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ABSTRACT

MEASUREMENT OF PULSE PROPAGATION

IN SINGLE PERMEABILIZED MUSCLE

FIBERS BY OPTICAL DIFFRACTION

by
Robert Glenn Dennis

Chair:   John A. Faulkner

The advent of tissue engineering has necessitated the characterization of the viscoelastic

behavior of structural tissues of the body, including skeletal muscle.  The purpose was to test the

hypotheses that the viscoelastic behavior of relaxed and partially activated single muscle fibers is

dependent upon strain pulse amplitude and strain rate.  The instrumentation to test this hypothesis was

designed and built.  Chemically permeabilized single muscle fibers from soleus muscles of male F344

rats were tested in the relaxed and partially activated condition at 15 °C.  The first order optical

diffraction pattern was detected at two positions along single muscle fibers.  A servo motor imposed

single longitudinal strain pulses on the fibers.  Data were analyzed to determine the pulse propagation

velocity and attenuation coefficient.  The pulse velocity and the attenuation coefficient were measured

for strain pulse amplitudes from 0.5% to 10%, and pulse frequencies from 250 Hz to 2 kHz.  During

shortening pulses of both relaxed and partially activated fibers, buckling of fibers prevented analysis of

the data.  Under all other conditions, the attenuation coefficient was negligible.  For both relaxed and

partially activated muscle fibers, the maximum pulse propagation velocity occurred at strain amplitudes

of from 1% to 5%.  The peak velocity represents a 9- to 25-fold increase in the elastic modulus when



compared with the elastic modulus for strain pulse amplitudes both below and above 1% to 5% strain.  In

both relaxed and partially activated muscle fibers, the repeated emergence and disappearance of a peak

stiffness with increasing strain pulse amplitude suggested a phenomenon of recoverable yield.  The

recoverable yield was hypothesized to result from the attachment and detachment under strain of weakly-

bound cross-bridges.  The phenomenon of "steps and pauses" observed in every sarcomere length-time

record was hypothesized to be caused by an optical artifact.  The source of the artifact was identified as

interference from scattering sources in the optical path.  The instrumentation was modified by employing

a diode laser module with reduced coherence length.  The modification eliminated the artifact and

permitted more accurate measurements of strain pulse amplitude.
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CHAPTER  I

INTRODUCTION

Structural and functional properties of the skeletal muscles and skeletal muscle fibers have been

studied in great detail.  The studies have focused largely on the traditional aspects of structure/function

relationships, which include length-tension, cross-sectional area-force, mass-power, and length-velocity

(Woledge et al., 1985).  These relationships are useful in the explanation of the dependency of function

on specific structural properties of muscle.  Despite the wealth of knowledge regarding structure/function

relationships, the advent of musculoskeletal tissue engineering requires a full understanding of the

nontraditional mechanical properties of muscle tissue.  Of these, the most important is viscoelasticity

because viscoelasticity describes muscle as a material with a stress-strain relationship that is time and

strain-rate dependent (Fung, 1993).

Early attempts to describe the stress-strain behavior of muscle tissue usually relied upon the

assumption that the muscle tissue specimen under study exhibited primarily linear elastic deformation

behavior (Schoenberg et al., 1974; Hasan and Mason, 1978).  The assumption was that the viscous

effects were negligible.  This assumption is implicit in the large body of literature on muscle mechanics

that deals with measurements of muscle stiffness.  In the context of muscle physiology, stiffness is to be

distinguished from the clinically recognized syndrome of "muscle stiffness", the latter being a sensation

rather than a structural property.  In physiological usage, the word stiffness refers to the elastic behavior

of a solid object in which the stiffness is defined as the applied load divided by the resulting deformation.



Alternatively, muscle stiffness is defined as the ratio of the change in stress divided by the resulting

change in strain of a skeletal muscle or fiber under otherwise fixed conditions.  The use of stiffness

measurements alone to describe the stress-strain relationship in muscle tissue involves two fundamental

assumptions.  First, that the viscous behavior of the muscle tissue is negligible, and second, that the

stress/strain relationship is linear.  With these two assumptions, stiffness measurements of muscle tissue

are a simplification of the more complete description afforded by measurements of viscoelasticity and

non-linear elastic behavior.

Several methods for measuring the viscoelasticity of muscle fibers have been reported (Ford, et

al, 1981; Dortmans et al., 1984; Blange and Stienen, 1985; De Winkel et al, 1993; De Winkel et al.,

1994).  Each of the methods has limitations.  For example, typical models of muscle tissue viscoelasticity

frequently assume linear elastic and viscous behavior, with a stable, homogeneous microstructure of the

muscle fiber.  Although these models explain some of the viscoelastic properties of muscle, they lack the

sophistication necessary to explain more complex behavior, such as structural instability during

activation and mechanisms of focal injury to individual sarcomeres.  One of the primary obstacles to the

development of adequate models of viscoelasticity for muscle is the lack of detailed and accurate data

which relate the stress to the time-resolved local strain state within a muscle fiber, without assumptions

of linearity or longitudinal homogeneity.  The purpose of the present work was to develop an apparatus

and methodology for the measurement of the viscoelastic properties of single muscle fibers in both the

relaxed and activated state that were free of the unrealistic assumptions of linear mechanical behavior

and structural homogeneity.  Such an apparatus could be used for measuring the viscoelasticity of single

muscle fibers as well as for studying the dynamics of small groups of sarcomeres during stretches that

result in contraction-induced injury.



The viscoelastic behavior of a whole muscle depends upon the diverse viscoelastic behaviors of

the large numbers of individual muscle fibers of which the whole muscle is composed.  Therefore,

models of whole muscle viscoelasticity must be based upon the behavior of microstructural elements at

the level of individual muscle fibers.  For this reason, most recent investigations in muscle tissue

viscoelasticity have focused on the viscoelasticity of single fibers. Consequently, throughout the

remainder of this document, muscle tissue viscoelasticity will be discussed in the context of a single

muscle fiber.

Structure/Function Relationships in Skeletal Muscle

General Structure and Function of Muscle

The traditional view of muscle function is of muscle fibers as generators of force.  Although not

incorrect, this view is incomplete.  An alternative view is that the function of muscle fibers includes that

of a structural material which, with activation, is capable of undergoing rapid and dramatic changes in its

material properties.  Chemical changes within muscle fibers lead to activation and force generation which

is traditionally viewed as the primary function of muscle (Woledge et al., 1985).  The structural changes

at the level of the sarcomere, which are the direct result of activation, also have dramatic affects on the

viscoelasticity of muscle tissue.  The changes in the length and material properties of muscle fibers

provide the musculoskeletal system with a mechanism whereby fibers may undergo changes in both their

shape and their rigidity.  To understand the changes in the material properties of muscle tissue, the

structural level at which the changes in the material properties occur must be considered.  The

hierarchical structure of muscle tissue from the sarcomere to that of the level of the fiber, or individual

muscle cell, is illustrated schematically in Figure 1.1.



The fundamental contractile unit of muscle, the sarcomere, is the repeating unit in each

myofibril, delimited by the Z disks.  Skeletal muscles are composed of bundles of multinucleated fibers

which vary in diameter from about 25 µm to 100 µm.  Within each muscle fiber, electron micrographs

reveal bundles of filaments which run axially from one end of the fiber to the other which are termed

myofibrils.  Skeletal muscle fibers have a banding pattern, or striation pattern, which arises from the

highly organized subcellular contractile proteins, actin or thin filaments and myosin or thick filaments.

When a muscle fiber is viewed under polarized light, the wide dark striations are the regions containing

the lattice of myosin and actin filaments which interdigitate with each other.  These dark regions are

termed the A band.  The anisotropic optical properties of the A band cause the region to appear dark

when viewed with polarized light.  The light striations are areas of the myofibril which contain thin, but

no thick, filaments and are termed the I band.  This region is optically isotropic and thus appears light

when viewed under polarized light.  Near the center of each I band is the Z disk or Z line.  When viewed

under polarized, light the Z line appears as a narrow dark line in the center of the I band (Berne and

Levy, 1988).

The function of muscle is to transform chemical energy into mechanical force and work.  The

forces transmitted through tendons and bone provide support for the body parts.  Concurrently, the work

done by muscles produces torques about joints and movements of limbs and other body parts.  Skeletal

muscles exert force and do work on the external environment, but the external environment also exerts

forces and performs work on the skeletal muscles.  The interaction between muscle and its environment

result in three types of contractions.  When a muscle fiber is activated the tendency is for the fiber to

shorten.  What actually happens to the length of a muscle fiber when it is activated depends upon the

interaction between the force developed by the muscle fiber and the load placed upon the fiber by the



environment.  If the muscle fiber produces a force greater than that imposed upon it by the external

environment, the fiber will shorten and this type of contraction is termed miometric .  When an activated

muscle fiber exerts a force equal to the tensile force exerted on the muscle by the environment, the

muscle length remains the same and the contraction is termed isometric .  In the case that the external

force on the muscle is greater than the force generated by the muscle, the muscle will be lengthened, and

the contraction is termed pliometric .  With the same level of activation, miometric contractions produce

forces less than those produced by isometric contractions, and pliometric contractions produce forces up

to two-fold larger than the isometric force (Close, 1972).

The Contractile Proteins

The sliding filament, or cross-bridge theory is the generally accepted theory of muscle

contraction (Huxley and Niedergerke, 1954; Huxley and Hanson, 1954; Huxley, 1957).  This theory

relates the function to the protein structure of the sarcomere.  The contractile proteins within a fiber

consist of the thin filaments, actin, and the thick filaments, myosin.  These filaments interdigitate with

one another (Figure 1.1).  During a miometric contraction, the sliding filament theory states that actin and

myosin slide past one another to overlap more as the sarcomere shortens, or to overlap less during a

pliometric contraction as the sarcomere lengthens.  The sliding filament theory is based on the premise

that during changes in the length of the sarcomere the length of the actin and myosin filaments remains

constant.

With muscle activation, a change occurs in the chemical interaction between the actin and

myosin filaments within sarcomeres.  The S-1 or head portion of the myosin molecule protrudes laterally

from the thick filament.  Each myosin molecule has two globular heads which may, in the presence of



Ca++, attach to binding sites along the actin thin filament, forming an actomyosin complex or cross-

bridge.  An ATP molecule binds to the S-1 fragment and is hydrolyzed within the actomyosin complex to

form ADP and inorganic phosphate.  The chemical energy from this hydrolysis is transformed into

mechanical energy at the cross-bridge, through processes not completely understood.  These processes

involve a conformational change in the attached cross-bridge which results in a force between the thick

and thin filaments that slides the filaments past each other to shorten the sarcomere.  In the presence of

ATP and free calcium ions, the cross-bridge then detaches and reattaches at another binding site on the

thin filament.  During activation a continuous cycling of cross-bridges occurs from unbound, to weakly

bound, to strongly bound, through the driving stroke.  The cycle finishes with a strongly bound cross-

bridge detaching or returning to the weakly bound state (Goldman, 1987b).  In living muscle, this process

occurs rapidly, on the order of 150 or more cycles per second, and a sliding distance of about 10 to 20 nm

per half sarcomere can be achieved for each interaction (Piazzesi, Linari & Lombardi, 1993; Toyoshima

et al., 1990; Huxley and Simmons, 1971).

For a given level of activation, the maximum force that can be generated by a muscle fiber

depends upon the degree of overlap of the thick and thin filaments.  Optimal overlap is species

dependent, but occurs at a sarcomere length of approximately 2.6 microns for skeletal muscles of rats

(Stephenson & Williams, 1982).  This optimal overlap is referred to as optimal length (Lo).  In the

absence of any external tensile load the activated muscle fiber will shorten until the thin filaments begin

to interdigitate with each other.  At a sarcomere length of about 1.6 microns, the thin filaments (Figure

1.1) from each half of the sarcomere will come into contact with each other at the M line, and the thick

filaments will very nearly be in contact with the Z line at each end.



For both activated and relaxed fibers, if a single sarcomere is lengthened by approximately 55%

beyond optimal length, the thick and thin filaments will be pulled beyond overlap, at least on one side of

the sarcomere (Brooks and Faulkner, 1995; Woledge, Curtin & Homsher, 1985; Higuchi et al., 1988).  At

a sarcomere lengths greater than 3.9 microns no active force can be generated because the thick and thin

filaments no longer interdigitate, so no cross-bridges can be formed.  The optimal sarcomere length for

the development of force is near the center of the length-tension curve and deviations from the plateau in

either direction result in lower forces.  Furthermore, the activated cross-bridges in each half of the

sarcomere attempt to pull the thick filament toward their respective Z-lines.  The symmetry of the

sarcomere depends upon the stability of the thick filament in the center of the sarcomere.

Non-Contractile Structural Proteins in Muscle

In addition to the contractile proteins, actin and myosin, several filamentous proteins closely

associated with the sarcomere are important during sarcomere development and for structural

stabilization of the mature sarcomere.  Notable among these are titin and nebulin, which have recently

been incorporated into the existing two-filament sliding system of the sarcomere (Labeit and Kolmerer,

1995), and now are considered part of the four filamentous systems in the sarcomere (Granzier and

Wang, 1993b).

Nebulin is one of a family of giant proteins ranging from 0.7 to 0.9 MDa in molecular mass.

Nebulin is inextensible and is considered to be an integral part of the thin filaments of skeletal muscle

fibers (Wang and Wright, 1988).  Because nebulin is inextensible and is closely associated with the thin

filament, nebulin is not thought to contribute to the passive elasticity of muscle, but is thought to act as a



template or scaffold for the assembly of the thin filament during muscle fiber development (Granzier and

Wang, 1993b).

Titin is a very large (molecular mass ~ 3 MDa) single-peptide filamentous protein (Higuchi,

Nakauchi, Maruyama and Fujime, 1993), greater than one micron in length.  The structural role of titin

(also called connectin) includes the maintenance of the longitudinal symmetry of the sarcomere, and the

provision of passive elasticity to muscle tissue (Barinaga, 1995).  The N-terminus of titin is connected to

the Z-line and the C-terminus is connected to the thick filament at the M-line of the sarcomere (Wang,

Sun and Jeng, 1991; Barinaga, 1995; Labeit and Kolmerer, 1995).  Several isoforms of titin are known to

exist, and these may be expressed selectively by muscle fibers to produce differing elastic properties and

resting forces (Horowitz, 1992; Labeit and Kolmerer, 1995).  Approximately one-third of the titin

molecule functions as an elastic linkage between the Z-line and the distal end of the thick filament

(Trinick, 1992; Labeit and Kolmerer, 1995).  The elastic region of the titin molecule can return to its

original shape after strains of up to 400% (Soteriou, Clarke, Martin and Trinnick, 1993).  This region

contains a newly-identified structural motif, known as the PEVK sequence, which may be responsible for

the passive elastic properties of skeletal and cardiac muscle tissue.  Labeit and Kolmerer (1995) postulate

that the PEVK sequence can be differentially spliced into the I-band titin molecule to provide tissue-

specific passive elasticity in skeletal muscle.  Correlations between the length of the PEVK sequence and

the elasticity of a variety of muscle tissues of differing elasticity support this hypothesis.

As the sarcomere is stretched to a length of 3.8 microns, near the point at which a loss of thick

and thin filament overlap occurs, a portion of the titin molecule that lies along the thick filament may be

released from its anchor point at the end of the thick filament, thus increasing the extensible length of the

titin molecule, reducing the passive stiffness of the muscle fiber and shifting the yield point to a longer



sarcomere length (Wang, McCarter, Wright, Beverly and Ramirez-Mitchell, 1993 and 1991).  In this

way, titin may act as a non-linear (exponential), dual-stage molecular spring.  Protein filaments outside

the sarcomere apparently only begin to contribute significantly to passive force at sarcomere lengths

greater then 4.5 microns (Wang, et al.  1993).  Titin may have an inelastic domain near the Z-line, which

interacts with the thin filaments (Trombitas, Pollack, Wright and Wang, 1993; Trombitas and Pollack,

1993).

Titin also plays an important role in the stability and function of muscle tissue in the active

state.  Disruption or chemical digestion of titin results in a reduction of maximum active force because of

the resultant disordering of the sarcomere.  Specifically, the thick filament will be pulled toward one Z-

line or the other, thus losing overlap with the thin filaments in the other half of the sarcomere.  In this

way, the mechanical properties of titin can be seen to have importance in both the passive and the active

states by contributing to the symmetry and stability of the sarcomere structure. (Labeit and Kolmerer,

1995; Higuchi, 1992; Horowitz & Podolsky, 1987).

