
•Comments about projects

•Recap force:  depends on cross sectional area, time, sarcomere length, 
and contraction velocity

•In normal movement, neither isometric nor isotonic conditions apply 
(length and force vary in time)

•The work loop method — how is mechanical energy managed in real 
systems?

•Timing and activation

•Some final matters on muscle — it is isovolumetric.  What might this 
mean?

Biology 427 Biomechanics
Lecture 14.  Muscle and energy



Biology 427 Biomechanics
Course projects
•20 points

•Any topic that involves mechanics and biology

• It will be in the form of a poster that you will submit online (poster guidelines 
will be posted)

•Any pair within one lab

•Analytic/experimental work is excellent

•Will use lab during scheduled hours for projects

•Assistance with Mathematica (via TLD) can be had

•Poster template and guidelines Week of Nov 7

•Project proposals due in lab week of Nov 14

•Labs will be open Tues week of Nov 21 for joint work

•Week of Nov 28 is a half lab and half poster prep time.

•Week of Dec 5 poster presentations via power point slides.
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Silverthorn, Human Physiology, 2CE

Isometric versus isotonic contractions



In most movement activities, muscle 
contraction is neither purely isometric 
nor isotonic.   In class demo…

Work loops:



In most movement activities, muscle 
contraction is neither purely isometric 
nor isotonic. 

Work loops:

Plot the force as a function of length for one cycle of 
length change



Josephson, 1985

- =

Show as length 
vs force cycle

Cyclical contractions - useful transform



So we can see how muscle is a motor...

Dickinson et al, 2000, Science

be estimated from their muscle length and
cross-sectional area (112–114). Even for swim-
ming scallops, a simple locomotor system in-
volving one joint and a single power muscle
(Fig. 3A), comparison of in vitro and in vivo
muscle performance is complicated by hydro-
dynamic effects and remains controversial
(108, 115, 116). Given advances in transducer
technology, the number of preparations in
which it is possible to measure in vivo work
loops should increase in coming years, expand-
ing even further our understanding of muscle’s
diverse roles in locomotion.

Prospective
Integrative and comparative approaches have
identified several general principles of animal
locomotion, which surprisingly, apply to
swimming, flying, and running. The way in
which animals exert forces on the external
world often allows mechanical energy from
one locomotor cycle to be stored and recov-
ered for use in another. The generality of

energy-storage mechanisms in different
modes of locomotion is just beginning to be
explored. Forces lateral to the direction of
movement are often larger than one might
expect for efficient locomotion, but they may
enhance stability, and their modulation is es-
sential for active maneuvers. Mechanisms of
nonsteady locomotion, including starting,
stopping, and turning, are emerging areas of
interest. Technological advances have en-
abled the nascent studies of locomotion in
natural environments and the mechanical in-
teractions of organisms with their environ-
ment. Animals use their musculoskeletal sys-
tems for a variety of behaviors and, as a
consequence, are not necessarily optimized
for locomotion. In nature, unlike in the labo-
ratory, straight-line, steady-speed locomotion
is the exception rather than the rule. Further,
environmental forces make extreme demands
on the musculoskeletal system of some loco-
moting animals. The control system that en-
ables animals to actively steer in the face of

these changing conditions combines both
neural and mechanical feedback with feedfor-
ward control and pattern-generating circuits.
The interface between these modes of control
offers a rich area for exploration. Finally,
methods adapted from muscle physiology,
combined with measurements of locomotor
mechanics, have revealed many mechanical
functions of muscle during locomotion.

The many recent advances in the study
of molecular motors are just beginning to
be integrated into an understanding of lo-
comotion at the cellular scale. Molecular
biology and genetic engineering tech-
niques, such as site-directed mutagenesis,
are already being used to link the structure
of individual molecules to locomotor per-
formance at the organismal level (117,
118). With a more thorough understanding
of muscle function, systems-level control,
interactions with the environment, and en-
ergy transfer acting at the organismal level,
locomotor biomechanics is now poised to

Fig. 3. Muscles can
act as motors, brakes,
springs, and struts.
Muscles that generate
positive power (mo-
tors) during locomo-
tion and the area
within associated work
loops are indicated in
red. Muscles that ab-
sorb power during lo-
comotion (brakes) and
the area within associ-
ated work loops are in-
dicated in blue. Mus-
cles that act as springs
of variable stiffness
are indicated in green.
Muscles that act to
transmit the forces
(struts) are shown in
black. (A) Scallop
swimming provides a
simple example of a
muscle generating posi-
tive work to act as a
motor. The cycle be-
gins in the lower right
corner of the loop, when the gape of the shell is maximal. Activation of the
muscle (indicated in the scallop by the red rectangle) causes a rise in force
and subsequent shortening producing the pressure to drive a jet of water
that propels the animal. At the upper left, the muscle begins to deactivate,
force declines, and shortening continues. In the lower left, the muscle is fully
deactivated and force is minimal. Along the lower border of the loop, the
shells are opened by passive recoil of elastic hinge ligaments. The area
enclosed within the loop is equal to the work done (product of force and
length change) by the muscle during each cycle. The counterclockwise work
loop and red color indicate that the muscle generates positive power during
locomotion. Adapted from (108) with permission from Company of Biolo-
gists Ltd. (B) The pectoralis muscle of birds generates the positive power
required to fly. In pigeons, it has been possible to measure in vivo work loops
with strain gages bonded to bones near the muscle attachment point (force)
and sonomicrometric crystals implanted at the ends of muscle fibers
(length). Adapted from (100) with permission from Company of Biologists
Ltd. (C) In running cockroaches, some muscles that anatomically appear to
be suited for shortening and producing power instead act as brakes and
absorb energy because of their large strains. Adapted from (96) with permis-

