatomy, Human Physiology, Calculus, Matrix Algebra, Statics, Kinematics and Dynamics, Control Systems Theory, Differential Equations, Systems Physiology, Ethics

<  Cell and Molecular Biology, Biomedical Imaging, Biomedical Instrumentation, Design, Biosignal Analysis, Biomaterials, Tissue Engineering 

=  Materials Science, Mechanics of Solids, Thermodynamics, Optics, Bioenergetics, Biotransport, Biotechnology

Energetics of Movement (Level 2F)

Muscle heat and fuel

Aerobic glycolysis

Anaerobic glycolysis

Lactic acid production and removal

Metabolic cost of movement

Metabolic energy consumption

Mechanical energy


Kinetic and potential energy

Efficiency of movement


Mechanical efficiency

Thermodynamic efficiency

>  Mammalian Anatomy, Human Physiology, Cell and Molecular Biology, Calculus, Matrix Algebra, Statics, Kinematics and Dynamics, Control Systems Theory, Differential Equations, Thermodynamics, Systems Physiology

<  Bioenergetics, Biotransport, Biomedical Imaging, Biomedical Instrumentation, Design, Biosignal Analysis

=  Materials Science, Mechanics of Solids, Biomaterials, Tissue Engineering, Optics, Ethics, Biotechnology

Skeletal Tissue Structure and Function (Level 3A)

Types of bone tissue

Trabecular vs. compact bone

Lamellar vs. woven bone

Primary vs. secondary bone

Composition of Bone


Quantitative representation of bone


Basic stereology

Bone cells

Cartilage

Composition

Organization

Material properties

Mechanical properties

Role of cartilage in growth

Meniscus


Composition


Organization


Material properties


Mechanical properties


Role in stress attenuation

Development and growth

Endochondral growth and ossification

Bone appositional growth, adaptation, and osteoporosis

Modeling and remodeling

Modeling vs. remodeling

Cellular events in modeling and remodeling

Tissue regeneration

>  Mammalian Anatomy, Human Physiology, Cell and Molecular Biology, Calculus, Statics, Mechanics of Solids, Materials Science, Systems Physiology

<  Biomaterials, Tissue Engineering, Biomedical Instrumentation, Design, Biosignal Analysis, Biomedical Imaging

=  Matrix Algebra, Thermodynamics, Differential Equations, Control Systems, Optics, Ethics, Bioenergetics, Biotransport, Biotechnology

Mechanical Properties of Bone (Level 3B)

Fundamentals of solid mechanics

Strength and stiffness 

Stress and strain

Generalized Hooke’s Law

Material properties of cortical bone

Material properties of trabecular bone

Estimating material properties by computed tomography

>  Mammalian Anatomy, Human Physiology, Cell and Molecular Biology, Calculus, Statics, Materials Science, Mechanics of Solids, Systems Physiology

<  Biomaterials, Tissue Engineering, Biomedical Instrumentation, Design, Biosignal Analysis, Biomedical Imaging

=  Matrix Algebra, Thermodynamics, Differential Equations, Control Systems, Optics, Ethics, Bioenergetics, Biotransport, Biotechnology

Tendon and Ligament Structure and Function (Level 3C)

Macroscopic structure of tendon and ligament

Cell structure

Mechanical properties

Elastic properties:  Force-length curve

Viscoelastic properties:  Hysteresis, Creep, Stress Relaxation

Determination of mechanical properties

Cross-sectional area measurements

Strain monitoring

Effects of environment and loading

Strain rate

Temperature

Hydration

Effects of biology

Maturation

Aging

Immobilization

Exercise

Knee-ligament function

Isometric knee extension

Closed-chain rehab exercises

Patterns of ACL strain

Non-uniform patterns of ligament strain

Injury and Healing of ligament and tendon

>  Mammalian Anatomy, Human Physiology, Cell and Molecular Biology, Calculus, Statics, Materials Science, Mechanics of Solids, Systems Physiology

<  Biomaterials, Tissue Engineering, Biomedical Instrumentation, Design, Biomedical Imaging, Biosignal Analysis

=  Matrix Algebra, Thermodynamics, Differential Equations, Control Systems, Optics, Ethics, Bioenergetics, Biotransport, Biotechnology

Muscle Properties (Level 3D)

Functional arrangement of muscle tissue


Whole muscle


Muscle cell


Sarcomere

Structure of skeletal muscle


Muscle cell


Sarcomere structure


Actin, Myosin, Troponin

Mechanical Properties (Muscle Macromechanics Module)
Passive force-length property

Active force-length property

Force-velocity property

Series elasticity

Muscle activation

Muscle energy and power

Muscle contractile power

Elastic strain energy

Uniarticular vs. biarticular muscle power

Muscle vs. tendon compliance

>  Mammalian Anatomy, Human Physiology, Cell and Molecular Biology, Calculus, Statics, Materials Science, Mechanics of Solids, Systems Physiology