Cross-bridge States

Although titin contributes to the elastic properties of the sarcomere by acting as a passive spring

at each end of the thick filament, the viscoelasticity of a muscle fiber will depend predominantly upon

the state of the cross-bridges.  During activation, a continuous cycling of cross-bridges occurs from

unbound, to weakly bound, to strongly bound, through the driving stroke, and finishing with a strongly

bound cross-bridge detaching or returning to the weakly bound state (Goldman, 1987b).

Only strongly bound cross-bridges in the driving stroke can contribute to force development

during isometric or miometric contractions.  In contrast, during pliometric contractions force may also be



generated by the negative strain on weakly-bound cross-bridges and by strongly-bound cross-bridges

which are not in the driving stroke (Huxley, 1980).  The relatively stiff elastic properties of strongly-

attached cross-bridges have been studied in detail (Ford et al., 1981).  In the weakly-bound state, the

cross-bridges form tenuous and non-active force producing interactions between the thick and thin

filaments (Brenner, 1986).  The contribution of weakly-bound cross-bridges to muscle viscoelasticity

have not been investigated fully.

Although weakly-bound cross-bridges do not generate active force or perform mechanical work,

weakly-bound cross-bridges may influence the mechanical properties of the sarcomere.  The attachment

of cross-bridges may be weak, but many weakly-bound cross-bridges may exist, acting in parallel and

series.  Thus, in the passive state, the effect of weakly-bound cross-bridges on the mechanical properties

of muscle fibers may be significant.  Under most conditions, weakly-bound cross-bridges are difficult to

detect directly (Bagni, Cecchi, Colomo & Garzella, 1994 and 1995; Brenner & Eisenberg, 1987).  The

existence of weakly-bound cross-bridges is strongly suggested by the in vitro  binding of actin to myosin

in the absence of Ca++, and the observation that the stiffness of relaxed muscle fibers under high strain

rate conditions depends in part on the thick and thin filament overlap (Brenner, Schoenberg, Chalovich,

Greene & Eisenberg, 1982).  In addition, the number of weakly-bound cross-bridges appears to increase

with increased ionic strength (Granzier and Wang, 1993a and 1993b; Brenner, et al., 1982; Schoenberg,

1988).  The relative contributions to muscle stiffness of titin and weak cross-bridges has been reported by

Granzier and Wang (1993b) by the use of caldesmon to inhibit thick and thin filament interactions.

With varying levels of activation, muscle tissue has the ability to rapidly change its mechanical

properties over a far greater magnitude and more rapidly than any other biological material.  At any level

of activation, the mechanical properties of a muscle fiber differ dramatically from the properties of the



same muscle fiber when it is fully relaxed.  Consequently, a fully relaxed muscle fiber must be

considered to be a material quite structurally distinct from a muscle fiber at any level of activation.

Cross-bridge formation during activation of the muscle results in a large number of relatively stiff and

inextensible connections between the thick filament and the adjacent thin filaments.  This, in effect,

provides a stiff mechanical force shunt which acts in parallel with the much less stiff and much more

extensible titin molecule.  In addition, weak interactions between thick and thin filaments may be

supplanted by strong interactions during activation.  This can be viewed as reversible chemical cross-

linking within the muscle fiber which would be expected to strongly influence the mechanical properties

of muscle when considered as a polymeric material.  The change in the intrinsic material properties of

muscle tissue, as opposed to the generation of force, has been postulated to contribute to the control of

movement of the entire organism through control of antagonistic muscles by variation of the mechanical

impedance of the muscles which interact during movement (Oguztoreli and Stein, 1991).  Aside from the

generation of force, the fact that the material properties of muscle tissue change with activation has

importance in studies of all physical activities, changes in the musculoskeletal system with age, and

contraction-induced injury.

Viscoelasticity of Muscle Tissue

General Description of Viscoelasticity

Viscoelasticity is the term used to denote the behavior of materials which when subjected to a

stress undergo both elastic strain and viscous flow (Van Vlack, 1980).  All materials, including biological

tissues, demonstrate some degree of viscoelasticity, and therefore exhibit time-dependent stress-strain

relationships, which include stress relaxation, creep, and hysteresis .  Stress relaxation  results if a tissue



is subjected to a constant strain and the stresses induced in the tissue decrease with time.  Creep  results if

a tissue is subjected to a constant stress (or load) and the tissue deforms with time.  Hysteresis  occurs

when the stress-strain relationship during loading is different from that during unloading (Fung, 1993).

The consequence of viscoelastic behavior of a tissue is that the stress-strain relationship will depend upon

strain rate and loading history.

An understanding of muscle tissue viscoelasticity is required in order to understand how muscle

tissue will respond to the application of mechanical stress.  The importance of understanding the

viscoelasticity of muscle is demonstrated by the usefulness of one specific aspect of the viscoelasticity,

muscle stiffness, in muscle mechanics research.  Stiffness measurements of muscle have been used to

determine the number of strongly attached cross-bridges during steady state contractions (Ford, et al.,

1981; Ford, et al., 1986; Huxley and Simmons, 1971; Julian and Morgan, 1981; Tawada and Kimura,

1984; Metzger and Moss, 1990).  Stiffness measurements were used because of the simplicity of both the

experimental method and the analysis of the data, when compared with the measurement of the

viscoelastic behavior.  Viscoelasticity provides a more rigorous and complete description of the dynamic

stress-strain behavior of a living tissue than stiffness.  The advantage of viscoelasticity compared with

stiffness assessment is that viscoelasticity includes the effects of strain rate (Fung, 1993).  The

measurement of stiffness of muscle without considering the effects of strain rate results in an incomplete

picture because the viscoelasticity is described at only one point within a continuum of mechanical strain

frequency and amplitude.

Models of Viscoelasticity



For mathematical convenience, the viscoelastic behavior of materials is based on one of the

three general models (Figure 1.2) or on variations of these three models (Fung, 1993).  These models

provide a schematic representation of a material system which may be modeled conveniently, yet which

incorporates many of the real behaviors of viscoelastic solids, hysteresis, stress relaxation, and creep

(Fung, 1993, pg. 41).  These three models are widely employed in the modeling of biological tissues, yet

they suffer from severe limitations when applied to muscle tissue.  The most obvious limitation is the

assumption of linear elasticity either in parallel or in series with a linear damper.  The nonlinearity of the

elastic components in muscle tissue has been demonstrated repeatedly (Labeit and Kolmerer, 1995;

Granzier and Wang, 1993a and 1993b).  The existence of elastic nonlinearity of tissues is generally

accepted, though often neglected because of the intractability of non-linear mathematical models.  This is

only the most obvious limitation of the simple models of viscoelastic solids.  The most serious limitation,

suggested by the microstructure of muscle tissue, is that the elastic and viscous behavior originates at the

level of the sarcomere.  Substantial evidence supports the premise that all sarcomeres within a fiber are

not equivalent in structure or function (Huxley and Peachey, 1961; Julian and Morgan, 1979; Julian and

Morgan, 1981; Burton et al., 1989; Morgan, 1990; Macpherson and Faulkner, 1996).  In fact, some of the

important mechanical responses of muscle are related directly to the fact that sarcomeres are different in

their viscoelastic properties (Macpherson and Faulkner, 1996).  Thus, to represent even a few millimeters

of a muscle fiber length adequately the elements in each of the viscoelasticity models (Figure 1.2) must

be repeated in series many times with varying quantities assigned to each of the parameters.

In addition to the viscoelastic properties intrinsic to each sarcomere, each sarcomere has built-in

mechanical limits, such as the limited throw of a cross-bridge during its driving stroke which becomes

evident during rapid length steps, and non-linear elastic regions which are evident during lengthening of



relaxed fibers (Granzier and Wang, 1993b).  This poses a considerable challenge to those who would use

such simplified models to characterize the viscoelastic behavior of muscle tissue.  The problem becomes

even more clear when one attempts to use experimental data on the viscoelasticity of muscle tissue to

quantify the parameters in each of the viscoelasticity models.  Nonetheless, muscle tissue is a physical

material, and an accurate description of the stress-strain relationship for the full physiological range of

muscle states is critical.  Therefore, attempts to measure muscle tissue viscoelasticity must meet two

stringent criteria.  First, the experimental method must not be based upon assumptions, implicit or

explicit, which undermine the real behavior of muscle tissue as a viscoelastic material.  For example, the

strain state cannot be assumed to be stable and homogeneous when it is not, nor can all sarcomeres be

assumed to be equivalent mechanically.  Second, non-linear behavior must be expected, and though such

behavior is difficult to deal with in mathematical models, the non-linear viscoelastic behavior of muscle

fibers must be characterized adequately.  Therefore, any measurement of muscle tissue viscoelasticity

must allow for the detection and quantification of nonlinear behavior.  Experimental methods which do

not meet these two criteria are of limited value for the measurement of muscle tissue viscoelasticity.

Several methods for measuring muscle tissue viscoelasticity have been employed, and it is necessary to

discuss each method in detail to assess the relative merits and limitations of each in light of the two

criteria stated above.

Experimental Determination of the Viscoelasticity of Muscle Tissue

Overview

The experimental methods that have attempted to measure the viscoelasticity of muscle tissue

have implicitly included certain simplifying assumptions about the behavior of muscle tissue.  These



simplifying assumptions are the assumption of linear elastic and viscous elements, infinitely rapid and

uniform strain propagation along a fiber, and longitudinal homogeneity of sarcomere lengths along the

length of the muscle fiber.  The experiments that one performs to measure viscoelasticity will depend

directly upon which general model of viscoelasticity is used, the complexity of the model, that is, how

many additional parameters have been added, and consequently the assumptions which accompany that

model.  In general, the viscoelasticity of muscle has been studied directly or indirectly by one of three

different methods; by the application of continuous sine wave oscillations, by the stress relaxation

following step length changes, and by the application of single longitudinal strain pulses to measure

pulse propagation.  Each method has advantages and disadvantages.  In some cases to use one or more of

these methods is inappropriate because the simplifying assumptions neglect one or more of the important

aspects of the real viscoelastic behavior of muscle tissue.  Each of the different experimental methods are

presented in detail to assess their limitations, relative benefits and applicability.

Continuous Sine Wave Stiffness Method

The stiffness of a whole muscle or muscle fiber, both in the active and relaxed state, may be

measured by applying high-frequency, low-amplitude length oscillations.  The length oscillations result

in force oscillations, which are recorded.  The instantaneous stiffness is then calculated by the ratio of

instantaneous stress/ instantaneous strain (dS/de).  Muscle stiffness is thought to be a direct consequence

of both the number of attached cross-bridges per half sarcomere and the mechanical strain state of each

cross-bridge (Huxley and Simmons, 1971).  The number of attached cross-bridges depends upon the

level of activation as well as the amount of thick and thin filament overlap (Ford, et al., 1981; Julian and

Morgan, 1981).  In living muscle, this relationship is not simple.  The rate at which cross-bridges are



being formed and broken is related to the strain state of each individual cross-bridge.  Consequently, the

steady-state stiffness of cross-bridges, or populations of cross-bridges, cannot be measured directly.

During these types of experiments, the frequency of the length oscillations is supposed to be sufficiently

rapid that the cycling of cross-bridges will no longer influence the stiffness.  This frequency is generally

taken to be approximately 1 or 2 kHz, above which the 'instantaneous' or 'dynamic' stiffness is assumed

to be constant with increasing frequency  (Halpern and Moss, 1976; Moss and Halpern, 1977; Ford,

1981; Cecchi, 1984).  The high speed step and pulse data of De Winkel et al. (1993 and 1994) directly

refute this assumption.  The conclusion is that the complex Young's modulus, which includes terms to

describe the strain rate as well as strain amplitude, increases nearly linearly with the log of increasing

frequency from 50 Hz to at least 40 kHz.  For experiments of this type, 40 kHz constitutes the present

upper limit of experimental frequency spectral content.

Under certain circumstances, stiffness data are useful.  The requirements are that the frequency

and amplitude of the oscillations be recorded and the resulting stiffness values be reported for a range of

frequencies.  Applications include the use of stiffness data to determine the relative number of attached

cross-bridges at various times during activation of a muscle.  With the present method of measuring

muscle stiffness, an additional error is the erroneous assumption that the strain state is constant along the

length of the fiber.  This error is implicit in the formula for instantaneous strain given above.  The

assumption of constant strain state along the length of a muscle fiber during a strain pulse is invalidated

by the results of the pulse propagation studies in whole muscle (Truong, et al., 1978a and 1978b; Truong,

1971, 1972, and 1974).  At any given time the local strain state at different locations along the specimen

cannot be determined.  Local strain state can only be determined by direct measurement at each location.



The continuous sine wave method has the advantage of simplicity, but does not account for

attenuation due to specimen length or the inhomogeneous distribution of strain along the length of the

specimen.  These factors may have been overlooked because of the statistical effect of limitation of range

of specimen lengths in the preparation of the muscle tissue specimens.  The value of this method is

limited to relative stiffness comparisons of muscle tissue specimens of similar geometry for length

oscillations of a fixed single frequency.  The bandwidth of existing force transducers also limits this

method.

Step Length Change Method

The step length change method is based upon the idea of measuring the stress relaxation

following a step length change.  The force after a step length change will exhibit a log decay to a value

near the initial force before the step, as indicated on the inset graphs of the relaxation function in Figure

1.2 (b) and 1.2(c).  The relaxation time constant during stress relaxation may be measured by subjecting

muscle tissue to a very rapid lengthening or shortening step and recording the force.  The viscous stress

relaxation of the tissue is fitted to the model proposed by Fung (1972 and 1993), or a similar model to

determine the complex elastic modulus (Dortmans, 1984; De Winkel, 1993; De Winkel 1994).

Typically, a series of relaxation time constants and weighting coefficients are calculated.  One problem

with this method is that in the mathematical derivation, the step length change is assumed to occur

instantaneously.  The model further assumes tacitly that the instantaneous length change is accompanied

by an instantaneous and longitudinally uniform change in the strain state of cross-bridges throughout the

muscle fiber (see Dortmans 1984, figure 1, Fung 1993, page 45 ff.).  None of the models account for or

make allowance for the fact that the fiber is stretched from one end, and for an unknown period of time



immediately after the step length change the strain is concentrated near the mechanical effector which

caused the strain.  The concentration of strain near one end is particularly true for very high velocity

length changes, for long fibers, or particularly both conditions.  The strain near the mechanical effector is

transmitted along the length of the fiber at a finite velocity.  For viscoelastic materials the finite velocity

will be both frequency and amplitude dependent.  The measurement of force must be highly time-

resolved in order to determine the time course of stress development and relaxation.  Generation of

accurate force data for fibers is difficult with high frequency components in the frequency spectrum

because of the bandwidth limitation of most force transducers, and the subsequent phase shifts and

amplitude distortions within the bandwidth.  The forces generated by most single muscle fibers are below

1 mN, and force transducers with enough resolution to be of value in this range tend to have low natural

frequencies.  The attachment of the fiber can easily change the natural frequency and damping coefficient

of the force transducing system.  Under these circumstances further errors in amplitude and phase are

introduced when highly time-resolved force data are collected.  Finally, the assumption of instantaneous

and uniform strain change along the fiber resulting from the length step is not valid.  During the critical

time course of the force measurements which occur immediately after the step length change, the strain

distribution along the fiber is both inhomogeneous and dynamic.  Consequently, for some period of time

immediately after a rapid length change of a fiber, force (or stress) cannot be related to strain unless

strain is measured directly at the point of attachment of the force transducer.  Such measurements of

force have never been performed.

Recent attempts to improve this general class of experiments has resulted in the development of

faster data collection systems with broader bandwidth force transducers, and faster servo mechanisms to

impose more rapid steps in an attempt to more accurately meet the assumptions made in the



mathematical modeling of viscoelastic behavior by the step length change method.  Improved transducer

bandwidths and more rapid steps exacerbate the problems that result from the non-instantaneous and

non-uniform response of the muscle tissue itself to increasingly rapid length changes.