sion from Company of Biologists Ltd. (D) In flies, an intrinsic wing muscle
acts to steer and direct the power produced by the primary flight muscles.
Changes in activation phase alter the dynamic stiffness of the muscle and
produce alterations in wing motion. Adapted from figure 11 of “The control
of wing kinematics by two steering muscles of the blowfly (Calliphora
vicina)” (98), copyright Springer-Verlag. (E) In swimming fish, the function of
muscles varies within a tail-beat cycle and has been investigated with a
variety of techniques in a diversity of species. In some fish designs, early in
a beat, the cranial muscle fibers shorten and produce power, which is
transmitted by more caudal muscle fibers acting as struts. As the beat
continues, the fibers that were previously acting as struts change their role
to power-producing motors. The cartoon at the top shows a fish from the
side. Beneath it are views from above the fish at two points in the
tail-beat cycle. Adapted from (123) with permission from Company of
Biologists Ltd. (F) In vivo muscle force and length measurements in
running turkeys indicate a dual role for the gastrocnemius muscle. It
generates positive power during uphill running but acts as a strut during
level running, which allows the springlike tendons to store and recover
energy. Adapted from (106).
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be estimated from their muscle length and
cross-sectional area (112–114). Even for swim-
ming scallops, a simple locomotor system in-
volving one joint and a single power muscle
(Fig. 3A), comparison of in vitro and in vivo
muscle performance is complicated by hydro-
dynamic effects and remains controversial
(108, 115, 116). Given advances in transducer
technology, the number of preparations in
which it is possible to measure in vivo work
loops should increase in coming years, expand-
ing even further our understanding of muscle’s
diverse roles in locomotion.

Prospective
Integrative and comparative approaches have
identified several general principles of animal
locomotion, which surprisingly, apply to
swimming, flying, and running. The way in
which animals exert forces on the external
world often allows mechanical energy from
one locomotor cycle to be stored and recov-
ered for use in another. The generality of

energy-storage mechanisms in different
modes of locomotion is just beginning to be
explored. Forces lateral to the direction of
movement are often larger than one might
expect for efficient locomotion, but they may
enhance stability, and their modulation is es-
sential for active maneuvers. Mechanisms of
nonsteady locomotion, including starting,
stopping, and turning, are emerging areas of
interest. Technological advances have en-
abled the nascent studies of locomotion in
natural environments and the mechanical in-
teractions of organisms with their environ-
ment. Animals use their musculoskeletal sys-
tems for a variety of behaviors and, as a
consequence, are not necessarily optimized
for locomotion. In nature, unlike in the labo-
ratory, straight-line, steady-speed locomotion
is the exception rather than the rule. Further,
environmental forces make extreme demands
on the musculoskeletal system of some loco-
moting animals. The control system that en-
ables animals to actively steer in the face of

these changing conditions combines both
neural and mechanical feedback with feedfor-
ward control and pattern-generating circuits.
The interface between these modes of control
offers a rich area for exploration. Finally,
methods adapted from muscle physiology,
combined with measurements of locomotor
mechanics, have revealed many mechanical
functions of muscle during locomotion.

The many recent advances in the study
of molecular motors are just beginning to
be integrated into an understanding of lo-
comotion at the cellular scale. Molecular
biology and genetic engineering tech-
niques, such as site-directed mutagenesis,
are already being used to link the structure
of individual molecules to locomotor per-
formance at the organismal level (117,
118). With a more thorough understanding
of muscle function, systems-level control,
interactions with the environment, and en-
ergy transfer acting at the organismal level,
locomotor biomechanics is now poised to

Fig. 3. Muscles can
act as motors, brakes,
springs, and struts.
Muscles that generate
positive power (mo-
tors) during locomo-
tion and the area
within associated work
loops are indicated in
red. Muscles that ab-
sorb power during lo-
comotion (brakes) and
the area within associ-
ated work loops are in-
dicated in blue. Mus-
cles that act as springs
of variable stiffness
are indicated in green.
Muscles that act to
transmit the forces
(struts) are shown in
black. (A) Scallop
swimming provides a
simple example of a
muscle generating posi-
tive work to act as a
motor. The cycle be-
gins in the lower right
corner of the loop, when the gape of the shell is maximal. Activation of the
muscle (indicated in the scallop by the red rectangle) causes a rise in force
and subsequent shortening producing the pressure to drive a jet of water
that propels the animal. At the upper left, the muscle begins to deactivate,
force declines, and shortening continues. In the lower left, the muscle is fully
deactivated and force is minimal. Along the lower border of the loop, the
shells are opened by passive recoil of elastic hinge ligaments. The area
enclosed within the loop is equal to the work done (product of force and
length change) by the muscle during each cycle. The counterclockwise work
loop and red color indicate that the muscle generates positive power during
locomotion. Adapted from (108) with permission from Company of Biolo-
gists Ltd. (B) The pectoralis muscle of birds generates the positive power
required to fly. In pigeons, it has been possible to measure in vivo work loops
with strain gages bonded to bones near the muscle attachment point (force)
and sonomicrometric crystals implanted at the ends of muscle fibers
(length). Adapted from (100) with permission from Company of Biologists
Ltd. (C) In running cockroaches, some muscles that anatomically appear to
be suited for shortening and producing power instead act as brakes and
absorb energy because of their large strains. Adapted from (96) with permis-