<  Biomaterials, Tissue Engineering, Biomedical Instrumentation, Design, Biomedical Imaging, Biosignal Analysis

=  Matrix Algebra, Thermodynamics, Differential Equations, Optics, Ethics, Bioenergetics, Biotransport, Biotechnology

Musculoskeletal and Joint Geometry (Level 3E)

Joint geometry

Hinge Joint

Universal Joint

Ball-and-socket Joint

General joint surface geometry:  The Knee

Muscle path geometry (Musculoskeletal Geometry Module)
Straight-line muscle path model

Centroid-line muscle path model

Moment arms

Geometric method

Partial Derivative method

>  Mammalian Anatomy, Human Physiology, Calculus, Matrix Algebra, Statics, Kinematics and Dynamics, Differential Equations, Systems Physiology

<  Cell and Molecular Biology, Biomedical Imaging, Biomedical Instrumentation, Design 

=  Materials Science, Mechanics of Solids, Control Systems, Thermodynamics, Biosignal Analysis, Biomaterials, Tissue Engineering, Optics, Ethics, Bioenergetics, Biotransport, Biotechnology

Neural control of movement (Level 3F)

Hierarchy of command

Programs for movement


Servo hypothesis


Equilibrium-point hypothesis


Equilibrium-trajectory hypothesis

Postural control


Role of vision


Role of proprioception


Anticipatory and corrective adjustments


Postural synergy

Locomotion


Central pattern generator


Locomotor centers


Spinal locomotion

Fatigue


Muscular mechanisms


Spinal mechanisms


Supraspinal mechanisms


Adaptive changes during fatigue

Movement disorders


Spasticity



Stroke



Cerebral palsy


Parkinson’s disease and dystonia


Down syndrome

>  Mammalian Anatomy, Human Physiology, Cell and Molecular Biology, Calculus, Statics, Control Systems Theory, Systems Physiology, Ethics

<  Biomedical Imaging, Biomedical Instrumentation, Design, Biosignal Analysis, Biomaterials, Tissue Engineering, Optics

=  Matrix Algebra, Kinematics and Dynamics, Differential Equations, Thermodynamics, Materials Science, Mechanics of Solids, Bioenergetics, Biotransport, Biotechnology

Measurement of Tendon and Ligament Properties (Level 3G)

Instron machine


Force-length properties in vitro

Knee-stiffness and laxity testing (Skeletal Tissue Mechanics Module)

Stiffness vs. laxity


Flexibility and stiffness measurement methods


Anterior-posterior draw


Axial rotation


ACL-deficient knee laxity and stiffness


PCL-deficient knee laxity and stiffness

>  Mammalian Anatomy, Human Physiology, Cell and Molecular Biology, Calculus, Statics, Kinematics and Dynamics, Materials Science, Mechanics of Solids, Matrix Algebra, Thermodynamics, Control Systems, Differential Equations, Systems Physiology, Biomedical Instrumentation, Biosignal Analysis, Ethics

<  Biomaterials, Tissue Engineering, Design, Biomedical Imaging

=  Optics, Bioenergetics, Biotransport, Biotechnology

Measurement of Muscle Properties (Level 3H)

Muscle lever equipment

Active and passive force-length properties in vitro

Force-velocity property in vitro

Isokinetic dynamometer equipment

Active and passive force-length properties in vivo

Force-velocity property in vivo

>  Mammalian Anatomy, Human Physiology, Cell and Molecular Biology, Calculus, Statics, Kinematics and Dynamics, Matrix Algebra, Thermodynamics, Differential Equations, Materials Science, Mechanics of Solids, Systems Physiology, Biomedical Instrumentation, Biosignal Analysis, Ethics

<  Biomaterials, Tissue Engineering, Design, Biomedical Imaging

=  Optics, Bioenergetics, Biotransport, Biotechnology

Muscle Electromyography (Level 3I)

Motor units

Size principle

Determination of amplitude (gain) controls

Filtering, rectification, and integration

Error analysis due to signal crosstalk and noise

Sample rates and filters

EMG to muscle-force processing

>  Mammalian Anatomy, Human Physiology, Cell and Molecular Biology, Calculus, Matrix Algebra, Differential Equations, Statics, Kinematics and Dynamics, Control Systems, Systems Physiology, Biomedical Instrumentation, Biosignal Analysis, Ethics

<  Biomaterials, Tissue Engineering, Design, Biomedical Imaging

=  Mechanics of Solids, Thermodynamics, Optics, Bioenergetics, Biotransport, Biotechnology

Measurement of External Force (Level 3J)