The step length change method has the advantage of mathematical elegance but suffers from the

grievous flaw of assuming unrealistic conditions such as instantaneous length steps and uniform

longitudinal strain distribution in the specimen at all times.  Thus, it is impossible to relate the strain state

at any point along the muscle specimen to the force.  Recent attempts to increase the accuracy of this

method by increasing the bandwidth of the force transducer and the speed of the step have actually

magnified the problem because the analysis of the resulting data focuses on force data with higher time

resolution during and immediately after the application of the step, which is the time period during which

the implicit physical assumptions of this method are least accurate.

Pulse Propagation Method

The viscoelastic properties of a material can be measured by applying single lengthening or

shortening pulses to the material and measuring the pulse propagation velocity and attenuation as the

pulse travels along the specimen.  Therefore, the complex elastic modulus of a whole muscle, muscle

fiber bundle, or single fiber may be measured by subjecting the specimen to single longitudinal pulses.

The phase of the sinusoid or the arrival time of the pulse is measured by detecting strain or force at two

positions along the specimen, and the resulting data are used to measure the longitudinal pulse

propagation velocity and attenuation coefficient of the muscle specimen (Hasan, 1977; Blange and

Stienen, 1985; Stienen and Blange, 1985; Schoenberg, 1974; Truong, 1971; Truong, 1972; Truong, 1974;

Truong, 1978).  These parameters are measured over a range of frequencies, and are then used to



determine the real component of the complex Young's modulus as a function of frequency (Truong,

1974).  De Winkel et al. (1993 and 1994) have used rapid pulses and measured the time required for the

resulting force change to reach the opposite end of the fiber.  The propagation time is typically defined as

the time delay between the initiation of a length change and the initial rise or fall or the resulting force at

the opposite end of the specimen.  Pulse velocity is simply calculated as v = ∆x/∆t, where 'v' is the pulse

velocity, '∆x' is the distance between the mechanical effector and the position along the fiber at which the

strain pulse is detected, and '∆t' is the time delay.  For these experiments, the pulse velocity is often taken

to represent the propagation velocity of the highest frequency components within the pulse.  In many

cases, the values of the frequency components are not specified or estimated (Hasan, 1977; Schoenberg,

1974).  The experiments which use sinusoidal pulses with one frequency component avoid this pitfall,

but often require long periods of time to complete due to the large number of experiments that are

required to cover the range of frequencies of interest (Truong, 1974).  To reduce the time required to

perform these experiments, methods have been developed to allow the calculation of the complex

modulus from single pulse propagation data using Fourier analysis of the shape of a single pulse, which

usually contains a wide range of frequencies (Truong, 1978).

The single pulse propagation method has the disadvantage of requiring much more sophisticated

analysis, in the case of Fourier analysis of the single pulse shapes, or the requirement of a large series of

experiments at various single frequencies of oscillation.  The advantage of this method is that the analysis

of the resulting data yield the real component of the complex elastic modulus without requiring

unrealistic assumptions about the pulse characteristics or strain state of the specimen.  Additional

information arises from the fact that strain may be measured by many different methods, such as by

optical diffraction, the use of strain markers, by the use of acoustic sensors.  The strain may also be



measured at many points along the specimen, if desired.  The use of a force transducer at the end of the

specimen in these experiments is misleading, because it is functioning in this case as a displacement

transducer, simply to detect the arrival time of the pulse.  The placement of mechanical markers along the

specimen allows the strain within a region to be measured (as an average), but the markers themselves

may cause an impedance change which could interfere with the normal strain wave propagation along the

specimen.  This is a considerable problem for extremely thin specimens, such as individual muscle fibers.

For example, acoustical pickups have been used with whole muscle specimens with some success

(Truong 1974).  Such an approach is not possible when single muscle fibers are to be used.  The fact that

muscle tissue has natural strain markers, namely the repeating protein structure of the sarcomere, and the

fact that the local spacing of these markers can be readily detected using laser light diffraction, suggests

that this method may be employed if at least two positions along the fiber can be sampled, and if the data

acquisition is rapid enough to provide a highly time-resolved record of the local sarcomere strain at these

two regions during the application of strain pulses.

One additional potential weakness of the pulse propagation method is that it assumes that, prior

to the application of the pulse, the strain state of the fiber is homogeneous and stable between the points

at which the strain is measured.  However, the pulse propagation method does not assume that the strain

between the two measurement points remains homogeneous and stable during the application of a pulse,

unlike the previous two methods.  Therefore the pulse propagation method is a valid means for

measurement of viscoelasticity of muscle if it can be demonstrated that the strain between the two

measurement points is stable and homogeneous before the application of a pulse.  The stability and

uniformity of the sarcomere lengths between the two measurement positions can be inspected visually by

the method of optical diffraction during experimental setup.  The process of inspecting the sarcomere



lengths for the region between the two sampling positions is discussed in detail in Chapter II and Chapter

III.

If the strain state between the two measurement positions is known to be stable and reasonably

homogeneous, then the pulse propagation method will allow the measurement of viscoelasticity for the

fiber segment between the two positions.  Optical detection of local strain at the two positions will also

allow the detection of pulse spreading, which is not possible in the continuous sine wave and the step

length change methods.  The use of single pulses of fixed frequency content will permit nonlinear

responses to be detected easily by varying the amplitude of the strain pulse, and therefore the method

does not assume linear elastic behavior.

In summary, a properly implemented experiment which employs the method of pulse

propagation can be used to accurately measure the viscoelasticity of single muscle fibers.  A tabulated

summary of the published results of viscoelasticity and stiffness measurements resulting from the

application of the above three methods is included in Appendix A.

Aims of the Present Study

Based on the foregoing assessments, the measurements of the viscoelasticity of single muscle

fibers will be based on the method of pulse propagation.  Longitudinal strain wave propagation velocity

and attenuation coefficient will be measured to quantify the viscoelasticity of single permeabilized

muscle fibers, using laser light diffraction to directly measure the local sarcomere strain at two points

along the single fiber specimen.  Adequate instrumentation for optically measuring longitudinal strain

pulse propagation in single muscle fibers has not been described.  The aims of the present study are:



Aim #1 - Define the functional specifications for an optical system for the measurement of pulse

propagation in single muscle fibers.

Aim #2 - Design and build a system to meet or exceed the functional specifications from commercially

available optical, electronic, and mechanical components, that can be interfaced easily with

a microcomputer.

Aim #3 - Under various experimental conditions, determine the complex elastic modulus of muscle by

measuring the pulse propagation velocity and attenuation coefficient of longitudinal strain

pulses in passive and partially activated single permeabilized skeletal muscle fibers.  The

experimental conditions will include different pulse amplitudes, from about 0.2% strain to

about 10% strain, lengthening and shortening pulses, different pulse frequencies, level of

activation of the fiber, initial sarcomere length, and age of the animal from which the fiber

was taken.  The instrumentation will be used to measure the viscoelasticity of relaxed,

chemically permeabilized muscle fibers from the soleus muscles of rats.

Aim #4 - Optimize the functional specifications and design of the system based on the results of these

experiments.



CHAPTER II

INSTRUMENTATION

Adequate instrumentation has not been developed for the measurement of longitudinal strain

pulse propagation in single muscle fibers.  In this series of experiments, instrumentation was developed

for the measurement of muscle fiber viscoelasticity by means of optical diffraction.  The first aim of the

present study was to define the functional specifications for such an optical system.  The second aim was

to design and build a system to meet or exceed the functional specifications from commercially available

optical, electronic, and mechanical components, that could be interfaced easily with a microcomputer.

The third aim of the present study was to assess the system performance by using the system to measure

longitudinal pulse propagation in single skinned muscle fibers.

Background

Ranvier (1874) made the original observation that the striation pattern of skeletal muscle could

be used as an optical diffraction grating.  The ability to use skeletal muscle as a transmission diffraction

grating arises from the fact that the A and I bands of the sarcomere, the basic contractile unit of muscle,

have different protein concentrations and thus have different optical refractive indices (Judy, et al.,

1986).  For nearly sixty years the optical diffraction method has been used to monitor sarcomere length



in muscle during experiments on muscle mechanics (Sandow, 1936).  With the advent of low-cost lasers,

the method has gained even more widespread application in muscle research (Sundell, et al., 1986).

Although the optical diffraction method is a convenient tool for monitoring sarcomere length in

single muscle fibers, the technique has not yet been used to measure muscle viscoelasticity.  For many

years, the measurement of the viscoelastic properties of single muscle fibers by the use of optical

diffraction methods has been feasible.  The lack of any attempt to apply this technique for this purpose is

probably due to performance limitations in the optical diffraction systems existing in muscle mechanics

laboratories.

In most muscle mechanics laboratories, four performance limitations are evident in the

instrumentation for optical diffraction measurements.  The most important limitation is an inadequate

bandwidth, or sampling rate for the detection of the first order diffraction peak.  The second limitation is

conceptual.  Most systems presently in use in muscle research use a long segment of the muscle fiber as a

diffraction grating, to give the best possible representation of the average sarcomere length along the

fiber.  The sarcomere length in a region of the fiber  may be used to quantify the strain, because

sarcomere length is defined by physical markers along the length of a muscle fiber, namely the Z-Lines

(Figure 1.1).  The optical diffraction method is most often used to measure the spatial average of

sarcomere length along a large section of the fiber, not the strain in a small region along the length of the

fiber.  The third limitation is that most systems do not provide a means to accurately position a small,

focused laser spot to at least two precise positions along the length of the muscle fiber, separated by a

distance of at least one millimeter.  The fourth limitation is that the highly time-resolved, dynamic

measurement of sarcomere length at two positions along a fiber generates a large amount of data, which

requires data storage, analysis, and handling techniques unlike those required for general sarcomere



length measurement systems.  In order to use optical diffraction to measure longitudinal strain pulse

propagation in single muscle fibers, instrumentation must be developed that will allow a laser to be

focused to a small spot on the fiber, to position that spot to a precise location along the length of the

fiber, and to collect, store, and analyze large numbers of diffraction spectra with a sampling rate in the

range of hundreds of thousands of diffraction spectra per second.

Aim #1:  System Specification

The following system specification was used in the design of the instrumentation for the

measurement of longitudinal strain pulse propagation in passive and partially activated single skeletal

muscle fibers.  In addition to providing general performance requirements, this specification serves as an

outline of the function of many separate components of the total system.  The details of the design of

each of the system components is given in the System Design section.

Principle of Operation

A system is required which allows the longitudinal strain propagation to be measured at two

points along the length of a single permeabilized skeletal muscle fiber by means of laser diffraction.  The

repeating protein pattern of the fiber acts as a transmission diffraction grating.  The grating spacing is

defined by the sarcomere length.  Therefore, the sarcomere length within the area of the fiber onto which

the laser beam has been focused can be determined by measuring the diffraction angle of laser light.  A

data acquisition system is required that can simultaneously control a servo motor to apply rapid

longitudinal strain pulses to the single fiber while collecting data on the position of the first order

diffraction pattern to allow the sarcomere length to be calculated.



Selection of the Detector

Typical high-speed laser diffraction systems used in muscle mechanics experiments employ a

linear optical position detector, from which two output currents are generated.  The difference between

the currents is divided by the total output current of the device, yielding the location of the centroid of the

incident light on the detector surface.  This device is generally referred to as a 'spot follower', and is often

employed in length clamping systems in which the output is used as a feedback signal to a servo motor

which controls the muscle fiber length.  These devices yield information only on total diffraction peak

intensity and the location of the centroid of the peak, but information about the peak width, or the

existence of multiple peaks which are known to result from regions of differing sarcomere length within

the sampled region, is lost.  An array of fast photosensors permits not only the determination of the

location of the first order peak, but also the shape and width of the peak and the presence of multiple

peaks, if they exist.  The location of the first order peak allows calculation of the sarcomere length, the

width of the peak can be used to estimate the distribution of sarcomere lengths within the sampled region

by deconvolving the peak from the Gaussian intensity profile of the laser spot on the fiber (Judy, et al.,

1982).  Multiple peaks would be present if there were several distinct populations of sarcomere lengths

within the sampled region.  In addition, the system must be able to detect sarcomere length changes of

less than 10 nm to provide adequate resolution for strain amplitudes in the displacement range for

attached cross-bridges, approximately 10 to 20 nm per half sarcomere (Piazzesi et al., 1993; Higuchi and

Goldman, 1991; Toyoshima et al., 1990; Huxley and Simmons, 1971).

Estimate of Sampling Rate Requirement



Previously published data were analyzed to estimate the sampling rate requirements of the

proposed instrumentation.  The published range of pulse propagation velocities begins at approximately

30 m/s for fully relaxed fibers, and rises up to about 140 m/s for fibers at less than 50% activation

(Appendix A).  The relationship between the level of activation and the pulse propagation velocity for

very low levels of activation is unknown.  The pulse propagation velocity for fully activated fibers is in

the range of 125 to 270 m/s.  The maximum distance between sampling positions along a fiber is

approximately 3 mm, because it is difficult to obtain fibers with longer sections in which the sarcomere

length is consistent throughout.  The fibers must be at least 5 mm long between mounting points at each

end of the fiber to avoid mechanical interference between the attachment points and the 1 to 3 mm

section of the fiber under study.  Therefore the time delay between pulse arrival at the two sampled

regions might be as low as 21 µs.  Thus, to achieve a ±10% resolution for the propagation velocity the

system must be capable of sampling at least every 2.0 µs, that is, 500,000 samples per second.  This

value for sampling rate is a reasonable upper limit for design purposes for the initial system design.  This

sampling rate requirement greatly exceeds the capability of the fastest systems presently available for use

in muscle research, and is in fact five orders of magnitude faster than the previous system in use in our

laboratory (Princeton Instruments, model ST-120).  Serial analog-to-digital conversion of intensity

signals in the array is not acceptable because the time delay between the sampling of each successive

element in the detector array would permit strain conditions to change during the sampling sweep, and in

any event would be precluded by the sampling rate requirement of 500,000 samples per second.

Therefore, the system is required to employ a totally parallel architecture for all data conversions and

storage.  Additional analog-to-digital channels will be required for collecting servo motor position and

force data for each time point.



A servomotor is required that can be controlled digitally or by an analog signal that is generated

by the data acquisition system.  The servo must be able to provide linear displacements of 12 microns to

600 microns, to allow a range of longitudinal pulse amplitudes from 0.2% to 10% to be applied to a 6

mm long muscle fiber.  The servo must also have a bandwidth of DC to at least 1 kHz over the full range

of displacements to allow rapid sinusoidal pulses to be applied to the muscle fiber.

A laser light source is to be focused to a small spot along the length of the fiber.  The spot size is

to be adjustable from a diameter of 50 to 300 microns, to allow different sized regions to be sampled if

desired.  The laser must be positioned to within 1% accuracy over a displacement of 2 mm, thus it is

required that the position of the laser spot on the fiber be known to an accuracy of at least 0.02 mm.  A

calibrated target is to be provided which will allow the sarcomere length to be set by lengthening or

shortening the fiber prior to the pulse propagation experiments.

Additional Fixturing and Equipment

The fiber is suspended in a fluid bath during all experiments.  A flow-through bath is required to

allow activating and relaxing solutions (Chapter III) to be introduced into the bath without subjecting the

fiber to large force transients by pulling the fiber through a fluid surface during bath changes.  An

isovolumetric fluid exchanger is required for exchanging the bath fluids without causing leakage or air

entrapment in the system.  The bath must also allow access for the servo motor and force transducer, to

which the single fiber is attached.  The bottom of the bath must be transparent and free of optical

obstructions because the diffraction pattern is projected through the bottom of the bath chamber onto the

detector system below.  The bath must also allow a glass cover slip to be placed on the free surface of the

bath fluid during the experiments so that the meniscus formed by the bath fluid will not introduce a



concave or convex optical surface, which would distort the incident laser beam.  A means for controlling

the bath temperature must also be provided.  The bath is to be maintained at 15 °C ± 0.2 °C.

A force transducer is required which is robust, small, and linear and sensitive to force changes

as small as 1 µN.  The output of the force transducer is to be displayed in real time on a four-digit LED

display to allow the level of activation of the fiber to be easily adjusted between experiments.  The force

transducer must also include a means for baseline offset adjustment to correct for the surface tension of

the fluid in the bath.  The transducer displacement must not exceed 30 µm over the force range of 0.0 to

1000 µN to prevent unacceptable changes in muscle fiber length which would otherwise result from the

use of a high-compliance force transducer.