sion from Company of Biologists Ltd. (D) In flies, an intrinsic wing muscle
acts to steer and direct the power produced by the primary flight muscles.
Changes in activation phase alter the dynamic stiffness of the muscle and
produce alterations in wing motion. Adapted from figure 11 of “The control
of wing kinematics by two steering muscles of the blowfly (Calliphora
vicina)” (98), copyright Springer-Verlag. (E) In swimming fish, the function of
muscles varies within a tail-beat cycle and has been investigated with a
variety of techniques in a diversity of species. In some fish designs, early in
a beat, the cranial muscle fibers shorten and produce power, which is
transmitted by more caudal muscle fibers acting as struts. As the beat
continues, the fibers that were previously acting as struts change their role
to power-producing motors. The cartoon at the top shows a fish from the
side. Beneath it are views from above the fish at two points in the
tail-beat cycle. Adapted from (123) with permission from Company of
Biologists Ltd. (F) In vivo muscle force and length measurements in
running turkeys indicate a dual role for the gastrocnemius muscle. It
generates positive power during uphill running but acts as a strut during
level running, which allows the springlike tendons to store and recover
energy. Adapted from (106).
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... or a brake, spring, or strut

Dickinson et al, 2000, Science

be estimated from their muscle length and
cross-sectional area (112–114). Even for swim-
ming scallops, a simple locomotor system in-
volving one joint and a single power muscle
(Fig. 3A), comparison of in vitro and in vivo
muscle performance is complicated by hydro-
dynamic effects and remains controversial
(108, 115, 116). Given advances in transducer
technology, the number of preparations in
which it is possible to measure in vivo work
loops should increase in coming years, expand-
ing even further our understanding of muscle’s
diverse roles in locomotion.

Prospective
Integrative and comparative approaches have
identified several general principles of animal
locomotion, which surprisingly, apply to
swimming, flying, and running. The way in
which animals exert forces on the external
world often allows mechanical energy from
one locomotor cycle to be stored and recov-
ered for use in another. The generality of

energy-storage mechanisms in different
modes of locomotion is just beginning to be
explored. Forces lateral to the direction of
movement are often larger than one might
expect for efficient locomotion, but they may
enhance stability, and their modulation is es-
sential for active maneuvers. Mechanisms of
nonsteady locomotion, including starting,
stopping, and turning, are emerging areas of
interest. Technological advances have en-
abled the nascent studies of locomotion in
natural environments and the mechanical in-
teractions of organisms with their environ-
ment. Animals use their musculoskeletal sys-
tems for a variety of behaviors and, as a
consequence, are not necessarily optimized
for locomotion. In nature, unlike in the labo-
ratory, straight-line, steady-speed locomotion
is the exception rather than the rule. Further,
environmental forces make extreme demands
on the musculoskeletal system of some loco-
moting animals. The control system that en-
ables animals to actively steer in the face of

these changing conditions combines both
neural and mechanical feedback with feedfor-
ward control and pattern-generating circuits.
The interface between these modes of control
offers a rich area for exploration. Finally,
methods adapted from muscle physiology,
combined with measurements of locomotor
mechanics, have revealed many mechanical
functions of muscle during locomotion.

The many recent advances in the study
of molecular motors are just beginning to
be integrated into an understanding of lo-
comotion at the cellular scale. Molecular
biology and genetic engineering tech-
niques, such as site-directed mutagenesis,
are already being used to link the structure
of individual molecules to locomotor per-
formance at the organismal level (117,
118). With a more thorough understanding
of muscle function, systems-level control,
interactions with the environment, and en-
ergy transfer acting at the organismal level,
locomotor biomechanics is now poised to

