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The white muscle fibers, by contrast, run in a helical
orientation with respect to the long axis of the fish.

As predicted by Alexander [1] and experimentally
verified by Rome and Sosnicki [48], the helical orienta-
tion endowed the white fibers with a 4-fold higher gear
ratio than the red fibers (i.e. the white muscle can
produce a given backbone curvature while undergoing
only 1/4 of the SL excursion). Thus to power this most
extreme movement of fish, on average the white muscle
must shorten to a SL of 1.82 mm and at this SL the
muscle generates about 92% maximal force [48].

As shown above, the myofilament overlap is never
far from its optimal level even in the most extreme
movements. It appears, therefore, that animals are de-
signed in such a way that no matter what the move-
ment, the muscles used generate nearly optimal forces.

Fig. 4. Design constraint 1-Myofilament overlap. During all move-
ments, muscle is used at nearly optimal myofilament overlap. During
steady swimming (A), carp use red muscle over a SL of 1.91–2.23
mm, where no less than 96% maximal tension is generated. If the red
muscle had to power the more extreme escape response (B), it would
have to shorten to 1.4 mm where it generates little tension and can be
damaged. Instead the white muscle which has a 4×greater gear ratio
is used. In the posterior region of the fish, the white muscle shortens
to only 1.75 mm, where at least 85% maximal tension is generated. In
the rest of the fish the excursion is smaller (average 1.82 mm) and the
force higher (average 92%). Reproduced from [26].

Fig. 3. Electromyograms from red (R) and white (W) muscle of carp
swimming at 10 and 20°C. From [12].

As such, myofilament overlap can be considered a
design constraint (i.e. a part of the system that is kept
constant). Given the movements that fish need to make,
two design parameters (fiber gear ratio and myofila-
ment lengths) are adjusted during evolution such that
the muscle fibers being used always operate at near
maximal myofilament overlap and force generation
[44,48].

6.2. V/Vmax

The two main fiber types in fish, red muscle and
white muscle, have different Vmax values in addition to
the aforementioned different gear ratios (N.B., pink
muscle is abundant in some species, has intermediate
properties and appears to follow the same set of design
rules [10]). The first question which was asked is why