The fiber must be aligned coaxially with the linear servo and force transducer.  The fiber must

be held horizontal and attached in such a way that no transverse or off-axis movements will be induced

by the servo motor during pulses.  The length of the fiber must also be adjustable to within 5 µm to

permit the sarcomere length to be precisely set prior to experiments.  Therefore the system must include a

set of micromanipulators to position both the force transducer and the servo motor.  The entire system

must be isolated from mechanical vibrations from the external environment.

During the strain pulses, all data must be collected and stored for subsequent downloading to a

computer for analysis.  The exact method of analysis of the data will not be known until some data have

been collected, thus all raw data must be stored to a large capacity data storage medium that is easily

accessed for processing.  Because a large amount of data will be collected, in excess of 2 GB, it will be

necessary to provide software to process and display the results in a format that can be easily viewed.

Aim #2:  System Design



A small, low-profile precision X-Y table was designed and built to hold the servomotor, both

hydraulic micromanipulators, the flow-through bath, and the force transducer.  The table was made of

acrylic sheet and is shown schematically in Figure 2.1.  The table allows precision positioning of the

mounted single fiber under the microscope for length and diameter measurements and for laser spot

positioning.  The plates slide on flanged instrument bearings which are mounted to the X-Y table with

hardened and ground shoulder screws and are guided along 2024 aircraft aluminum rails.

The table can be manually positioned to within ± 2 microns of the desired position by the use of

triple nested-thread actuators for each axis (Appendix B).  The external 3/4" - 16 threads allow rapid

coarse positioning adjustments to be made over a range of 1".  Once positioned, the coarse adjustment is

locked in place with a 3/4" 16 brass jam nut.  Fine adjustment is provided by the inner two threads which

counteract each other over a range of 0.40".  A single rotation of the 1/2"-20 brass shaft is counteracted

by a counter-rotation of the 1/4"-28 stainless-steel inner shaft, resulting in a net linear motion of 0.0143"

(363 microns) per revolution of the 1" diameter knurled brass knob.  All threads were thoroughly coated

with lithium axle grease to provide smooth, low-hysteresis motion.  This general mechanism can be

easily adapted to provide a wide range of very low cost, high precision positioning mechanisms for

research purposes.

In the Y-axis (forward and back motion), the table is aligned optically using the microscope

reticule for each experiment.  Displacement in the X direction (right and left motion) is measured using

Mitutoyo MyCAL calipers which are firmly mounted to the antivibration table surface (Fig. 2.1).  The

depth gauge rod of the calipers is preloaded against the right side of the X-axis plate with a compression

spring in the caliper jaws.  The table is traversed to the point where the cross hairs in the eyepiece

reticule of the stereomicroscope are aligned with the tip of the force transducer trough, and the calipers



are set to zero.  This arrangement allows positions along the fiber to be measured from the end of the

fiber at the force transducer mounting point.  Thus, the fiber length and the distance between the laser

spot positions can be determined to within ± 0.01 mm.

The performance of these experiments requires precise control of the positions of the mounting

points of the single fiber.  The fiber must be held level, the servo actuator must be in line with the fiber,

and the baseline sarcomere length must be adjusted with precision.  Fiber mounting, immersion in the

bath, centering of the specimen, and adjustment of the sarcomere length, as well as retracting the fiber

mounting troughs for removal of the flow-through bath for regular cleaning and maintenance requires

that the micromanipulators have a movement range of 3.0 cm right and left, 1.0 cm fore and aft, and 2.0

cm vertical.  No commercially available hydraulic micromanipulators could meet the movement range

requirements, so it was necessary to build a set.  The micromanipulators were machined as a mirror-

image pair of three-axis dovetail slides from 70-30 brass.  The slides are actuated by single-sided 0.425"

diameter brass pistons with single O-ring seals, and the slides are pre-loaded against the pistons with

compression springs on each axis.  Each assembly is driven by a remotely located master cylinder

manifold machined from 2024 aluminum plate, with 0.4990" diameter pistons and dual o-ring seals.  The

master cylinders are internally preloaded with compression springs and are driven by 3/8"-16 power

screws with a knurled brass knob for each axis of each positioner.  The hydraulic fluid is standard

mineral oil, degassed and vacuum bled with a syringe during assembly.  The total fluid volume was

minimized during the design to reduce thermal drift.  High-density polyethylene instrumentation tubing

was used for the hydraulic lines to minimize hydraulic compliance.  The micromanipulators were tested

for positional stability and it was determined that each axis would maintain position to within 3 microns

for 8 hours under steady load.  This performance is comparable to commercially available units.



A high-speed moving-magnet scanner (Cambridge Technologies, Model 308) of the type used

in laser light shows, was used for applying high-frequency longitudinal pulses to the fiber.  The scanner

arm produces angular displacements of ±20° with a 0.479" lever arm.  The scanner arm was modified

with a clevis and rod arrangement as a mechanical linearizing mechanism (Appendix C).  These

modifications transformed the rotary motion of the scanner actuator arm into linear motion with minimal

off-axis movement.  Without this modification the rotating servo arm would impart a transverse vertical

displacement to the end of the muscle fiber each time a longitudinal strain pulse is applied.  This

condition is unacceptable because transverse vibrations of the fiber would be induced during the

longitudinal pulses.  Therefore the design criteria include minimizing vertical and lateral excursion

during the linear motion, keeping the mass of the mechanism to an absolute minimum, and keeping the

sliding resistance below 0.1 mN.  The negligible sliding resistance minimized the mechanical hysteresis

and maximized the mechanical bandwidth.  The scanner and linearizer mechanism assembly are referred

to as the servo, or servo motor.

A 29 ga. stainless tube is used as a trough for mounting the muscle fibers to the servo (Fig. 2.2).

After assembly, the linear servo mechanism was tested to check for the presence of lateral and vertical

vibrations at the end of the trough during the application of rapid pulses (Appendix C).  Lateral and

vertical vibrations were detected by an optical method identical to that used for the precision optical

force transducer (Appendix D).  For all servo excursions at all pulse amplitudes and speeds, the

maximum lateral and vertical excursion of the end of the trough was less than ± 7 µm.  This was judged

to be acceptable for this series of experiments.

The scanner control electronics were specially modified for this series of experiments

(Appendix C).  These modifications were necessary for several reasons.  The scanner position resolver



signal is not available to the user, so it was necessary to tap the position demodulator signal, and buffer it

through a high-speed Bi-FET op-amp voltage follower.  This produced a ± 5 VDC signal corresponding

to the scanner angular position.  In addition, the control voltage input for the scanner is ± 10 VDC for full

scale movement.  The digital waveform synthesizer, which is used to generate the control voltages for the

servo position, only has a resolution of 8-bits.  The analog input for the array controller, which detects

the servo position at each time point, also has only 8-bit resolution.  The array controller was built with

8-bit analog-to-digital and digital-to-analog converters because these were the maximum number of bits

available for hybrid IC's that were sufficiently fast for this series of experiments at the time of the design

of the system.  The limited resolution was compensated for through modification of the servomotor

control circuits.  Three operational ranges were used to cover the full range of the 8-bit input and output

resolution of the array controller (Appendix C).

During an experiment, frequent switching of the ranges of the voltage for motor control required

the suppression of transient servo motor surges.  The surges resulted from transients in the control

voltage.  The suppression was accomplished by the provision of a toggle switch to interrupt the scanner

coil current through the initiation of an open circuit at junction J1-1.  Between experiments and during

servomotor range changes this switch was left in the OPEN position.  In addition to these changes, the ±

15 V power supplies for the scanner were upgraded to ±24 V, as recommended by the manufacturer, to

improve the high-speed performance of the system.  Because of this modification, a close-fitting

aluminum compression-style vertical-vaned heat sink was added directly to the scanner housing to

maximize the heat transfer by free convection.  During high-speed operation this modification prevented

overheating of the servo and subsequent damage to the rare-earth element magnet in the rotor.



A precision optical force transducer was designed and constructed for this series of experiments.

Several high-sensitivity, high-precision force transducers were available on the market, but they were

costly and had several other limitations which made them undesirable for experiments of this type.  The

bonded resistance strain gauge-based systems have too much full scale mechanical compliance, typically

0.010" (254 microns) or more.  During muscle fiber experiments this compliance allows changes of fiber

length.  In addition, this family of force transducers is not sensitive enough to detect the small forces

generated by a single muscle cell when fully activated, which is typically less than 1.0 mN.  The most

commonly used type of force transducer for single fiber muscle mechanics experiments is based upon a

variable capacitance.  The force transducer is essentially a thin quartz cantilever, coated on one side with

aluminum by vacuum deposition.  These force transducers have the disadvantage of baseline drift due to

humidity because air is used as the dielectric, they are expensive, and the thin quartz cantilever is prone

to breakage.  Damage to these transducers is often not remediable without sending the device back to the

manufacturer.  For these reasons, a highly sensitive and robust optical force transducer for general

laboratory use was developed.  The principle of operation is that an LED acts as a light source for two

very small phototransistors which are separated by a distance of 0.100 inches.  A load element is

fashioned to deflect approximately 0.002" (50.8 µm) full scale, and a 0.100" wide vane of stainless steel

foil is attached to the load element and is interposed directly between the LED and the center of the two

phototransistors (Appendix D).  A sensitivity to deflections of nearly 1/3000 of full scale is possible.  The

phototransistors are connected to load resistors in emitter-follower configuration.  The outputs are

conditioned by means of a low gain differential amplifier (Appendix D).  Using a 0.0005" thick stainless

steel foil load element, the force transducer has a sensitivity of 0.001 mN , with a full linear range of 1.20

mN.  The accuracy is ± 0.002 mN over the full range and the undamped natural frequency is 350 Hz.



The output signal from the phototransistors is large, so the support electronics for the transducer

are simple (Appendix D).  This type of transducer was developed specifically for this series of

experiments, but may be used in a broad range of muscle mechanics experiments, and is notable because

it allows any laboratory with access to a machine shop to produce very robust force transducers with

performance equal or superior to the best laboratory-grade transducers on the market, in any force range

desired, for a fraction of the cost.

A flow-through bath was designed to allow the bath fluid to be changed without passing the

muscle fiber through a fluid surface.  The bath fluids must be changed because the level of activation of

permeabilized muscle fibers is controlled by varying the calcium concentration in the bath.  The details

of the use of activating and relaxing bath solutions are given in Chapter III.  By passing the fiber through

a fluid surface, the surface tension causes the muscle fiber to be subjected to a transient force which is

often greater than the maximum force that the fiber can produce when fully activated.  The muscle fiber

may be damaged unless the fluid can be exchanged without subjecting the fiber to these transient forces.

The bath was machined from 304 stainless steel and is designed to accommodate muscle fibers

up to 10 mm long.  The design facilitated the placement of standard 18 mm square cover slips both above

and below the muscle fiber.  The bottom cover slip was glued into place permanently with cyanoacrylate

adhesive, though it can be periodically changed if necessary.  Fluid was introduced into and withdrawn

from the bath chamber by means of 18 gauge stainless steel tubing placed at each end of the bath (Fig.

2.2).  The fluid flow into and out of the bath was perpendicular to the axis of the bath to maximize

mixing during fluid exchange (Appendix E).

An isovolumetric bath fluid exchanger was built to allow the fluid in the bath to be changed

without forcing leaks or introducing air into the system.  The fluid exchanger holds two 5 cc disposable



plastic syringes anti-parallel to one another.  One of the syringes is clamped into place while the other is

allowed to slide axially.  The syringes are coupled such that the body of the sliding syringe moves with

the plunger of the stationary syringe.  Thus, by actuating the fluid exchanger, a volume of fluid is

expelled from the stationary syringe that is equal to the volume of fluid drawn into the sliding syringe.

Each syringe is connected to the flow-through bath by 0.040" I.D. thin wall Tygon tubing.  When the

fluid has been exchanged, the Tygon tubing is disconnected from the flow-through bath, and the fluid

remains in the bath by means of its surface tension.  The transfer volume of the fluid exchanger was

calculated based upon a first order differential equation which assumes constant bath volume, good fluid

mixing during fluid exchange, and a 99.9% purity of new fluid after the exchange is complete.  A safety

factor of two was then added, and the final value of approximately 5 cc for fluid exchanges was

established (Appendix E).

The bath temperature was monitored by a surface mount linear CMOS temperature sensor

(LM35D, National Semiconductor).  The sensor is located in a cavity in the stainless steel bath close to

the single fiber (Fig. 2.2).  The output of the sensor is converted to degrees centigrade, and is displayed in

real time on a 4-digit LCD display.  The output from the sensor is used to control a solid state relay

which controls a submersible pump (Fig. 2.1).  The pump is immersed in an ice water bath and, when

turned on, forces cold water through a flow-splitting heat exchanger manifold that was machined to

tightly fit to the bottom of the stainless steel flow-through bath assembly.  The system response time is

controlled by an adjustable valve (Fig. 2.1) to eliminate excessive thermal fluctuations by limiting the

flow rate through the heat exchanger.  The bath temperature was controlled to 15.0 ± 0.2 °C for all

experiments.



An optical field illuminator prism was constructed to provide a bright field of white light for

photographing and measuring the fibers when they were mounted on the apparatus (Fig 2.1).  The prism

could be retracted to clear the optical path during the pulse propagation experiments.  A small Michelson

interferometer was constructed (Appendix F) for the measurement of the coherence length of the laser

diode module (Applied Laser Systems P/N: VLM 2-5C(L)).  Laser light of different coherence lengths

was required for the experiments described in Chapter IV: Steps and Pauses.  A variable output, low-

noise power supply was built to supply current to the laser diode module, both during experiments and

while measuring the coherence length of the laser light as a function of supply voltage.

The system optics are shown in schematic form in Figure 2.3.  During mounting of the fiber a

standard dissecting microscope (Leica WILD M3Z Kombistereo microscope) was used for the

measurement fiber dimensions and for the placement of the laser spot on the fiber (Fig. 2.2).  The laser is

mounted behind the setup and the beam enters the system horizontally and above the level of the single

fiber through a slot in the microscope mounting post.  The laser beam is focused by a 58 mm focal length

meniscus lens.  The laser beam is then directed downward through a 90° prism to strike the fiber.  The

lens and prism are mounted on a sliding mechanism with adjustable stops.  The lens and prism are

retracted during fiber mounting and setup, and are slipped into position during the final adjustment of the

muscle fiber length and for the duration of the experiment.  The laser beam passes through an 18 mm

square, 0.13 mm thick glass cover slip, through a 4.67 mm deep fluid bath in which the fiber is

suspended, and out through a 0.13 mm thick cover slip glued to the bottom of the bath.  The transmitted

laser beam and the diffraction pattern are projected through the bottom cover slip, through a cylinder lens

and onto a first surface mirror below the anti-vibration table.  A small calibrated target slides into

position below the muscle fiber and bath (Fig. 2.3).  The sarcomere length is read directly from the



diffraction pattern on the target, and is adjusted prior to execution of the experiments.  The target is

removed prior to data collection.  The cylinder lens focuses the diffraction pattern onto the sensitive area

of the detector array.  The first surface mirror directs the diffraction pattern toward the detector array.

The optical path length from the muscle fiber to the zero-order peak on the detector array is adjustable.

For most experiments the optical path length was set to 290.5 mm.  The phototransistors in the array are

less sensitive to light from oblique angles, so the detector array was tilted to maximize the signal strength

over the full range of the array by minimizing the incidence angle near the center of the array.  This

resulted in a two-fold increase in detected signal strength.

A function generator was built to provide control signals for the servo to generate maintenance

ramps.  The purpose of the maintenance ramps is to subject the muscle fiber to periodic shortening ramps

at maximum shortening velocity.  The periodic shortening ramps stabilize the sarcomere lengths

throughout the fiber and allow the fiber to remain viable for a much longer period of time (Brenner,

1983).  The ramp function generator allows the ramps to be adjusted on the basis of fiber length, ramp

amplitude relative to fiber length, and time delay between ramps (Appendix G).