Fig. 3. Muscles can
act as motors, brakes,
springs, and struts.
Muscles that generate
positive power (mo-
tors) during locomo-
tion and the area
within associated work
loops are indicated in
red. Muscles that ab-
sorb power during lo-
comotion (brakes) and
the area within associ-
ated work loops are in-
dicated in blue. Mus-
cles that act as springs
of variable stiffness
are indicated in green.
Muscles that act to
transmit the forces
(struts) are shown in
black. (A) Scallop
swimming provides a
simple example of a
muscle generating posi-
tive work to act as a
motor. The cycle be-
gins in the lower right
corner of the loop, when the gape of the shell is maximal. Activation of the
muscle (indicated in the scallop by the red rectangle) causes a rise in force
and subsequent shortening producing the pressure to drive a jet of water
that propels the animal. At the upper left, the muscle begins to deactivate,
force declines, and shortening continues. In the lower left, the muscle is fully
deactivated and force is minimal. Along the lower border of the loop, the
shells are opened by passive recoil of elastic hinge ligaments. The area
enclosed within the loop is equal to the work done (product of force and
length change) by the muscle during each cycle. The counterclockwise work
loop and red color indicate that the muscle generates positive power during
locomotion. Adapted from (108) with permission from Company of Biolo-
gists Ltd. (B) The pectoralis muscle of birds generates the positive power
required to fly. In pigeons, it has been possible to measure in vivo work loops
with strain gages bonded to bones near the muscle attachment point (force)
and sonomicrometric crystals implanted at the ends of muscle fibers
(length). Adapted from (100) with permission from Company of Biologists
Ltd. (C) In running cockroaches, some muscles that anatomically appear to
be suited for shortening and producing power instead act as brakes and
absorb energy because of their large strains. Adapted from (96) with permis-

sion from Company of Biologists Ltd. (D) In flies, an intrinsic wing muscle
acts to steer and direct the power produced by the primary flight muscles.
Changes in activation phase alter the dynamic stiffness of the muscle and
produce alterations in wing motion. Adapted from figure 11 of “The control
of wing kinematics by two steering muscles of the blowfly (Calliphora
vicina)” (98), copyright Springer-Verlag. (E) In swimming fish, the function of
muscles varies within a tail-beat cycle and has been investigated with a
variety of techniques in a diversity of species. In some fish designs, early in
a beat, the cranial muscle fibers shorten and produce power, which is
transmitted by more caudal muscle fibers acting as struts. As the beat
continues, the fibers that were previously acting as struts change their role
to power-producing motors. The cartoon at the top shows a fish from the
side. Beneath it are views from above the fish at two points in the
tail-beat cycle. Adapted from (123) with permission from Company of
Biologists Ltd. (F) In vivo muscle force and length measurements in
running turkeys indicate a dual role for the gastrocnemius muscle. It
generates positive power during uphill running but acts as a strut during
level running, which allows the springlike tendons to store and recover
energy. Adapted from (106).
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be estimated from their muscle length and
cross-sectional area (112–114). Even for swim-
ming scallops, a simple locomotor system in-
volving one joint and a single power muscle
(Fig. 3A), comparison of in vitro and in vivo
muscle performance is complicated by hydro-
dynamic effects and remains controversial
(108, 115, 116). Given advances in transducer
technology, the number of preparations in
which it is possible to measure in vivo work
loops should increase in coming years, expand-
ing even further our understanding of muscle’s
diverse roles in locomotion.

Prospective
Integrative and comparative approaches have
identified several general principles of animal
locomotion, which surprisingly, apply to
swimming, flying, and running. The way in
which animals exert forces on the external
world often allows mechanical energy from
one locomotor cycle to be stored and recov-
ered for use in another. The generality of

energy-storage mechanisms in different
modes of locomotion is just beginning to be
explored. Forces lateral to the direction of
movement are often larger than one might
expect for efficient locomotion, but they may
enhance stability, and their modulation is es-
sential for active maneuvers. Mechanisms of
nonsteady locomotion, including starting,
stopping, and turning, are emerging areas of
interest. Technological advances have en-
abled the nascent studies of locomotion in
natural environments and the mechanical in-
teractions of organisms with their environ-
ment. Animals use their musculoskeletal sys-
tems for a variety of behaviors and, as a
consequence, are not necessarily optimized
for locomotion. In nature, unlike in the labo-
ratory, straight-line, steady-speed locomotion
is the exception rather than the rule. Further,
environmental forces make extreme demands
on the musculoskeletal system of some loco-
moting animals. The control system that en-
ables animals to actively steer in the face of

these changing conditions combines both
neural and mechanical feedback with feedfor-
ward control and pattern-generating circuits.
The interface between these modes of control
offers a rich area for exploration. Finally,
methods adapted from muscle physiology,
combined with measurements of locomotor
mechanics, have revealed many mechanical
functions of muscle during locomotion.

The many recent advances in the study
of molecular motors are just beginning to
be integrated into an understanding of lo-
comotion at the cellular scale. Molecular
biology and genetic engineering tech-
niques, such as site-directed mutagenesis,
are already being used to link the structure
of individual molecules to locomotor per-
formance at the organismal level (117,
118). With a more thorough understanding
of muscle function, systems-level control,
interactions with the environment, and en-
ergy transfer acting at the organismal level,
locomotor biomechanics is now poised to