Six-component, strain-gauge, force plate

Static error analysis

Dynamic error analysis

Center of pressure location

Calculation of center-of-mass movements from force-plate data

>  Mammalian Anatomy, Human Physiology, Calculus, Matrix Algebra, Statics, Kinematics and Dynamics, Control Systems Theory, Materials Science, Mechanics of Solids, Thermodynamics, Differential Equations, Systems Physiology, Biomedical Instrumentation, Biosignal Analysis, Ethics

<  Cell and Molecular Biology, Biomedical Imaging, Design, Biomaterials, Tissue Engineering 

=  Optics, Bioenergetics, Biotransport, Biotechnology

Kinematic Measurement (Level 3K)

Direct measurement

Goniometers

Accelerometers

Imaging techniques

High-speed video systems

Biplanar X-ray systems

Fluoroscopy

High-speed, video-based, motion-capture system

Kinematic system error analysis:  camera calibration

Determination of optimum camera angles

Determination of optimum viewing volume

Post-processing of position data

Smoothing

Filtering

Differentiation:  estimation of velocity and acceleration

>  Mammalian Anatomy, Human Physiology, Calculus, Matrix Algebra, Statics, Kinematic and Dynamics, Control Systems, Thermodynamics, Differential Equations, Systems Physiology, Biomedical Instrumentation, Biomedical Imaging, Biosignal Analysis, Ethics

<  Cell and Molecular Biology, Design, Biomaterials, Tissue Engineering 

=  Materials Science, Mechanics of Solids, Optics, Bioenergetics, Biotransport, Biotechnology

Gait Analysis (Level 3L)

Simultaneous recording of body-segment kinematics, ground forces, and muscle EMG

Data reduction and processing

Calculation of joint moments

Formulation of inverse dynamics problem

Solution of inverse dynamics problem

Analysis of muscle and joint function during gait

>  Mammalian Anatomy, Human Physiology, Calculus, Matrix Algebra, Statics, Kinematics and Dynamics, Control Systems Theory, Thermodynamics, Differential Equations, Systems Physiology, Biomedical Instrumentation, Biomedical Imaging, Biosignal Analysis, Ethics

<  Cell and Molecular Biology, Design, Biomaterials, Tissue Engineering 

=  Materials Science, Mechanics of Solids, Optics, Bioenergetics, Biotransport, Biotechnology

Muscle coordination of movement (Level 3M)

Dynamic coupling (Muscle Coordination Module)
System mass matrix

Structure and properties

Gravity, Coriolis, and moment-arm matrices

Muscle-induced accelerations


Muscle coordination of multi-joint movement

Contribution of muscles to joint-angular accelerations


Knee extension


Squatting


Gait

Contribution of muscles to center-of-mass accelerations


Knee extension


Squatting


Gait

>  Mammalian Anatomy, Human Physiology, Calculus, Matrix Algebra, Statics, Kinematics and Dynamics, Control Systems Theory, Differential Equations, Systems Physiology

<  Biomedical Imaging, Biomedical Instrumentation, Design, Biosignal Analysis

=  Cell and Molecular Biology, Thermodynamics, Materials Science, Mechanics of Solids, Biomaterials, Tissue Engineering, Optics, Bioenergetics, Biotransport, Biotechnology, Ethics

Musculotendon Actuation (Level 3N)

Three-element, phenomenological model of muscle

A.V. Hill, 1938 model

Cross-bridge model of muscle (Muscle Cell Mechanics Module)
Sliding-filament theory

A.F. Huxley’s two-state, cross-bridge model for contraction

Energetics of muscle contraction

Maintenance heat:  actin-myosin interaction

Activation heat:  calcium activation

Shortening heat

Recovery heat

Mechanical work done

Zahalak’s moment-distribution model

Mechanism of muscle force production


Huxley and Simmons’ theory


Other theories of muscle contraction

ATP hydrolysis and re-synthesis

Storage and utilization of tendon strain energy

Muscle vs. tendon strain energy

>  Mammalian Anatomy, Human Physiology, Cell and Molecular Biology, Calculus, Matrix Algebra, Statics, Kinematics and Dynamics, Materials Science, Mechanics of Solids, Control Systems Theory, Differential Equations, Thermodynamics, Systems Physiology, Bioenergetics, Biomedical Instrumentation

<  Biotransport, Biomedical Imaging, Design, Biosignal Analysis, Tissue Engineering

=  Biomaterials, Optics, Biotechnology, Ethics

Muscle excitation-contraction coupling (Level 3O)