For high-speed studies of sarcomere dynamics a detector/buffer system was built to drive the

servo motor and to collect and store the diffraction data.  This system is referred to throughout this

document as the array controller.  A linear array of 64 fast phototransistors (Panasonic PN127) was

constructed.  The phototransistors are each connected in emitter-follower configuration to a load resistor

(Appendix H), and the resulting voltage for each is converted to an 8 bit digital value.  The analog-to-

digital conversion for all 64 phototransistors is performed in parallel, using sixty-four 8-bit analog-to-

digital converters on a common clock.  Each analog-to-digital converter is capable of 50 million

conversions/second, with an aperture time of 0.8 ns for each conversion.  Each converter has a dedicated



static ram (SRAM) memory chip (25 ns access time), 128K x 8 (1 megabyte) for each channel (Appendix

I), thus 131,072 consecutive diffraction spectra can be collected in parallel by this system before

downloading the data to computer is necessary.  The system is capable of collecting analog signals into

all 64 channels simultaneously at 10 MHz without detectable distortion at 8 bits of resolution.  The

practical sampling rate limit for the phototransistor array is about 500,000 samples per second, based

upon the small-signal rise and fall times of the phototransistors with 470 Ohm load resistors (Appendix

H).

To take full advantage of the speed potential of the paralleled data acquisition system, the

detector head may be changed to include an array of 64 high-speed photodiodes with preamplifiers.  The

change may be accomplished quite easily if greater sensitivity or increased temporal resolution is found

to be necessary in future experiments.  The detector/buffer system also includes a 64-to-1 multiplexer-

demultiplexer for the 8-bit data bus (Appendix I) to facilitate data downloading into any computer

equipped with a 24-bit digital I/O board.  The system has four additional analog input channels which are

dedicated to other analog signals of interest, such as temperature, force, laser position, and servo motor

position.  The system is also equipped with four built-in 8-bit digital waveform synthesizers (Appendix I)

which are used for providing command positions for the servo motor.  The digital waveform synthesizers

may also be used to provide stimulus pulses for electrodes during experiments with single intact fibers,

control signals for driving a laser deflector, or for triggering a laser for use in studies involving caged

molecules.  The digital waveform synthesizers are programmed immediately prior to each experiment.  A

summation input is included for the servomotor command driver to allow maintenance ramps to be

imposed upon the skinned fibers so that the sarcomeres will remain in register.  These ramps maintain the



sarcomere pattern in activated permeabilized fibers for the period between experiments, and during

experimental setup.

Once the data is downloaded from the microcomputer into the digital waveform synthesizer

memory, the experiments are executed from the control panel on the data acquisition system (Appendix

I).  Alternatively execution may be done remotely from the computer keyboard.  All functions of the data

acquisition system are clocked in parallel by a precision quartz oscillator.  Consequently, no corrections

are required for time delays that would result from serial detection of individual phototransistor outputs,

motor position commands, and servo position feedback voltage values.  Based on the bandwidth limit of

the phototransistor array, the system can provide a temporal resolution of 2 microseconds between

complete spectra.  The entire diffraction spectrum is stored at each sampling interval, as are all other

analog signals such as servo motor position and force.  This allows both the location of the first order

diffraction peak and the distribution of sarcomere lengths within the sampled region to be calculated

(Judy, et al., 1982).

The array controller design includes several additional controllable parameters for maximum

flexibility in the execution of experiments.  The entire system is timed by precision quartz oscillators,

which could be selected on the control panel.   The clock could also be driven by an external source, or

by a tunable, adjustable oscillator (Appendix I).  The oscillator signal is then divided by a selectable

value of 2, 4, 8, 16, 32, 64, 128, or 256, to allow a wide range of clock frequencies to be selected by

combining different oscillators and dividers.  The memory of the data acquisition system could be

divided into 1, 2, 4, 8, 16, 32, 64, or 128 separate experiments to allow the execution of a series of

different experiments either in rapid succession, or with a delay between experiments.  When necessary,

adjustments such as changing the bath temperature, bath solutions, or laser position along the fiber, are



made between experiments.  This feature was used extensively to impose a large number of different

strain pulse amplitudes on each fiber within a short period of time by dividing the memory into discrete

sectors for each longitudinal strain pulse.

The array controller has several modes to simplify the experimental set up and execution.  A

real time output mode  causes the array controller memory output multiplexer to clock through each

analog input channel sequentially and output the value to the databus DAC.  A multiplexer reset trigger

pulse is also provided.  The diffraction spectrum intensity profile is then viewed in real time on an

oscilloscope for troubleshooting and optical alignment of the system.  Input mode  is used for the

collection of actual spectral data and any suffix data, such as servo motor position.  This mode also

enables each digital waveform synthesizer to generate output signals to BNC lugs on the front panel of

the data acquisition system.  During the actual experiment these signals are used to drive or control any

external devices that are used.  Load DAC mode  permits the computer to download values into the

digital waveform synthesizer memory.  Output data mode  is used for downloading all stored spectral

data from the data acquisition system into data files on the computer hard drive.  This mode disables the

analog signal generators and enables the ADC/M board multiplexer to serially download each 8-bit value

from the memory chip in each of the 64 channels (Appendix I).  In addition to these features, several

additional features were added which simplified system calibration and functional diagnostics, but these

are excluded from further comment as they are not germane to the functional capability of the system or

the viscoelasticity experiments.

To complete the system, several commercially available fixtures and instruments were used.  In

some cases, significant modifications were made for this series of experiments.  The entire experimental

apparatus is mounted on an anti-vibration table, Newport P/N XSN-34** and VX-3060-SP, with a 3 inch



diameter hole specially machined through the table to allow the diffracted laser beam to pass through

directly beneath the muscle fiber specimen.  A Leica WILD M3Z Kombistereo microscope is bolted to

the anti-vibration table and is used for fiber mounting and fiber length measurements using the dissecting

objective.  This microscope has sufficient focal depth to view the fiber and forceps during the mounting

and tying procedure.  Diameter measurements are made using the high-power objective (Plan L

25X/.040) with a 100-division eyepiece reticule (Leica # 394-771).  Reticule resolutions of 3.106, 1.984,

and 1.306 microns per division are obtained at the three highest magnification settings (16x, 25x and

40x).

A Dell 60 MHz Pentium OptiPlex 560/L computer is used for generating and downloading

digital wave forms, remotely triggering the experiment, and for collecting and storing the 8-bit digital

data once the experiment has been completed (Fig. 2.4).  The computer is also used for processing all

data.  The raw data is backed up on 3.5", 128 MB rewritable optical disks, which permit easy access to

the raw data for further processing if desired.  The computer interfaces with the array controller via a

standard 24-bit digital I/O card (National Instruments NB-DIO-24 ISA).

A Gould 200 MHz digital oscilloscope (DSO 475) is used for monitoring servomotor and digital

waveform synthesizer function during the experiments.  Due to the speed at which the experiments were

performed, a real-time display of the sarcomere length calculated from the diffraction pattern was not

possible during pulse propagation experiments.

A 10 mW He-Ne laser (Uniphase Model 1105P) is mounted behind the setup.  The beam is

directed through a slot machined in the stereomicroscope post, is focused through a 58 mm f.l. meniscus

lens, and is reflected at 90° by a prism to strike the single fiber (Fig. 2.3).  The beam is focused to a

diameter of approximately 250 microns, and the laser spot may be positioned at any desired point along



the fiber by traversing the X-Y table right or left and reading the position change from the digital depth

meter (Figs. 2.1 and 2.2).  The prism and focusing lens is retracted and the fiber is viewed under the

stereomicroscope using the high-power objective.  For experiments involving the use of reduced

coherence length laser light, a visible laser diode module was used (Applied Laser Systems P/N# VLM

2-5C(L))

Software

To execute this series of experiments, several programs were written.  All programs were

written in VisualBASIC for DOS and were executed by a 60 MHz DELL Pentium OptiPlex 560/L IBM-

Compatible personal computer.  Because these experiments generated very large amounts of data (the

diffraction spectrum and servo motor position data for 1280 longitudinal strain pulses on a single fiber

occupies approximately 110 MB, uncompressed) every effort was made to optimize the code for efficient

calculation and data handling.  For example, superfluous data were eliminated early in the process, all

calculations were made on integer values where possible, and methods such as Horners method for

rearranging polynomial expressions to reduce calculation steps and thus reduce calculation time, were

employed whenever possible.  Nonetheless, each fiber required approximately 30 minutes total computer

data setup time (To load the DAC memory); 80 minutes data downloading time to retrieve data from the

Diode Array Controller; 90 minutes to convert all diffraction spectra into sarcomere length vs. time

records by calculating the location of the intensity centroid of the 1° diffraction peak and applying the

grating equation at each time point; 150 minutes to back up the raw data and the transformed spectral

data onto 128 MB optical disks; 90 minutes to apply median filters of rank 1 to all sarcomere length vs.

time data to remove occasional noise spikes; 250 minutes to apply cross-correlation algorithms to all data



sets to calculate and record pulse propagation delay, and to calculate and record pulse amplitudes for

each experiment.  Thus, a total of approximately 600 minutes (10 hours) of processing time is required

for each single fiber.  A description of the function of each program, the filtering and data manipulation

algorithms, and flow charts are provided (Appendix J).

Analysis of Data

The measurement of the complex Young's modulus, or viscoelastic modulus, by means of pulse

propagation requires a system that will allow the measurement of both pulse propagation velocity (v) and

attenuation coefficient (α).  The measurement of v and α require that two positions along the fiber be

sampled.  To accomplish this, a laser is focused at one position along the fiber near its attachment to a

linear servo motor to produce a diffraction pattern.  The fiber is then be subjected to a number of

lengthening and shortening pulses by the linear servo motor, each of which induce longitudinal strain

waves that propagate down the length of the fiber to the opposite end, which is attached to a force

transducer.  The diffraction spectra of one of the first order diffraction patterns is collected, as is the

servo motor position data, and both are stored continuously as the longitudinal strain pulse passes

through the region of the fiber that is being sampled by the focused laser spot.  The focused laser spot is

then moved to a new position along the fiber, further from the servo by a distance of 1 to 3 mm.  The

fiber is then subjected to a battery of lengthening and shortening pulses identical to those at the first

position, and the diffraction spectra and servo position data are again collected as the longitudinal strain

waves pass through the second sampled region along the length of the fiber.

The raw data are downloaded to computer and the diffraction data are used to locate the position

of the centroid, X, of the first-order diffraction peak for each time point:
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Eq. 2.1

in which m is the phototransistor number with the maximum voltage, Vp is the voltage at phototransistor

number 'p', W is the width of each phototransistor (2.21 mm), and X is the distance of the 1° peak

centroid from the center of phototransistor #1, in mm.  The exception to this calculation was when the

peak value occurred within three photo-transistors of either end of the array.  In this event, bias of the

centroid toward the center of the array was avoided by modification of the calculation of the centroid,

using m ± n  as the limits of the summations, where  n  is the number of phototransistors between the

location of the maximum voltage and the first (or last) phototransistor in the array.  If the peak value

occurred at either the first or last phototransistor in the array, an out-of-range flag is recorded.

The diffraction angle, θm, is calculated from the position of the centroid of the first order

diffraction peak and the known geometry of the experimental setup by applying simple trigonometry.

For each time point in each experimental record, the sarcomere length is calculated from the diffraction

angle by applying the grating equation (Hecht, 1990):

L(sin θm - sin θi) = mλ Eq. 2.2

in which L is the sarcomere length, m is the order of the diffraction peak, which is set equal to 1 because

only the first order diffraction peak (one of the two that are available) is recorded, θm is the diffraction

angle of the first order peak, θi is the incident angle of the laser light as it strikes the muscle fiber, and λ

is the wavelength of the laser, 632.8 nm in the case of a helium-neon (He-Ne) laser, and 670 nm in the

case of a laser diode module.



The resulting sarcomere length data allow the calculation of the propagation delay time, ∆t, for

the longitudinal strain wave to pass through the two sampled regions, which are separated by a distance

∆x.  The propagation velocity, v, is then calculated as:

v = ∆x/∆t Eq. 2.3

In addition to the time delay between strain pulse arrival at the two points, the absolute strain

state of the fiber is known for the entire time record, because the diffraction data allow the sarcomere

lengths to be recorded directly.  The baseline sarcomere length, L1, is the sarcomere length before the

arrival of the longitudinal strain pulse.  The peak strain is the maximum sarcomere length resulting from

a lengthening pulse, or the minimum sarcomere length, in the case of a shortening pulse, and this value is

denoted as L2.  The amplitude of the strain wave is calculated as:

A = (L2 - L1)/L1 Eq. 2.4

The strain pulse amplitude at the first point is denoted A1, and the strain pulse amplitude at the

second point, further from the servo, is denoted A2.  The attenuation coefficient is then calculated as:

α = ∆x-1 * ln (A1/A2) Eq 2.5

Assuming that the attenuation coefficient of the muscle fibers is not equal to zero, the

viscoelastic modulus, E*, is complex and is composed of a real elastic component, E1, and an imaginary

viscous component E2 (Truong, 1974):

E* = E1 + iE2 Eq. 2.6

The real component of the complex modulus can be calculated directly if the density of the fiber, ρ, the

cyclic frequency of the pulse, ω, the pulse velocity, v, and the attenuation coefficient, α, are known

(Truong, 1974):

E1 = ρv2ω2(ω2 - α2v2)/(ω2 + α2v2)2 Eq 2.7



If the attenuation coefficient is found to be equivalent to zero, which would be the case in which

there is no viscous damping within the fiber, Equation 2.7 reduces to:

E = ρv2 Eq. 2.8

in which the Young's modulus is simply denoted as E, because the modulus no longer has a complex

component.  Note that in this case, the Young's modulus is no longer dependent upon the cyclic

frequency of the strain pulse.

Ideally the fiber would be sampled simultaneously at two points by the laser, with the resulting

diffraction spectrum collected for each position simultaneously as well.  This was not possible because of

the need for much more complicated optics and the duplication of the entire data acquisition system to

collect the additional diffraction data.  The next best solution is to first sample at the first position, then

the second, then return to the first position, and so on, alternating rapidly between the two positions to

allow each to be sampled at the specified 500,000 samples per second.  An attempt was made to sample

by this method, but it was not possible to alternate positions on the fiber quickly enough due to

limitations in the bandwidth of existing laser deflectors.  The method used in this series of experiments

was to sample a number of pulses at the one position on the fiber near the servomotor, then to traverse

the laser to the second position and repeat the pulses that were applied when sampling at the first

position.  The sarcomere length vs. time records for each pulse were cross correlated with the servo

position data, and the time lag between the servo pulse application and the arrival of the strain wave at

the sampling spot for each individual pulse was determined.  Data were then grouped on the basis of

servo pulse amplitude and frequency.  For a given pulse amplitude and frequency, the time lag and

sarcomere length pulse amplitude were calculated.  The resulting data from the first and second sampling

points for any given pulse amplitude and frequency were then used to determine the pulse velocity and



attenuation coefficient (Equations 2.3, 2.4, and 2.5).  The error was estimated by adding the standard

error for each data group under each of the pulse conditions in quadrature.  This method biases the data,

but is necessary until the instrumentation is modified to allow the sarcomere length to be sampled at two

points along the fiber simultaneously.

Aim #3:  System Evaluation

The system was tested by measurement of the pulse propagation velocity and attenuation

coefficient obtained on twenty-four single permeabilized fibers from the soleus muscles of adult and

aged F344 rats.  The fibers were tested in the fully relaxed state and in a condition of submaximal

activation.  A total of 14,592 pulses were generated and a total of 14,942,208 diffraction spectra were

collected.  Along with each diffraction spectrum, the servo motor position was recorded.

Experimental Procedure

A single muscle fiber which had been permeabilized by incubation in glycerin-bearing skinning

solution was placed in the experimental apparatus (Figure 2.2).  The experimental sequence of pulses was

downloaded into the digital waveform synthesizer memory and the desired settings were selected for the

clock speed and number of experiments to be performed.  A small target was placed under the fiber and

the laser was turned on and focused to a 250 µm diameter spot near the center of the fiber.  The resulting

diffraction pattern was projected directly onto the target and the sarcomere length of the muscle fiber was

adjusted by lengthening or shortening the fiber by means of the hydraulic micromanipulators until the

desired sarcomere length was achieved, typically 2.55 µm.



The digital waveform memory was downloaded from the computer.  Experiments were initiated

remotely by the computer keyboard.  A battery of 128 separate lengthening and shortening pulses were

executed on the fiber with a delay of 2 to 3 seconds between pulses to allow the fiber striation pattern to

stabilize.  Each fiber was periodically checked to assure that the diffraction pattern was still present.