Fig. 3. Muscles can
act as motors, brakes,
springs, and struts.
Muscles that generate
positive power (mo-
tors) during locomo-
tion and the area
within associated work
loops are indicated in
red. Muscles that ab-
sorb power during lo-
comotion (brakes) and
the area within associ-
ated work loops are in-
dicated in blue. Mus-
cles that act as springs
of variable stiffness
are indicated in green.
Muscles that act to
transmit the forces
(struts) are shown in
black. (A) Scallop
swimming provides a
simple example of a
muscle generating posi-
tive work to act as a
motor. The cycle be-
gins in the lower right
corner of the loop, when the gape of the shell is maximal. Activation of the
muscle (indicated in the scallop by the red rectangle) causes a rise in force
and subsequent shortening producing the pressure to drive a jet of water
that propels the animal. At the upper left, the muscle begins to deactivate,
force declines, and shortening continues. In the lower left, the muscle is fully
deactivated and force is minimal. Along the lower border of the loop, the
shells are opened by passive recoil of elastic hinge ligaments. The area
enclosed within the loop is equal to the work done (product of force and
length change) by the muscle during each cycle. The counterclockwise work
loop and red color indicate that the muscle generates positive power during
locomotion. Adapted from (108) with permission from Company of Biolo-
gists Ltd. (B) The pectoralis muscle of birds generates the positive power
required to fly. In pigeons, it has been possible to measure in vivo work loops
with strain gages bonded to bones near the muscle attachment point (force)
and sonomicrometric crystals implanted at the ends of muscle fibers
(length). Adapted from (100) with permission from Company of Biologists
Ltd. (C) In running cockroaches, some muscles that anatomically appear to
be suited for shortening and producing power instead act as brakes and
absorb energy because of their large strains. Adapted from (96) with permis-

sion from Company of Biologists Ltd. (D) In flies, an intrinsic wing muscle
acts to steer and direct the power produced by the primary flight muscles.
Changes in activation phase alter the dynamic stiffness of the muscle and
produce alterations in wing motion. Adapted from figure 11 of “The control
of wing kinematics by two steering muscles of the blowfly (Calliphora
vicina)” (98), copyright Springer-Verlag. (E) In swimming fish, the function of
muscles varies within a tail-beat cycle and has been investigated with a
variety of techniques in a diversity of species. In some fish designs, early in
a beat, the cranial muscle fibers shorten and produce power, which is
transmitted by more caudal muscle fibers acting as struts. As the beat
continues, the fibers that were previously acting as struts change their role
to power-producing motors. The cartoon at the top shows a fish from the
side. Beneath it are views from above the fish at two points in the
tail-beat cycle. Adapted from (123) with permission from Company of
Biologists Ltd. (F) In vivo muscle force and length measurements in
running turkeys indicate a dual role for the gastrocnemius muscle. It
generates positive power during uphill running but acts as a strut during
level running, which allows the springlike tendons to store and recover
energy. Adapted from (106).
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be estimated from their muscle length and
cross-sectional area (112–114). Even for swim-
ming scallops, a simple locomotor system in-
volving one joint and a single power muscle
(Fig. 3A), comparison of in vitro and in vivo
muscle performance is complicated by hydro-
dynamic effects and remains controversial
(108, 115, 116). Given advances in transducer
technology, the number of preparations in
which it is possible to measure in vivo work
loops should increase in coming years, expand-
ing even further our understanding of muscle’s
diverse roles in locomotion.

Prospective
Integrative and comparative approaches have
identified several general principles of animal
locomotion, which surprisingly, apply to
swimming, flying, and running. The way in
which animals exert forces on the external
world often allows mechanical energy from
one locomotor cycle to be stored and recov-
ered for use in another. The generality of

energy-storage mechanisms in different
modes of locomotion is just beginning to be
explored. Forces lateral to the direction of
movement are often larger than one might
expect for efficient locomotion, but they may
enhance stability, and their modulation is es-
sential for active maneuvers. Mechanisms of
nonsteady locomotion, including starting,
stopping, and turning, are emerging areas of
interest. Technological advances have en-
abled the nascent studies of locomotion in
natural environments and the mechanical in-
teractions of organisms with their environ-
ment. Animals use their musculoskeletal sys-
tems for a variety of behaviors and, as a
consequence, are not necessarily optimized
for locomotion. In nature, unlike in the labo-
ratory, straight-line, steady-speed locomotion
is the exception rather than the rule. Further,
environmental forces make extreme demands
on the musculoskeletal system of some loco-
moting animals. The control system that en-
ables animals to actively steer in the face of

these changing conditions combines both
neural and mechanical feedback with feedfor-
ward control and pattern-generating circuits.
The interface between these modes of control
offers a rich area for exploration. Finally,
methods adapted from muscle physiology,
combined with measurements of locomotor
mechanics, have revealed many mechanical
functions of muscle during locomotion.

The many recent advances in the study
of molecular motors are just beginning to
be integrated into an understanding of lo-
comotion at the cellular scale. Molecular
biology and genetic engineering tech-
niques, such as site-directed mutagenesis,
are already being used to link the structure
of individual molecules to locomotor per-
formance at the organismal level (117,
118). With a more thorough understanding
of muscle function, systems-level control,
interactions with the environment, and en-
ergy transfer acting at the organismal level,
locomotor biomechanics is now poised to

