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Chapter 6

Energy, Work, and Power

D. Gordon E. Robertson

nergy 1s a well-known physical quantity that,
despite its notoriety, is not well understood. For
instance, physicists have yet to identify any atomic
or subatomic particle that corresponds to a basic unit,
or quantum, of energy. One of the difficulties with
understanding energy is that it takes many forms. Matter
itself 1s one form of energy, which Einstein was able to
quantify with his most famous equation, £ = mc?, but
this energy is only manifest when the matter itself is torn
apart. Other forms of energy include nuclear, electrical,
thermal (heat), solar, light, chemical, and, the one of
greatest interest to biomechanists, mechanical.
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Energy other words, the ability to affect the state of matter. In a
sense, energy is the motion of particles or the potential to create
motion.

Thermodynamics is the field of study concerned with energy
and its quantification, transmission and transduction (change)
from one form to another.

According to the first law of thermodynamics, also called the
law of conservation of energy, the quantity of energy in the
universe Is a constant.
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The second law of thermodynamics, first elucidated by Rudolf
Clausius in 1865, states that when energy is transformed from
one form to another—for example, when electricity produces
light, water power produces electricity, or biochemical energy
produces a muscle contraction—some of the energy is wasted
and can no longer be transformed into another usable form of
energy. Clausius named this unusable energy entropy, to sound
like energy. Entropy can be considered energy that can no longer
perform useful work.

Work can be defined as the changing of energy to another useful
form of energy, also called transduction.
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Chemical energy

[ |
Maintenance energy Entropy

Conserved energy  +—> Muscle energy

Nonconserved energy

Friction Viscous energy External energy Internal energy
Entropy Entropy ___ Potential energy Kinetic energy ___

— Gravitational Translational —

— Elastic Rotational —

A Figure 6.1 Energy flow through the human body to the environment. Maintenance energy includes energy
to all tissues, excluding the skeletal muscles. Entropy includes all energy that can no longer be recovered to
perform useful work as a result of heating the environment or creating turbulence in fluids in the environment

(air or water). Conservative energy is the energy that recycles by changing form within segments or exchanges
between and among segments or other bodies.
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Mechanical work is the work done when the total mechanical
energy of a body changes. This principle, called the work-energy
relationship, is based on Newton’s second law.
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Conservation of mechanical energy occurs when all the forces
and moments of force acting on a body or a single segment are
conservative, that is, the resultant force acting on the body is a
conservative force.

r [m]
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Conservative forces include gravitational forces, the force of an
ideal spring, elastic collisions, the tensile force of an ideal
pendulum, and the normal force of a frictionless surface.
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Potential energy due to gravity Potential energy due to spring force
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Kinetical energy due to linear movement of the stick Kinetical energy due to angular movement of the stick

Total energy = potential energies from gravity and spring force + Kinetical energies from linear and angular movement
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y [m]
N

T

0 2 4 6 8 10 12 14 16 18 20
x [m]

Potential energy due to gravity Potential energy due to spring force

Kinetical energy due to linear movement of the stick Kinetical energy due to angular movement of the stick

Total energy = potential energies from gravity and spring force + Kinetical energies from linear and angular movement
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0 2 4 6 8 10 12 14 16 18 20

Potential energy due to gravity Potential energy due to spring force

Kinetical energy due to linear movement of the stick Kinetical energy due to angular movement of the stick

Total energy = potential energies from gravity and spring force + Kinetical energies from linear and angular movement
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Segmental energy analysis requires only knowledge of
segmental kinematics and inertial properties. Using inverse
dynamics methods to obtain the work done by the moments of
force at each joint requires additional information and a more
complex analysis.

The additional information includes the history of any external
force that is in direct contact with the segment of interest. For
example, to compute the work done at the ankle during stance,
the GRF acting against the foot must be measured so force
platforms are necessary in gait laboratories. During the swing
phase, however, a force platform is not needed because no
external force (excluding gravity) acts on the foot.
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Description of movement

a. Joint angle decreasing

b. Joint angle increasing

Type of
contraction

Directions of
segmental original
velocities

Muscle function

TWO SEGMENTS ROTATING IN OPPOSITE DIRECTIONS

Concentric

Eccentric

2

£

U KT

S

Mechanical energy
generation

Mechanical energy
absorption

BOTH SEGMENTS ROTATING IN SAME DIRECTION

a. Joint angle decreasing (e.g., w; > ) Concentric

2

S

Mechanical energy
generation and
transfer
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Amount, type, and
direction of power

Mo, generated to
segment 1.
Mo, generated to
segment 2.

Muw, absorbed from
segment 1.
Muw, absorbed from
segment 2.

M(w; — ) generated
to segment 1.

Mo, transferred to
segment 1 from 2.

b. Joint angle increasing (e.g., w, > ) Eccentric

Mechanical energy
absorption and
transfer

M(w; — w;) absorbed
from segment 2.
Mo, transferred to
segment 1 from 2.

c. Joint angle constant (w; = w;)

Isometric
(dynamic)

a. Joint angle decreasing (w, = 0, w, > 0) | Concentric

£
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&

Mechanical energy
transfer

ONE SEGMENT FIXED (e.g., SEGMENT 1)

Mechanical energy
generation

Muw; transferred from
segment 2 to 1.

Mo, generated to
segment 2.

b. Joint angle increasing (w, =0, w, <0) | Eccentric

Mechanical energy

Muw; absorbed from

absorption segment 2.
c. Joint angle constant (w1 = w, = 0) Isometric No mechanical Zero
(static) energy function
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Segment and Total Powers of a Four-Segment Model of the Body

N S S LN

Foot ankle ' ankle ankIe foot foot
At
Leg _Fankle ' vankle N Mankle wleg +Fknee ' vknee + Mknee wleg AEleg
At
Thlgh _Fknee ' vknee o Mknee wthigh +Fh V + Mth wthzgh AE'thigh
At
Trunk _Fhip ' vhip B Mhip wtrunk _ AElrunk
At
TOtal Mankle ( foo t— /! g) 01‘ ankle ankle Mknee (wleg - thig}) or + Mk nee wknee Mhip (wthigh - wtrunl() or + Mhlp whlp _ AETO!&I
At
F_ . = netankle force as applied to foot; F, = net knee force as applied to leg; F 4ip = D€t hip force as applied to thigh; v = velocity of ankle;

V... = velocity of knee; v, = velocity of h1p, .. — net ankle moment as applied to foot; M, = net knee moment as applied to leg; M up = 1E
hip moment as applied to thlgh = angular Velocity of foot; w, teg — = angular velocity of leg; w, . = angular velocity of thigh; o = angular
velocity of trunk; AE = change in total mechanical energy of foot; AE, = change in total mechanlcal energy of leg; AE, ok = change in total
mechanical energy of thlgh AE = change in total mechanical energy of trunk; AE = change in total mechanical energy of total body; At =

duration of motion; ® . = angular velocity of ankle; w,_ = angular velocity of knee and @, = = angular velocity of hip.
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