After the fiber had been subjected to 64 pulses, the position of the laser spot on the fiber was adjusted

using the X-Y table traverse (Fig 2.1) to a new position, 1 to 3 mm from the original position, and the

final 64 pulses were applied.  When a total of 128 pulses had been executed, the diode array controller

memory was downloaded and temporarily stored to hard disk on the computer.  The digital waveform

synthesizer memory was reprogrammed at this time, and a different series of pulse amplitudes was

performed on the fiber.  The downloading and reprogramming process required approximately 8 minutes,

during which the fiber was maintained in relaxing solution at 15°C and the servo coil was de-energized

to prevent transient pulses from occurring during reprogramming (Appendix C).  In this manner, data

were collected for the sarcomere length at two points along the fiber for a large number of lengthening

and shortening pulses under conditions of varying activation level, initial sarcomere length, pulse

amplitude and frequency, etc.  At the end of each experiment, the fiber was fully activated and the

maximum force was recorded on the data sheet to determine if the fiber had been damaged during the

experimental sequence.

The raw data were converted from the diffraction spectrum values into sarcomere length as a

function of time (Eq 2.1 and 2.2) before any further analysis.  The servo position data were also

transformed using the servo calibration data, and the transformed data set was stored as comma-delimited

ASCII values of sarcomere length and servo position for each time point.  The total data set of 131,072

time points was then divided into separate files for each of the pulses (typically 128 files, each containing



1024 time points).  This allowed easy access to the data in the form of sarcomere length vs. time for each

fiber for any given pulse to which it was subjected.  Each series of 128 pulses generated a raw data file in

comma-delimited ASCII format of approximately 11 MB.  Up to 10 such series of experiments were

executed on each fiber, so it was impossible to view each spectrum individually.  A set of criteria were

defined which were implemented in software to discriminate between acceptable spectral data and

meaningless noise.  The array controller was designed specifically to return an identifiable value when

the diffraction signal was too weak to be detected or flagged as out-of-range.  In addition, several signal

quality criteria were defined, such as minimum acceptable signal intensity and detector saturation, to be

implemented in software to distinguish between acceptable and unacceptable diffraction spectra

(Appendix J).  All diffraction patterns were automatically processed in this way, and typically over 98%

of all diffraction spectra for each fiber were found to be acceptable.  Unacceptable spectra were flagged

in the data set to indicate that they were not to be considered for further analysis.

A very small amount of 'salt-and-pepper' type noise (occasional, single time point spikes) was

evident in some of the sarcomere length vs. time traces, so a median filter of rank 1 was applied

uniformly to each data set, which totally eliminated this noise (Appendix J).  No further filtering was

necessary, although additional filters were made available in the software.  The raw diffraction spectrum

data and the converted data were then stored to rewritable optical disk.

To determine the pulse propagation velocity, the data files for each of the fibers under a given

set of experimental conditions were grouped according to pulse amplitude and frequency.  Typically, for

each fiber 6 or 7 pulse data files were grouped for any given pulse amplitude and frequency.  Sometimes

fewer files were included, as in cases where some of the files contained large amounts of missing data

due to loss of signal.  These files were excluded from further analysis.  The sarcomere length vs. time



data were cross correlated with the servo position vs. time data for each of the pulses in the group, and

the time delay between pulse application by the servo and pulse arrival at the sampled position on the

fiber was calculated as the lag, determined by cross correlation, multiplied by the sampling interval.  This

method of determining the pulse propagation delay to each point was deemed very acceptable because

the maximum cross correlation values for each pulse were always very well defined and had r2 values

typically greater than 0.99.  The average delay was calculated for each group of files, which represented

the pulse delay for a pulse of fixed amplitude and frequency to one of the two points along the fiber.  The

process was repeated for the group of pulses at the second point along the fiber for the same pulse

conditions, and the time difference of the delays (�t) was taken to be the time delay between the pulse

arrival at the two points along the fiber separated by a known distance of �x.  The error of the delay was

estimated by adding in quadrature the standard errors of the time delays to each of the two points.

To determine the attenuation coefficient, the baseline sarcomere length prior to the pulse was

determined by averaging the sarcomere lengths over a short time interval immediately prior to the pulse.

The peak amplitude of the sarcomere length pulse was then determined for each pulse in each group.

The peak minus the baseline sarcomere length was taken to be the absolute strain amplitude of each

pulse.  The absolute strain values were averaged for each of the groups and recorded.  The attenuation

coefficient was calculated as defined in Eq. 2.5 (Truong, 1974).  Data were tabulated as necessary for

each hypothesis test, and files were generated from the converted data in a compressed format that was

usable by graphics programs (Appendix J).

Analysis of Results



A total of nearly 15 million diffraction spectra were collected, each with a corresponding servo

position value.  Due to the large amount of data collected, only a small fraction of the spectra could be

inspected visually.  Therefore a number of automated tests were run to determine the quality of the

diffraction data.  Only the first 32 phototransistors in the array of 64 were used because they provided

adequate resolution for system evaluation.  The benefit of using only the first 32 elements in the array is

that the total volume of collected data and the total analysis time for each fiber is reduced by 50%.  This

is significant, because the resulting data handling and analysis time savings is about ten hours for each of

the 24 fibers.  In addition, the raw data storage space was reduced by 50%, which is significant because

this amounts to over 2 GB.

Signal Strength:

A representative sample of the raw spectral data are shown in Figure 2.5., in which a series of

eight spectra are shown (lettered a through h).  The spectra are from fiber # 19.  The fiber was fully

relaxed and maintained at 15°C.  The sarcomere length of the fiber had been previously set to 2.57

microns.  A He-Ne laser was focused to a 250 micron diameter spot on the fiber near the end attached to

the servo.  These spectra were collected near the beginning of the set of 1024 time points, just prior to the

application of a lengthening pulse of 0.5% Lf.  The sampling interval was 4 micro seconds.

The spectra shown in Figure 2.5 are representative of the actual spectra collected by the system.

Each phototransistor in the array produced a voltage across a load resistor which was converted to the 8-

bit digital values in the range of 0 to 255.  For the remainder of this discussion, the term signal strength

will refer to the digital value of the voltage for each of the phototransistors in the array.  The actual

voltage is calculated as:



V = 0.007813 S Eq. 2.9

in which V is the voltage, and S is the digital signal strength, which is an integer value in the range 0 to

255, inclusive.  In Figure 2.5, the vertical axis represents the digital signal strength, in integer values

from 0 to 255, of the diffraction pattern on each of the 32 phototransistors in the array.  In this figure, the

peak signal strength ranges from 36 to 38.  A short program was written in VisualBASIC

(SPECANAL.BAS) to characterize all of the raw diffraction spectra.  The maximum signal strength from

any of the spectra was 147, and the minimum signal strength was zero (no signal detected).  All spectra

with a peak signal strength below 10 were excluded from further analysis.  More than 98% of the spectra

had signal strengths equal to or greater than 10.  The average peak signal strength was around 40.  For

any given fiber, the peak signal strength generally dropped as the level of activation of the fiber was

increased for all of the spectra in any series of experiments.  As the level of activation was reduced, the

peak signal strength increased.  The strongest signals were collected from fibers under the fully relaxed

condition.  It was not possible to detect diffraction peaks for fibers activated more than 30%, due to the

reduction in the intensity of the first-order diffraction peak with activation of the fiber.

Background Noise:

A close examination of Figure 2.5 reveals that the eight diffraction spectra are all very nearly

identical.  In seven of the eight plates no baseline noise is evident, but plate h shows evidence of baseline

noise.  This problem was detected very early in this series of experiments, and several steps were taken to

determine the source of the baseline noise.  First, when the sampling rate was set to 250 kS/sec, the noise

was only present in about one of every 6 or 7 spectra.  Increases or decreases in the sampling rate

resulted in a commensurate increase or decrease in the frequency of occurrence of the noise.  Initially the



source of the noise appeared to be ground bounce resulting from current transients due to digital

switching or ADC and DAC conversions.  This seemed reasonable, as these operations were occurring in

parallel for all 32 analog input channels, as well as for the digital waveform synthesizer channels.  A 0.1

µF ceramic capacitor was added across the power supply pins of each integrated circuit chip with the

shortest lead length possible, and larger tantalum capacitors were added to the power traces on each

board.  Voltage references were powered locally by linear regulators, and liberally decoupled with

capacitors both on their inputs and outputs.  Ground loops had been minimized in the initial design of the

system.  The baseline noise problem was not mitigated by these efforts.

Some form of high-frequency optical noise was a possibility, so the phototransistor array was

tightly covered with a sheet of 1/16" aluminum plate.  The baseline noise problem persisted.  The system

was then operated with all other devices, such as the servo motor and He-Ne laser unplugged.  The He-

Ne laser was identified as the cause of some of the occasional noise spikes.  In addition, the He-Ne was

suspect because it was producing a slightly barbell-shaped spot, indicating that it was no longer operating

in TEM00 mode (a single round spot), but was in fact operating in TEM01 or TEM10 mode (Hecht,

1990, page 583), suggesting that the laser had been damaged.  The original He-Ne laser was replaced

with a new 10 mW He-Ne (632.8 nm wavelength), which was found to be operating in TEM00 mode.

The occasional baseline noise problem was improved, except that a periodic baseline noise persisted,

every 24 to 28 microseconds, with a peak digital value of 1 or 2.  No amount of shielding reduced the

problem, and the noise was eventually attributed to the fact that switching power supplies were used to

power the array controller system.  This hypothesis was further supported by the fact that the noise

occurred at a frequency of 36 kHz to 42 kHz, and the switching power supply in the system switches at

approximately 40 kHz.  A linear power supply with sufficient current output was not available to test this



hypothesis, and due to the current draw of the system, the use of batteries was out of the question.  The

solution, which will be implemented in the next design, will be to use CMOS logic instead of LS (low-

power Schottky), to reduce the power supply requirements sufficiently to allow battery or linear power

supply operation.

The baseline noise was measured by the program SPECANAL.BAS for all diffraction spectra,

and in no case did it exceed a digital signal strength of 2.  This was considered acceptable, because a

minimum peak amplitude of 10 was required for further analysis of each spectrum, and the calculation of

the centroid by inclusion of only values within three positions of the peak (Eq. 2.1) effectively excluded

most of the baseline noise from analysis.  Nonetheless, the centroid was occasionally influenced by this

source of noise, but was eliminated by the application of a median filter of rank 1 to the data, after

calculation of sarcomere length for all spectra in each of the data sets.

System resolution:

Due to the 8-bit intensity resolution of the detector array, the nature of the grating equation and

the system geometry, the resolution (minimal detectable change in sarcomere length) will be a function

of signal strength and diffraction angle.  The system resolution was calculated as follows.  A diffraction

peak digital signal strength of intensity S is assumed.  The full width half maximum value of the peak is

approximately one phototransistor width, as suggested by the raw diffraction spectra in Figure 2.5, which

are very typical.  By definition, then, the signal strength on either side of the peak value is S/2.  A

conservative estimate of the sensitivity of the system to a shift in the centroid of the first order peak is to

assume that one of the half maxima signals increases by a value of 1, whereas the other half maxima



decreases by a value of 1.  The shift of the centroid of the first order peak on the detector array can be

readily shown to be:

d = 2W/S Eq. 2.10

in which d is the centroid shift in mm, W is the width of the phototransistors in mm, and S is the digital

value of the peak signal strength, in this case from 10 (the acceptable minimum) to 255.  The result is

that stronger signals and shorter sarcomere lengths result in increased resolution, whereas lower signal

strengths and longer sarcomere lengths result in lower resolution, as shown in Figure 2.6.

The range of resolvable sarcomere lengths is defined by the length of the phototransistor array,

the wavelength of the laser light used, the optical path length from the muscle fiber to the array, and the

placement of the zero order peak with respect to the sensitive area of the array.  A program was written in

Visual BASIC to include all of these parameters (TILTNORM.BAS), and display the resulting system

resolution and range.  The geometry of the experimental setup was adjusted to accommodate sarcomere

lengths of 1.794 to 4.270 µm.

The system was calibrated photographically by using an optical standard (Bausch and Lomb) to

measure the average sarcomere length of a region of sarcomeres.  The laser was turned on and focused on

this region, and the resulting diffraction spectrum was collected.  The fiber was lengthened slightly, the

sarcomere length was again measured photographically, and the process was repeated for the full range

of sarcomere lengths detectable by the system.  The absolute error of the system is estimated to be less

than 1% over the full range of sarcomere lengths, with larger errors for longer sarcomere lengths and

smaller errors for shorter sarcomere lengths.

Sarcomere length vs. time records:



Typical converted data files are shown in Figure 2.7.  These are the data files which are used for

the calculation of attenuation coefficient and pulse propagation velocity (Eq 2.3, 2.4, and 2.5).  Each data

file contains 1024 time points for which both the sarcomere length and servo position are recorded.  The

top trace is the servo position record for a typical lengthening pulse, with the corresponding sarcomere

length trace shown directly below.  The bottom two traces are the servo position and sarcomere length

traces for a typical shortening contraction.  There were over 7000 lengthening and 7000 shortening

pulses, of varying amplitude and frequency, applied to the 24 fibers in the study, and these traces are

typical.  In many cases the step and pause pattern of the lengthening pulses was more pronounced, and

shortening pulses often had plateaus at their minimum length, probably due to fiber buckling.

Detection of Multiple Peaks:

A careful analysis of the spectra was required to detect the presence of multiple peaks.  The

presence of multiple peaks or subpeaks would indicate the existence of discrete sarcomere length

distributions within the sampled region of the single fiber (Judy, et al., 1982).  The presence of discrete

regions within the sampled area of the fiber with different sarcomere lengths would require a much more

detailed analysis than the case in which only one peak was detected.  The VisualBASIC program

SPECANAL.BAS also included an algorithm for the detection of multiple peaks.  The dominant peak

was defined as the maximum signal on the 32-element array for each time point, provided that the signal

strength was at least 10.  A second peak was defined as a local maximum digital value of 10 or greater,

separated from the dominant peak by at least one phototransistor position.  Due to the finite width of the

phototransistors (2.21 mm), some spatial averaging occurred, making it impossible to detect multiple

diffraction peaks that were very close together.  To be distinguishable from the dominant peak, the



second peak must be separated from the dominant peak by a signal of lower strength than either of the

peaks, resulting in a saddle shape (a local minima).  It was necessary to select a threshold value for the

local minima.  Because of the presence of background noise (Figure 2.5, plate h), a threshold value of 2

was selected.  Therefore, the presence of multiple peaks would be indicated if two local peaks could be

detected in any given spectrum, each with a signal strength of at least 10, and if they were separated by a

local minima with a signal strength at least 2 points lower than the lowest peak.  This algorithm was

implemented in SPECANAL.BAS, and it was determined that none of the nearly 15 million diffraction

spectra had multiple peaks.  This greatly simplified the subsequent analysis, by supporting the

assumption that the location of the centroid of the diffraction peak could be used to calculate a

representative average sarcomere length for the region sampled by the laser spot.

Although no cases of multiple peaks were detected in the total data set of all spectra, there is

still the possibility that multiple peaks exist because of the finite width of the phototransistors, resulting

in some amount of spatial averaging.  For example, it is possible that two distinct peaks exist, but that

they are both projected onto the same phototransistor because they are very closely spaced.  It is

impossible to speculate about the probability of multiple peaks which can not be detected by the system

because of how closely they are spaced, but it is possible to determine the sensitivity of the system in

terms of how far apart the peaks must be to be clearly detected.  Based on worst-case assumptions, that

is, minimum signal strength and minimum detectable peak separation of two phototransistor widths, the

masking limit for secondary and lesser peaks is illustrated in Figure 2.8.  In this figure, the primary first

order diffraction peak value is located on the abscissa.  The range of secondary or lesser first order

diffraction peaks that will be masked by the primary peak is defined by the range of sarcomere lengths on

the ordinate that fall between the two lines on the graph.  For example, if a primary first order diffraction



peak is detected with a calculated sarcomere length of 2.6 µm, secondary or lesser peaks with sarcomere

lengths in the range of 2.45 to 2.75 µm would not be detected.