Fig. 3. Muscles can
act as motors, brakes,
springs, and struts.
Muscles that generate
positive power (mo-
tors) during locomo-
tion and the area
within associated work
loops are indicated in
red. Muscles that ab-
sorb power during lo-
comotion (brakes) and
the area within associ-
ated work loops are in-
dicated in blue. Mus-
cles that act as springs
of variable stiffness
are indicated in green.
Muscles that act to
transmit the forces
(struts) are shown in
black. (A) Scallop
swimming provides a
simple example of a
muscle generating posi-
tive work to act as a
motor. The cycle be-
gins in the lower right
corner of the loop, when the gape of the shell is maximal. Activation of the
muscle (indicated in the scallop by the red rectangle) causes a rise in force
and subsequent shortening producing the pressure to drive a jet of water
that propels the animal. At the upper left, the muscle begins to deactivate,
force declines, and shortening continues. In the lower left, the muscle is fully
deactivated and force is minimal. Along the lower border of the loop, the
shells are opened by passive recoil of elastic hinge ligaments. The area
enclosed within the loop is equal to the work done (product of force and
length change) by the muscle during each cycle. The counterclockwise work
loop and red color indicate that the muscle generates positive power during
locomotion. Adapted from (108) with permission from Company of Biolo-
gists Ltd. (B) The pectoralis muscle of birds generates the positive power
required to fly. In pigeons, it has been possible to measure in vivo work loops
with strain gages bonded to bones near the muscle attachment point (force)
and sonomicrometric crystals implanted at the ends of muscle fibers
(length). Adapted from (100) with permission from Company of Biologists
Ltd. (C) In running cockroaches, some muscles that anatomically appear to
be suited for shortening and producing power instead act as brakes and
absorb energy because of their large strains. Adapted from (96) with permis-

sion from Company of Biologists Ltd. (D) In flies, an intrinsic wing muscle
acts to steer and direct the power produced by the primary flight muscles.
Changes in activation phase alter the dynamic stiffness of the muscle and
produce alterations in wing motion. Adapted from figure 11 of “The control
of wing kinematics by two steering muscles of the blowfly (Calliphora
vicina)” (98), copyright Springer-Verlag. (E) In swimming fish, the function of
muscles varies within a tail-beat cycle and has been investigated with a
variety of techniques in a diversity of species. In some fish designs, early in
a beat, the cranial muscle fibers shorten and produce power, which is
transmitted by more caudal muscle fibers acting as struts. As the beat
continues, the fibers that were previously acting as struts change their role
to power-producing motors. The cartoon at the top shows a fish from the
side. Beneath it are views from above the fish at two points in the
tail-beat cycle. Adapted from (123) with permission from Company of
Biologists Ltd. (F) In vivo muscle force and length measurements in
running turkeys indicate a dual role for the gastrocnemius muscle. It
generates positive power during uphill running but acts as a strut during
level running, which allows the springlike tendons to store and recover
energy. Adapted from (106).
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be estimated from their muscle length and
cross-sectional area (112–114). Even for swim-
ming scallops, a simple locomotor system in-
volving one joint and a single power muscle
(Fig. 3A), comparison of in vitro and in vivo
muscle performance is complicated by hydro-
dynamic effects and remains controversial
(108, 115, 116). Given advances in transducer
technology, the number of preparations in
which it is possible to measure in vivo work
loops should increase in coming years, expand-
ing even further our understanding of muscle’s
diverse roles in locomotion.

Prospective
Integrative and comparative approaches have
identified several general principles of animal
locomotion, which surprisingly, apply to
swimming, flying, and running. The way in
which animals exert forces on the external
world often allows mechanical energy from
one locomotor cycle to be stored and recov-
ered for use in another. The generality of

energy-storage mechanisms in different
modes of locomotion is just beginning to be
explored. Forces lateral to the direction of
movement are often larger than one might
expect for efficient locomotion, but they may
enhance stability, and their modulation is es-
sential for active maneuvers. Mechanisms of
nonsteady locomotion, including starting,
stopping, and turning, are emerging areas of
interest. Technological advances have en-
abled the nascent studies of locomotion in
natural environments and the mechanical in-
teractions of organisms with their environ-
ment. Animals use their musculoskeletal sys-
tems for a variety of behaviors and, as a
consequence, are not necessarily optimized
for locomotion. In nature, unlike in the labo-
ratory, straight-line, steady-speed locomotion
is the exception rather than the rule. Further,
environmental forces make extreme demands
on the musculoskeletal system of some loco-
moting animals. The control system that en-
ables animals to actively steer in the face of

these changing conditions combines both
neural and mechanical feedback with feedfor-
ward control and pattern-generating circuits.
The interface between these modes of control
offers a rich area for exploration. Finally,
methods adapted from muscle physiology,
combined with measurements of locomotor
mechanics, have revealed many mechanical
functions of muscle during locomotion.