Myosin-actin-troponin complex

Activation and relaxation processes

Kinetics of calcium release and uptake

Energetics of excitation-contraction coupling

Models of excitation-contraction coupling

>  Mammalian Anatomy, Human Physiology, Cell and Molecular Biology, Calculus, Matrix Algebra, Statics, Kinematics and Dynamics, Materials Science, Mechanics of Solids, Control Systems Theory, Differential Equations, Thermodynamics, Systems Physiology, Bioenergetics, Biotransport, Biomedical Instrumentation

<  Biomedical Imaging, Design, Biosignal Analysis, Tissue Engineering

=  Biomaterials, Optics, Biotechnology, Ethics

Joint Lubrication and Wear (Level 3P)

Properties of Synovial fluid

Anatomic shapes of diarthrodial joints

Forces and motion at diarthodial joints

Friction

Measurement

Role of synovial fluid

Wear

Mechanisms of wear

Measurement

Clinical significance

Mechanical Joint simulators

>  Mammalian Anatomy, Human Physiology, Cell and Molecular Biology, Calculus, Matrix Algebra, Statics, Kinematics and Dynamics, Materials Science, Mechanics of Solids, Differential Equations, Thermodynamics, Systems Physiology, Biomedical Instrumentation

<  Biomaterials, Design, Biotransport, Bioenergetics, Biomedical Imaging, Biosignal Analysis, Tissue Engineering

=  Control Systems, Optics, Biotechnology, Ethics

Fracture Fixation (Level 3Q)

Fracture mechanisms of long bones

Fracture healing

Biology of fracture healing

Mechanical properties of healing fractures

Mechanisms of fracture union and remodeling

Internal and external fixation devices

External fixation

Compression plate fixation

Intramedullary nails 

>  Mammalian Anatomy, Human Physiology, Cell and Molecular Biology, Calculus, Matrix Algebra, Statics, Kinematics and Dynamics, Materials Science, Mechanics of Solids, Differential Equations, Thermodynamics, Systems Physiology, Biomedical Instrumentation, Biomaterials, Ethics

<  Design, Biomedical Imaging, Tissue Engineering

=  Control Systems, Biosignal Analysis, Optics, Biotechnology, Biotransport, Bioenergetics

Joint Replacement (Level 3R)

Total hip replacement

Design and development of hip replacement

Clinical performance

Total knee replacement

Evolution of knee designs

Current design forms

Restoration of function

Durability and reliability analysis

Stress analysis

Design assessment

Mechanical testing

Simplified wear testing

Hip and knee joint simulators

Computer-aided design and analysis

>  Mammalian Anatomy, Human Physiology, Cell and Molecular Biology, Calculus, Matrix Algebra, Statics, Kinematics and Dynamics, Materials Science, Mechanics of Solids, Differential Equations, Control Systems, Systems Physiology, Biomedical Instrumentation, Biomaterials, Design, Ethics, Biomedical Imaging

<  Tissue Engineering

=  Biosignal Analysis, Optics, Biotechnology, Biotransport, Bioenergetics

Spine Biomechanics (Level 3S)

Components of the trunk musculoskeletal system

Bones and joints

Muscles

Ligaments

Neural tissue

Measurement of trunk system behavior

Anthropometry

Range of motion

Proprioception

Trunk muscle strength

Disk pressures

Trunk cavity pressure

Disk injury

Effects of aging

Mathematical modeling

Rigid-body models

Deformable and finite-element models

>  Mammalian Anatomy, Human Physiology, Cell and Molecular Biology, Calculus, Matrix Algebra, Statics, Kinematics and Dynamics, Materials Science, Mechanics of Solids, Differential Equations, Thermodynamics, Control Systems, Systems Physiology, Biomedical Instrumentation, Biomedical Imaging, Ethics

<  Biomaterials, Design, Tissue Engineering

=  Biosignal Analysis, Optics, Biotechnology, Biotransport, Bioenergetics

Cardiovascular structure and function (Level 3T)

The heart

Geometry and materials of the heart

Cardiac cycle

Heart valves

Heart muscle


Macroscopic structure


Cell structure


Molecular structure


Mechanical properties

The lung


Pulmonary blood vessels


Pulmonary capillaries


Pulmonary alveolar sheet


Elasticity of pulmonary arteries and veins

Arteries and veins

Smooth muscle


Structure


Mechanical properties

Prosthetic Vascular Implants

Cardiac imaging and three-dimensional reconstruction

Ventricular assist devices and total artificial hearts

>  Mammalian Anatomy, Human Physiology, Cell and Molecular Biology, Calculus, Matrix Algebra, Statics, Kinematics and Dynamics, Materials Science, Mechanics of Solids, Differential Equations, Thermodynamics, Control Systems, Systems Physiology, Biomedical Instrumentation, Biomaterials, Design, Ethics, Biomedical Imaging

<  Biotransport, Bioenergetics, Tissue Engineering, Biosignal Analysis

=  Optics, Biotechnology
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