Discussion and Conclusions

The performance of the present system supports the feasibility of measuring the longitudinal

pulse propagation in single skeletal muscle fibers by means of optical diffraction at two points along the

length of the fiber.  The results also allow the system specification and design to be modified to enhance

system performance.  To measure the pulse propagation in fully activated fibers the system will require

design modifications.  The diffraction pattern intensity from activated muscle fibers dropped dramatically

below the signal intensity for the same fiber when fully relaxed.  The consequence of this is that an 8-bit

conversion of diffraction intensity is not adequate to resolve the first order diffraction signal from both

fully relaxed and fully activated fibers.  A phototransistor array with 14-bit intensity resolution can detect

the diffraction pattern from both fully activated and relaxed fibers, but the system is five orders of

magnitude too slow to collect the data necessary for pulse propagation measurements.  At the time the

present system was designed (1992 to 1993), no analog to digital converters above 8 bits resolution and

conversion rates of 1 MS/sec were available.  A parallel architecture system requires one converter per

channel, and there are a minimum of 32 channels in the present system, therefore the price of the analog

to digital converters is also an important design consideration.  Recent developments in pipeline

architecture for hybrid converter integrated circuits has resulted in low-cost, 12-bit analog to digital

converters with conversion times of about 1 µs, with higher resolution converters (14 and 16 bit) also

reduced in cost.  Therefore, to measure pulse propagation in fibers at full activation, the system will be

redesigned to employ higher resolution analog to digital converters.



Multiple first order diffraction peaks were not detected in the diffraction data.  Therefore the

system architecture may be modified to use a Schottky barrier diode linear position detector (spot

follower) instead of a detector array.  This reduces the complexity of the system and the total amount of

data that would need to be collected by about 97%.  The reduction of system complexity has several very

significant advantages.  First, the total power consumption will be reduced, thereby allowing linear

power supplies or batteries to be used, reducing the noise.  The use of one converter per sampled region

instead of 32 greatly reduces the total cost of the system.  The possibility of adding another laser to the

system to sample at two positions simultaneously then becomes feasible.  The lasers would need to strike

the fiber along skew diameters, increasing the complexity of the optics somewhat, but the resulting

decrease in total system cost, total volume of data, and software analysis routines makes this an attractive

option.  In addition, the pulses can be cross correlated with each other to determine the propagation

velocity, instead of cross correlating each pulse at two different positions with the servo motor position

signal and taking the lag time difference, as was required in the present study.  This would improve the

accuracy of the propagation delay measurements by reducing bias.



CHAPTER III

VISCOELASTICITY

Introduction

The explicit study of muscle tissue as a viscoelastic material can be traced to Levin and Wyman

(1927).  Since that time, the viscoelasticity of muscle tissue has been studied with little attention given to

the effect of activation levels other than full activation and full relaxation (Sandow, 1947; Schoenberg,

1974).  All of the studies of muscle tissue viscoelasticity that have used pulse propagation have

arbitrarily selected a single pulse amplitude (Appendix A).  Furthermore, some of the methods employed

in the study of muscle viscoelasticity were flawed due to unrealistic assumptions.  For example, studies

of muscle viscoelasticity by the application of a step-length change have assumed that the sarcomere

length is uniform and homogeneous during rapid length changes.  To avoid the pitfalls of unrealistic

assumptions about the strain behavior of muscle tissue, the method of strain pulse propagation will be

used to measure the viscoelasticity of muscle fibers.

No studies have addressed the effect of strain pulse amplitude on the resulting viscoelastic

behavior of muscle tissue.  A consideration of the effect of strain pulse amplitude on the viscoelasticity

of muscle fibers is important for several reasons.  First, in activated muscle, cross-bridges contribute

significantly to muscle fiber stiffness (Ford et al., 1977; Ford et al., 1981).  Cross-bridges cycle

continuously, on the order of 150 times per second, and therefore remain attached for only a short period



of time (Piazzesi, Linari and Lombardi, 1993).  Also, cross-bridges have a limited range over which they

may remain attached (Higuchi and Goldman, 1991), which is much shorter than the range over which

muscle changes its length.  The logical conclusion, in the case of activated muscle, is that the viscoelastic

properties of activated muscle that arise from cross-bridges are limited to strain amplitudes less than or

equal to the maximum cross-bridge strain, which is approximately 10 to 20 nm per sarcomere.  Second,

for relaxed fibers the relative contribution of weakly-bound cross-bridges to muscle viscoelasticity has

not been established definitively, but has been estimated to be as high as 80% (Chalovich et al., 1991).

Furthermore, the strain range over which weakly-bound cross-bridges may remain attached is not known.

Consequently, whether weakly-bound cross-bridges remain attached over the same strain range as

strongly-bound cross-bridges remains unclear.  At low levels of activation, some of the weakly-bound

cross-bridges are transformed into strongly-bound cross-bridges.  Therefore, activation not only changes

the viscoelasticity of muscle fibers, but also likely changes the range over which the viscoelasticity is

dominated by thick and thin filament interactions.  In addition, the stiffness of passive elastic filaments

such as titin in the sarcomere increases non-linearly, but smoothly, with increasing sarcomere length

(Granzier and Wang, 1993b).  For these reasons, the effect of strain pulse amplitude on the viscoelastic

properties of relaxed muscle fibers must be studied.

The problem of the effect of strain pulse amplitude on muscle viscoelasticity has generally been

avoided by muscle mechanists.  Usually, when muscle tissue stiffness or viscoelasticity is measured a

single strain amplitude is selected which is based on previous work, with little or no justification (Chichi,

et al., 1991; Granzier and Wang, 1993a and 1993b; Ford et al., 1981; Truong 1971, 1972 and 1974;

Truong et al, 1978b; Blange and Steinen, 1985).  The tacit assumption is that the viscoelasticity of

muscle can be considered as quasi-linear over a small range of strain amplitude.  Though this may be



true, the effect of strain amplitude on muscle stiffness and viscoelasticity has not been reported.

Therefore, the range of strains over which the viscoelasticity of muscle may be assumed to behave quasi-

linearly is not known with any degree of certainty.

The primary goal of this study was to determine the effect of strain pulse amplitude on the

viscoelasticity of relaxed and partially activated single permeabilized muscle fibers.  The working

hypothesis is that the viscoelasticity of single permeabilized muscle fibers is dependent upon the strain

pulse amplitude, strain pulse frequency, and the level of activation of the fiber.  Therefore, the method

which will be employed to measure the viscoelasticity must not be based on the assumption that

viscoelasticity is independent of strain pulse amplitude.  Much of the published literature on muscle fiber

viscoelasticity includes the tacit assumption that the strain pulse amplitude does not affect the

viscoelasticity of muscle fibers.  The pulse propagation method of determining viscoelasticity does not

assume that the strain along the length of the fiber is homogeneous, nor that the viscoelasticity is

independent of strain pulse amplitude.  The viscoelasticity of single permeabilized skeletal muscle fibers

will be calculated from the propagation velocity and attenuation coefficient of longitudinal strain pulses,

which will be measured by means of optical diffraction at two positions along the single fiber.  The

method of optical diffraction at two positions along the muscle fiber was selected as the optimal method

for measuring the strain at each position because it allows rapid and accurate detection of strain in a

small region along the fiber length but does not require that markers be placed on the fiber.

Methods

This series of experiments were performed on single chemically permeabilized skeletal muscle

fibers harvested from the soleus muscle of the rat.  A total of 19 fibers were subjected to lengthening and



shortening pulses.  Adult (4 to 12 month old) and aged (27 month old) male Fisher rats (F344) were

dissected to remove the soleus muscle of the right hind leg by carefully dissecting away the fascia and

transecting the proximal and distal soleus tendons.  The rats were anesthetized with pentobarbital

sodium.  The tissue was harvested from the animals after in vivo   sustained power experiments on the

left leg, which were unrelated to this series of experiments, to maximally utilize the tissue from each

animal.  Because of multiple use of each animal by several investigators, no animals were sacrificed

specifically for this series of experiments.

The soleus muscle was placed in mammalian Ringer's solution (137 mM NaCl, 24 mM NaHCO,

11 mM glucose, 5 mM KCl, 2 mM CaCl2, 1 mM MgSO4, 1 mM NaH2PO4, and 0.025 mM tubocurarine

chloride) immediately after removal from the animal.  The muscle was pinned at each end to hold it

slightly longer than its free length (under no tension) and all external fat and loose connective tissue was

carefully removed.  Using Vannas spring scissors, the muscle was cut longitudinally, parallel to the

muscle fibers, into six or seven thin bundles, depending upon muscle size.  Each bundle was

approximately 12 to 15 mm long and approximately 1 mm in diameter.  The bundles were tied to short

pieces of glass capillary tube using 5-0 braided silk suture with a double overhand knot at each end.

Each bundle length was adjusted by sliding the knots along the glass capillary tube so that the bundle was

straight and very slightly extended beyond the free length.

The tied bundles were placed into 5 cc plastic vials filled with skinning solution (125 mM K-

propionate, 5 mM EGTA, 2 mM ATP, 2 mM MgCl20, 20 mM imidazole, and glycerol 50% vol/vol,

adjusted to pH 7.1 with 4 M KOH), were capped securely, and were placed into a freezer at -20°C.  The

bundles were allowed to remain in the skinning solution at -20°C for a minimum of four days, and within

four months to assure viability.



In addition, relaxing and maximum activating solutions were required for the execution of the

experiments.  Both the relaxing and maximum activating solution contain 1 mM free Mg++, 4.4 mM

ATP, 7.00 mM ethyleneglycol-bis(B-aminoethyl ether) tetra-acetic acid (EGTA), 20.0 mM imidazole,

and 14.5 mM creatine phosphate.  Both solutions were adjusted to pH 7.0 with KOH.  Maximum

activating solution was adjusted to pCa of 4.5, and relaxing solution was adjusted to pCa of 9.0.  The

final concentrations of each metal, ligand, and metal-ligand complex were calculated based on published

computer algorithms (Fabiato and Fabiato, 1979) and stability constants (Godt and Lindley, 1982) for a

solution temperature of 15° C.

Immediately prior to an experiment, the tied fiber bundles were removed from the skinning

solution and placed into a small dissecting dish filled with chilled relaxing solution.  The bundles were

allowed to thaw for ten minutes to avoid damaging the tissue.  The 5-0 silk suture knots were removed

and the fiber bundle was released from the glass capillary tube.  The bundle was pinned to the bottom of

a small dissecting dish using 0.10 mm diameter insect pins (Ianni Butterfly Enterprises).  The ends of the

bundle, which were compressed by the 5-0 suture, were removed by cutting with Vannas spring scissors.

Sharpened #5 forceps were used to slowly draw out a small group of fibers from the bundle, which

typically contained four to ten fibers.  By drawing out a group rather than a single fiber, the shear load on

each fiber in the group was significantly reduced.  Several of the fibers in each group showed evidence of

excessive strain; they tended to curl into a spiral immediately after withdrawal, often were kinked, and

typically had an irregular, pale peach color at a magnification of 6.0 X when viewed under a dark field

microscope.  The fibers that were near the center of the group remained nearly straight after withdrawal,

showed no evidence of damage or kinking, and had a regular iridescent blue-green appearance when

viewed at 6.0 X magnification with a dark field microscope.



The blue-green iridescence was caused by the regular sarcomere spacing.  The fibers act as a

diffraction grating for visible light, and the blue-green color was an important indication that the fiber

was undamaged and the sarcomere pattern was highly regular.  The undamaged fibers were shielded

mechanically as the group of fibers was withdrawn by the fibers that were on the outside of the group,

the latter being subjected to higher shear gradients during withdrawal and thus sustaining damage.  After

withdrawal, the damaged fibers were simply pulled away using sharpened forceps, leaving one or two

undamaged fibers which may be up to 9 mm in length.  This technique allowed very long skinned fibers

to be removed without damage and was developed specifically for use in this series of experiments

because fibers up to 8 mm in length were necessary for the pulse propagation experiments.

The flow through bath (Appendix E) was filled with relaxing solution until slightly over full,

and was chilled to 15°C prior to the removal of the single fiber from the fiber bundle.  The fiber was

connected at one end to a force transducer and at the other end to a linear servo motor by means of 29 ga.

stainless steel thin-wall tubing.  The stainless steel tubing has an inner diameter of 0.007", and was filed

down using a fine ceramic sharpening stone so that both tubes that protrude into the flow-through bath

had a spoon-like trough into which the single fiber ends were placed (Figure 2.2).  The troughs were

wetted with relaxing solution and were then raised slightly above the surface of the relaxing solution in

the bath so that a meniscus formed between each trough and the bath.  Single nylon strands of waxed

dental floss, approximately 21 microns in diameter, were tied into loose double overhand knots and were

placed over the ends of each of the stainless steel tubes past the troughs before the single fiber was

transferred into the bath.

The single fiber was transferred to the flow-through bath and was held at one end by sharpened

forceps.  The small dissecting dish containing the remaining bundle was placed in a styrofoam box



containing ice for short-term storage.  Due to the time required to complete a battery of experiments on

each fiber, up to about 2.5 hours, only two or three fibers were used from each bundle.  Approximately 1

mm of one end of the fiber was lifted out of the solution and laid carefully into the one of the troughs.

The surface tension of the relaxing solution pulled the fiber flat into the trough and held it in position

while it was secured in place.  A very short piece (plug) of 5-0 nylon monofilament suture (0.6 to 0.7 mm

long) was placed in the trough directly over the end of the single fiber.  The trough was then raised

slightly to increase the downward force on the monofilament plug from the surface tension of the

relaxing solution.  This held the muscle fiber and nylon plug in place while one of the waxed nylon

strand knots was pulled over the plug and muscle fiber and pulled tight.  Once secured, the trough was

lowered slightly to reduce the surface tension force and the second nylon strand knot was pulled over the

plug and was pulled tight.  The use of two knots on each plug eliminated the tendency of the muscle fiber

to pull out from beneath the plug during an experiment.  The tying procedure was repeated on the other

end of the single fiber, the result being that the single fiber was fastened at each end to a stainless-steel

trough and was suspended in a bath of relaxing solution.  The loose ends of the waxed nylon filaments

were snipped off with microsurgical scissors and were removed from the bath to prevent force shunting

between the fiber, the troughs, and the sides of the flow-through bath.

Both stainless steel tubes, one of which was attached to the linear servo motor and the other of

which was attached to the optical force transducer, were lowered using the hydraulic micromanipulators

so that they were centered in the slots at each end of the flow-through bath and the single fiber was

suspended in the relaxing solution.  The single fiber was centered in the flow-through bath and was

pulled until it is just straightened out (Figure 2.2).  A small amount of relaxing solution was added to the

bath to form a slight positive meniscus.  An 18 mm square cover slip was placed over the top of the bath



and was pulled into place by the surface tension of the relaxing solution.  The entire process, from

placing the fiber into the flow-through bath until the placement of the cover slip on top of the bath

required less than ten minutes, and frequently as little as five minutes.  This procedure was developed to

minimize the handling of the fiber to reduce the risk of damage during mounting.

The laser prism holder was slipped into position and the X-Y table of the apparatus was adjusted

so that the He-Ne laser beam was focused to a 250 µm diameter spot near the center of the fiber (Figure

2.3).  A small calibration target mounted on an aluminum beam was slid into place 75 mm directly

beneath the fiber, and the diffraction pattern was projected onto the target.  The sarcomere length was

read directly from the position of the first order diffraction peak on the target, and the position of the left

trough (connected to the servo motor) was adjusted until the sarcomere length had been set to 2.55

microns.  The X-Y table was then translated right and left to inspect the diffraction pattern along the

entire length of the fiber.  If the pattern was clearly visible and stable along the length of the fiber, the

fiber was accepted for further use.  If the diffraction pattern proved to be weak or irregular, it was

assumed that the fiber was damaged during dissection or placement in the apparatus and was removed

and replaced by a new fiber.  The process was repeated until a suitable fiber was identified.

Approximately 20% of the fibers were rejected at this point in the experiment.  The practical limit for the

distance between the laser spot positions on the fiber was about 2 mm, because this was the maximum

distance over which the typical fiber had a striation pattern which was highly consistent and stable when

inspected by axially translating the fiber through the laser beam.

The relaxing solution in the flow-through bath was slowly replaced (over about 30 seconds) by

activating solution, and the force generated by the fiber during this process was displayed by the optical

force transducer system in µN (Appendix D).  During this process, an isovolumetric fluid exchanger



(Appendix E) was used to assure that equal volumes of fluid were simultaneously injected and removed.