The many recent advances in the study
of molecular motors are just beginning to
be integrated into an understanding of lo-
comotion at the cellular scale. Molecular
biology and genetic engineering tech-
niques, such as site-directed mutagenesis,
are already being used to link the structure
of individual molecules to locomotor per-
formance at the organismal level (117,
118). With a more thorough understanding
of muscle function, systems-level control,
interactions with the environment, and en-
ergy transfer acting at the organismal level,
locomotor biomechanics is now poised to

Fig. 3. Muscles can
act as motors, brakes,
springs, and struts.
Muscles that generate
positive power (mo-
tors) during locomo-
tion and the area
within associated work
loops are indicated in
red. Muscles that ab-
sorb power during lo-
comotion (brakes) and
the area within associ-
ated work loops are in-
dicated in blue. Mus-
cles that act as springs
of variable stiffness
are indicated in green.
Muscles that act to
transmit the forces
(struts) are shown in
black. (A) Scallop
swimming provides a
simple example of a
muscle generating posi-
tive work to act as a
motor. The cycle be-
gins in the lower right
corner of the loop, when the gape of the shell is maximal. Activation of the
muscle (indicated in the scallop by the red rectangle) causes a rise in force
and subsequent shortening producing the pressure to drive a jet of water
that propels the animal. At the upper left, the muscle begins to deactivate,
force declines, and shortening continues. In the lower left, the muscle is fully
deactivated and force is minimal. Along the lower border of the loop, the
shells are opened by passive recoil of elastic hinge ligaments. The area
enclosed within the loop is equal to the work done (product of force and
length change) by the muscle during each cycle. The counterclockwise work
loop and red color indicate that the muscle generates positive power during
locomotion. Adapted from (108) with permission from Company of Biolo-
gists Ltd. (B) The pectoralis muscle of birds generates the positive power
required to fly. In pigeons, it has been possible to measure in vivo work loops
with strain gages bonded to bones near the muscle attachment point (force)
and sonomicrometric crystals implanted at the ends of muscle fibers
(length). Adapted from (100) with permission from Company of Biologists
Ltd. (C) In running cockroaches, some muscles that anatomically appear to
be suited for shortening and producing power instead act as brakes and
absorb energy because of their large strains. Adapted from (96) with permis-

sion from Company of Biologists Ltd. (D) In flies, an intrinsic wing muscle
acts to steer and direct the power produced by the primary flight muscles.
Changes in activation phase alter the dynamic stiffness of the muscle and
produce alterations in wing motion. Adapted from figure 11 of “The control
of wing kinematics by two steering muscles of the blowfly (Calliphora
vicina)” (98), copyright Springer-Verlag. (E) In swimming fish, the function of
muscles varies within a tail-beat cycle and has been investigated with a
variety of techniques in a diversity of species. In some fish designs, early in
a beat, the cranial muscle fibers shorten and produce power, which is
transmitted by more caudal muscle fibers acting as struts. As the beat
continues, the fibers that were previously acting as struts change their role
to power-producing motors. The cartoon at the top shows a fish from the
side. Beneath it are views from above the fish at two points in the
tail-beat cycle. Adapted from (123) with permission from Company of
Biologists Ltd. (F) In vivo muscle force and length measurements in
running turkeys indicate a dual role for the gastrocnemius muscle. It
generates positive power during uphill running but acts as a strut during
level running, which allows the springlike tendons to store and recover
energy. Adapted from (106).
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be estimated from their muscle length and
cross-sectional area (112–114). Even for swim-
ming scallops, a simple locomotor system in-
volving one joint and a single power muscle
(Fig. 3A), comparison of in vitro and in vivo
muscle performance is complicated by hydro-
dynamic effects and remains controversial
(108, 115, 116). Given advances in transducer
technology, the number of preparations in
which it is possible to measure in vivo work
loops should increase in coming years, expand-
ing even further our understanding of muscle’s
diverse roles in locomotion.

Prospective
Integrative and comparative approaches have
identified several general principles of animal
locomotion, which surprisingly, apply to
swimming, flying, and running. The way in
which animals exert forces on the external
world often allows mechanical energy from
one locomotor cycle to be stored and recov-
ered for use in another. The generality of

energy-storage mechanisms in different
modes of locomotion is just beginning to be
explored. Forces lateral to the direction of
movement are often larger than one might
expect for efficient locomotion, but they may
enhance stability, and their modulation is es-
sential for active maneuvers. Mechanisms of
nonsteady locomotion, including starting,
stopping, and turning, are emerging areas of
interest. Technological advances have en-
abled the nascent studies of locomotion in
natural environments and the mechanical in-
teractions of organisms with their environ-
ment. Animals use their musculoskeletal sys-
tems for a variety of behaviors and, as a
consequence, are not necessarily optimized
for locomotion. In nature, unlike in the labo-
ratory, straight-line, steady-speed locomotion
is the exception rather than the rule. Further,
environmental forces make extreme demands
on the musculoskeletal system of some loco-
moting animals. The control system that en-
ables animals to actively steer in the face of

these changing conditions combines both
neural and mechanical feedback with feedfor-
ward control and pattern-generating circuits.
The interface between these modes of control
offers a rich area for exploration. Finally,
methods adapted from muscle physiology,
combined with measurements of locomotor
mechanics, have revealed many mechanical
functions of muscle during locomotion.

The many recent advances in the study
of molecular motors are just beginning to
be integrated into an understanding of lo-
comotion at the cellular scale. Molecular
biology and genetic engineering tech-
niques, such as site-directed mutagenesis,
are already being used to link the structure
of individual molecules to locomotor per-
formance at the organismal level (117,
118). With a more thorough understanding
of muscle function, systems-level control,
interactions with the environment, and en-
ergy transfer acting at the organismal level,
locomotor biomechanics is now poised to

Fig. 3. Muscles can
act as motors, brakes,
springs, and struts.
Muscles that generate
positive power (mo-
tors) during locomo-
tion and the area
within associated work
loops are indicated in
red. Muscles that ab-
sorb power during lo-
comotion (brakes) and
the area within associ-
ated work loops are in-
dicated in blue. Mus-
cles that act as springs
of variable stiffness
are indicated in green.
Muscles that act to
transmit the forces
(struts) are shown in
black. (A) Scallop
swimming provides a
simple example of a
muscle generating posi-
tive work to act as a
motor. The cycle be-
gins in the lower right
corner of the loop, when the gape of the shell is maximal. Activation of the
muscle (indicated in the scallop by the red rectangle) causes a rise in force
and subsequent shortening producing the pressure to drive a jet of water
that propels the animal. At the upper left, the muscle begins to deactivate,
force declines, and shortening continues. In the lower left, the muscle is fully
deactivated and force is minimal. Along the lower border of the loop, the
shells are opened by passive recoil of elastic hinge ligaments. The area
enclosed within the loop is equal to the work done (product of force and
length change) by the muscle during each cycle. The counterclockwise work
loop and red color indicate that the muscle generates positive power during
locomotion. Adapted from (108) with permission from Company of Biolo-
gists Ltd. (B) The pectoralis muscle of birds generates the positive power
required to fly. In pigeons, it has been possible to measure in vivo work loops
with strain gages bonded to bones near the muscle attachment point (force)
and sonomicrometric crystals implanted at the ends of muscle fibers
(length). Adapted from (100) with permission from Company of Biologists
Ltd. (C) In running cockroaches, some muscles that anatomically appear to
be suited for shortening and producing power instead act as brakes and
absorb energy because of their large strains. Adapted from (96) with permis-

sion from Company of Biologists Ltd. (D) In flies, an intrinsic wing muscle
acts to steer and direct the power produced by the primary flight muscles.
Changes in activation phase alter the dynamic stiffness of the muscle and
produce alterations in wing motion. Adapted from figure 11 of “The control
of wing kinematics by two steering muscles of the blowfly (Calliphora
vicina)” (98), copyright Springer-Verlag. (E) In swimming fish, the function of
muscles varies within a tail-beat cycle and has been investigated with a
variety of techniques in a diversity of species. In some fish designs, early in
a beat, the cranial muscle fibers shorten and produce power, which is
transmitted by more caudal muscle fibers acting as struts. As the beat
continues, the fibers that were previously acting as struts change their role
to power-producing motors. The cartoon at the top shows a fish from the
side. Beneath it are views from above the fish at two points in the
tail-beat cycle. Adapted from (123) with permission from Company of
Biologists Ltd. (F) In vivo muscle force and length measurements in
running turkeys indicate a dual role for the gastrocnemius muscle. It
generates positive power during uphill running but acts as a strut during
level running, which allows the springlike tendons to store and recover
energy. Adapted from (106).
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An aside, measuring muscle force in vivo

Biewener et al, 1988



Ca2+ pumping and diffusion limits

Impulses create 
twitches which can sum

Syme and Josephson, 2002 Int Comp Bio

But pumping Ca2+ 
takes time, energy

But pumping Ca2+ 

Asynchronous muscle gets 
around that limit, but only 

near tuned frequencies



Asynch beats the SR limit on speed

Asynchronous - 2% SR Synchronous - 10% SR



Muscle	cells	are	constant	volume!	
H:	As	muscle	shortens,	lattice	spacing	should	increase	
(inversely	with	the	square	root	of	length).	
Yes:	Cross-bridges	would	need	to	reach	a	greater	distance	for	
actin	binding? No:	Fluid	would	move	out	of	the	lattice?



Available now. LINEAR MOTOR.*  
Rugged and dependable: design optimized by world-wide field testing over an extended 

period.  
All models offer the economy of "fuel cell" type energy conversion and will run on a wide 

range of commonly available fuels.  
Low stand-by power, but can be switched within msecs to as much as 1 kW/kg (peak, dry).  
Modular construction, and wide range of available subunits, permit tailor-made solutions to 

otherwise intractable mechanical problems 

Choice of two control systems: 
(1) Externally triggered mode. Versatile, general-purpose units. Digitally controlled by 

picojoule pulses. Despite low input energy level, very high signal-to-noise ratio. Energy 
amplification 106 approx. Mechanical characteristics: (1 cm modules) max. speed 
optional between 0.1 and 100 mm/sec. Stress generated: 2 to 5 x 105 N/m2. 

 (2) Autonomous mode with integral oscillators. Especially suitable for pumping 
applications. Modules available with frequency and mechanical impedance appropriate 
for: 

   (a) Solids and slurries (0.01-1.0 Hz) 
   (b) Liquids (0.5-5 Hz): lifetime 2.6 x 109 operations (typical) 3.6 x 109 (maximum) 

independent of frequency 
   (c) Gasses (50-1,000 Hz) 

Many options: e.g., built-in servo (length and velocity) where fine control is required. Direct 
piping of oxygen. Thermal generation, etc. 

Good to eat.  