A flow-through bath was used rather than a multiple bath system because the force imposed on the fiber

when drawing it through a fluid surface is substantially more than the single fiber can generate when

fully activated.  Isovolumetric fluid exchange in the bath therefore reduces the potential for damage to

the fiber.  The force generated by the fully activated fiber was allowed to stabilize after the fluid

exchange was complete, and the peak force was recorded.  Using the fluid exchanger, the activating

solution in the flow-through bath was replaced by relaxing solution.

The fiber length, Lf, was measured between the nylon monofilament plugs and was determined

by traversing the X-axis of the X-Y table along the entire length of the fiber.  The total distance traversed

was measured using a digital depth gauge (Figure 2.1) which was clamped to the surface of the vibration-

isolation table, allowing fiber length to be measured accurately to within 0.01 mm.  The X-Y table

traverse indicator was set to zero at the force transducer end, and all further location measurements were

referenced to this position.  To measure the diameter, the fiber was viewed by a Leica WILD M3Z

Kombistereo microscope at 40X magnification with a 25X/0.40 high-power objective and a finely

divided eyepiece graticule.  The resolution of the 100-division eyepiece graticule at 40X magnification

was determined, using a Bausch and Lomb engraved optical standard, to be 1.306 microns per division.

The fiber length was recorded, and the diameter was measured at six equally spaced positions along the

fiber, to be used later for the calculation of fiber cross-sectional area.

The experimental sequence of pulses was downloaded into the digital waveform synthesizer

memory and the desired settings were selected for the clock speed and number of experiments to be

performed (Chapter II).  For this series of experiments, the digital waveform synthesizers were loaded

with profiles for lengthening and shortening pulses.  Pulse amplitudes of 20%, 40%, 60%, 80%, and



100% of full range for both shortening and lengthening pulses were used.  A total of 128 pulses were

programmed for each experimental battery.  The lengthening and shortening pulses of different

amplitudes were alternately mixed together throughout the battery to eliminate any systematic effect of

the ordering of the pulse amplitudes on the outcome of the experiment.  Once the digital waveform

memory had been loaded, the entire experiment was controlled and all data are collected by the array

controller.  Each pulse was initiated remotely by the computer keyboard.  A two to three second delay

between the pulses allowed the fiber striation pattern to stabilize.  Each fiber was periodically checked to

assure that the diffraction pattern was still present.

The first 64 pulses were applied to the fiber with the laser at the first sampling position along

the muscle fiber.  The fiber was then translated axially by 1 to 2 mm using the X-Y table, and the new

laser spot position on the fiber was recorded to the nearest 0.01 mm.  The final 64 pulses were applied to

the fiber with the laser spot at the second position.  When a total of 128 pulses had been executed, the

array controller memory was downloaded and temporarily stored to hard disk on the microcomputer.

The digital waveform synthesizer memory was reprogrammed at this time.  The downloading and

reprogramming process required approximately 8 minutes, during which the fiber was maintained in

relaxing solution at 15°C and the servo coil was de-energized to prevent transient pulses from occurring

during reprogramming (Appendix C).  Up to 10 batteries of 128 pulses were applied to each of the fibers.

In this manner, data were collected for the sarcomere length at two points along the fiber for a large

number of lengthening and shortening pulses under conditions of varying activation level, initial

sarcomere length, pulse amplitude and pulse frequency.  At the end of each experiment the fiber was

fully activated and the force was recorded on the data sheet.  The analysis and storage of the data is

discussed in detail in Chapter II.  The raw data was processed after all experiments were completed to



yield a data set for each pulse, which includes servo position and sarcomere length as a function of time.

There are 1024 time points of data for each pulse.

The cross-sectional area was determined by two methods, one assuming a circular cross-section

and the other assuming an elliptical cross-section.  For the assumption of circular cross-section, the

average of the six diameters was used and the fiber cross-section was calculated as A = πD2/4 (left side

of Fig 3.1).  For the elliptical assumption the cross-sectional area was calculated as  A = πDd/4, where D

is the largest of the six diameters, assumed to be the major axis of the ellipse, and d is the smallest of the

six diameters, assumed to be the minor axis of the ellipse (right side of Fig 3.1).  Specific force is defined

as the force generated by the muscle fiber divided by the cross-sectional area.  The maximum specific

force (Po) of each fiber was measured to ensure that the fiber was viable.  Several of the fibers broke

during activation and were excluded from further analysis.

The pulse velocity was calculated by cross-correlating the servo position pulse with the resulting

sarcomere length pulses at two separate points along the length of the fiber.  The difference in the lag

between the two cross correlations was multiplied by the sampling interval to determine the time delay

between the pulse arrival at the two points.

Results

A total of 19 fibers, 5 from aged rats and 11 from adult rats, remained viable throughout the

duration of the experiment without breaking.  The muscle fibers ranged in length from 3.06 mm to 7.35

mm (for sarcomere length set to 2.55 microns/sarcomere).  No significant differences were observed

between the Pos of the two age groups or between the two methods of measuring the cross-sectional

areas (Figure 3.1).  The data are consistent with published data (Macpherson, 1995).



As the level of activation was increased, the intensity of the first order diffraction peak

decreased markedly.  This phenomenon is probably due to an increase in the heterogeneity of the

sarcomere lengths within the fiber as the fiber is activated (Macpherson, 1995).  For this reason, the 8-bit

detector system was unable to collect data on fibers above 35% activation.

During shortening pulses, the measurement of pulse propagation velocity and attenuation

coefficient was not possible because the fibers showed evidence of buckling (Fig 3.2).  Buckling was

evident in both relaxed fibers and fibers at low levels of activation.  Further evidence of buckling during

shortening pulses was clear from the sarcomere length-time records (Fig. 3.3), nearly all of which had a

plateau after a small amount of shortening, with no further reduction of sarcomere length during the

shortening pulse.  Because of the strong evidence for buckling of the fibers when shortening pulses were

applied, shortening pulses cannot be considered further.  As would be expected, no evidence of buckling

occurred during lengthening pulses.

The two sarcomere length-time traces during a lengthening pulse represent the strain pulse as it

passed through each of the two sampling positions along the fiber (Figure 3.4).  The pulses occurred at

slightly different times due to the distance between the positions at which the sarcomere length was

sampled.  Position 2 is located 1.34 mm further from the servo motor than position 1, therefore the strain

pulse arrived at position 1 first.  The strain pulse amplitude at position 2 is larger than that at position 1,

indicating that the amplitude increased as the strain pulse traveled along the fiber.  The increase in

amplitude results in a slightly negative attenuation coefficient.

Steps and pauses were evident in most of the sarcomere length-time records.  The sarcomere

length-time records (Figure 3.4) had the least evidence of steps and pauses in the entire data set, and yet

the distortion of the peak amplitude of the strain pulse is evident, especially for position 2.  Slight



changes of the laser spot position, as small as 0.04 mm, visibly changed the appearance of the steps and

pauses.  To test the sensitivity of the pulse velocity and attenuation coefficient to changes in the steps and

pauses caused by repositioning the laser spot along the fiber, several fibers were subjected to additional

pulses in which the distance between the laser spots was changed slightly, and the full battery of pulses

was repeated (fibers 11, 19, and 21).  In each case, pulses of the same amplitude did not show a change in

the pulse velocity, whereas the attenuation coefficient varied randomly, frequently changing sign.  The

issue of steps and pauses is treated in greater detail in Chapter IV.

The calculation of pulse propagation velocity is relatively insensitive to noise or distortion of

the peak strain amplitude in the sarcomere length-time traces because it is determined by cross-

correlation, which is essentially an averaging process.  The calculation of the attenuation coefficient was

highly sensitive to very small fluctuations in amplitude because its calculation required accurate

knowledge of the peak amplitude of the sarcomere length pulse at both points along the fiber.  This is

evident from Equation 2.5.  The steps and pauses caused distortion of the peak amplitude of the

sarcomere length-time record.  As a consequence, the attenuation of the strain pulses was too small to be

detected.

The attenuation coefficient was small for all cases and was not statistically significantly

different from zero.  This is convenient, because it simplifies the viscoelastic model by supporting the

assumption that the single fiber acts as a purely elastic material for strain amplitudes up to at least 8% Lf.

To test whether or not the attenuation coefficient was different from zero, all pulse amplitudes for each

fiber were grouped by strain amplitude, and the mean value was compared with zero using a two-tailed t-

test (Figure 3.5).  The only condition in which the attenuation coefficient was found to be statistically

different from zero was for relaxed fibers with strain pulse amplitudes of 3% or greater.  Although



statistical significance at the p < 0.05 level was demonstrated in this case, the difference was probably

due to the systematic error resulting from the amplitude distortion by the steps and pauses in the

sarcomere length-time records.  In this case, the value for the attenuation coefficient was  -0.068 m-1

(Figure 3.5).  This value represents an average difference in strain pulse amplitudes of less than one part

per thousand over a distance of 3 mm.  Furthermore, the amplitude actually increased with distance from

the servo instead of decreasing, as would normally be expected in linear viscoelastic materials.  Based on

these data, the attenuation coefficient in single permeabilized skeletal muscle fibers during lengthening

pulses will be assumed to be negligibly small for pulse frequencies in the range of 250 Hz to 2000 Hz.

Because the average attenuation coefficient for any strain pulse amplitude was approximately

zero, a muscle fiber may be approximated as an undamped (non-viscous) homogeneous material.  In a

thin rod, the elastic modulus (E) can be determined by:

E = v2 ρ Eq 2.8

where  v  is the pulse velocity (m/s), and  ρ  is the density of the muscle fiber (kg/m3).  There is no

frequency dependence in this equation, nor is any damping assumed.  For longer fibers (3 to 10 mm), it is

important to correct for the increase in the apparent density of the fiber (Steinen and Blange, 1985).  The

apparent fiber density is the sum of the actual fiber density and extra density, which results from the

surrounding fluid adhering to the fiber, which increases the inertia.  Taking the actual fiber density as

1,060 kg/m3, the apparent fiber density was approximated by Ford, et al. (1977) and Blange and Steinen

(1985) as:



ρ  =  ρf  +  ρ'  ~ 1060 +  (2ρmη / ωR2)0.5  Eq 3.1

where  ρ  is the apparent fiber density (kg/m3), ρf  is the actual fiber density (1,060 kg/m3), ρ'  is the

extra density due to adhering fluid in the bath, ρm  is density of the fluid in the surrounding medium

(1000 kg/m3), η  is the dynamic viscosity of the surrounding fluid (1.65 x 10-3 Ns/m2, or Pa.s), ω  is the

frequency of the pulse (s-1),  and  R  is the fiber radius (meters).  The use of Equation 3.1 to calculate the

apparent fiber density modifies Equation 2.8 for elastic modulus, making it a function of both fiber radius

and pulse frequency.  At very high frequencies, the added inertia from the surrounding fluid becomes

insignificant, but at lower frequencies, the extra density can be significant.  For example, a muscle fiber

of radius 40 µm would have an apparent density of 2206 kg/m3 at 250 Hz, but only 1465 kg/m3 at 2000

Hz.  Based on the observation that the attenuation coefficient is negligible, the elastic modulus will be

calculated based upon Equations 2.8 and 3.1.

Based on published data (Granzier and Wang, 1993b), the relationship between strain pulse

amplitude and pulse propagation velocity was expected to be non-linear for relaxed fibers (Figure 3.6).

The expected non-linearity was based on the observed increase in stiffness of the titin molecule with

increased sarcomere length above 2.5 µm per sarcomere.  The propagation velocity is highly non-linear

with increasing strain pulse amplitude, though not as expected (Figure 3.7).  The non-linearity occurred

at the low-amplitude end of the range of strain amplitudes.  Of 19 fibers, insufficient data were collected

on 4 to detect non-linear behavior in the range of 1% to 5% Lf.  Of the remaining 15 fibers, 11 fibers

show clear evidence of non-linear behavior in the lengthening strain pulse amplitude range of 1% to 5%

Lf, either when relaxed, at low levels of activation, or both (Table 3.1).  Using the complete set of all

plots of pulse velocity as a function of pulse amplitude, as in Figure 3.7, a schematic representation of the



non-linear behavior was developed (Figure 3.8).  The rapid increase in pulse velocity with increasing

strain in the range of 1% to 5% strain range indicates an increasing stiffness up to a certain strain

amplitude, at which the stiffness rapidly falls off, which is characteristic of a non-linear stress-strain

relationship taken to the yield point.  If the process of subjecting the fiber to increasing strain pulse

amplitudes is repeated, the yield is observed to occur repeatedly.  Therefore, the term recoverable yield

will be used because the yield occurs many times within the same fiber as the strain pulse amplitude is

increased over the full experimental range.  In some cases, more than 1000 pulses were applied to the

fiber during an experiment.  After more than 1000 pulses, the recoverable yield was evident each time the

pulse amplitudes increased beyond the yield strain.  Nearly 75% of the fibers show very strong evidence

of the recoverable yield, which occurs for lengthening pulse strains of typically 1 to 5% Lf.

The baseline pulse propagation velocity for relaxed fibers was approximately 23 ± 3 m/s, and

was regularly measured at less than 10 m/s for some fibers.  The baseline was determined in the strain

amplitude range of 4% to 8% Lf, because this was the range of strain in which relaxed fibers exhibited

the least non-linear behavior (Fig 3.7).  In the non-linear range, the peak velocity was typically four to

five times greater than baseline velocity.  Based on Equations 2.8 and 3.1, the peak velocity represents a

sixteen to twenty-five-fold increase in the elastic modulus at the recoverable yield point when compared

with baseline velocity.  For strain pulse amplitudes below 1% Lf , the viscoelastic behavior is not well

described.  Of the 15 fibers with full data sets in the low strain amplitude range, the data sets from 4

fibers showed no evidence of the recoverable yield (Table 3.1), which suggests that the phenomenon is

not a systematic artifact.

The strain pulse amplitude at which the propagation velocity is a maximum indicates the strain

at the point of recoverable yield (Fig. 3.8).  For fibers which exhibit a recoverable yield, the maximum



velocity of pulse propagation occurs in the strain pulse amplitude range of 1% to 4% Lf for relaxed

fibers, and in the strain pulse amplitude range of 1% to 5% Lf for muscle fibers at low levels of

activation (Figure 3.9).  The exact strain cannot be determined because of the limited amount of data in

the low strain amplitude range for each fiber.  To determine the exact strain value for the recoverable

yield for each fiber would require many more pulses to be applied to the fiber in the strain pulse

amplitude range of 1% to 5% Lf.

For some fibers, the recoverable yield appears to occur over a very narrow range, thus the

standard error of the velocity at strains near the yield point increases sharply due to small variations in

the pulse amplitude.  This is evident, particularly in the top plate of Figure 3.7.  The narrow range over

which the recoverable yield occurs may explain why some fibers did not demonstrate recoverable yield,

particularly those fibers for whom only a few strain values below 2% Lf were recorded.  In general, the

strain range below 2% was initially under-sampled because non-linear behavior was not expected at low

strain pulse amplitudes.  As a consequence, it is difficult to compare the pulse propagation velocities of

different fibers unless a range of pulse amplitudes is selected in which the pulse velocity is relatively

stable (Figure 3.7).  The pulse propagation velocity for strain pulse amplitudes in the range of 1% to 4%

Lf is highly non-linear and cannot be used for comparisons among relaxed fibers.  The same is true for

partially activated fibers in the strain pulse amplitude range of 1% to 5% Lf.  The data indicate that strain

amplitudes in the range of 4% to 8% Lf appear to be reasonably consistent and have relatively small

standard errors.  To test the effect of activation level on the viscoelastic modulus, the propagation

velocity for all fibers in the range of 4% to 8% was used (Figure 3.10).  Because of these relatively large

strain amplitudes, cross-bridges in any state must dissociate during the pulse.  There is no clear

relationship between the elastic modulus and the level of activation for strain pulse amplitudes above 4%.



Similarly, for pulse amplitudes in the range of 4% to 8% Lf, the elastic modulus for each relaxed fiber is

unrelated to the pulse frequency, sometimes rising with increasing pulse frequency, sometimes falling,

and sometimes remaining the same (Figure 3.11).

Discussion

The highly non-linear nature of the propagation velocity with respect to strain pulse amplitude

was unexpected at low amplitudes.  The non-linearity was observed in the range of lengthening pulse

amplitudes of approximately 1% to 4% Lf for relaxed fibers, and 1% to 5% Lf for fibers at low levels of

activation.  The elastic modulus is proportional to the square of the pulse propagation velocity because

the attenuation coefficient is negligible.  Therefore, the sharp increase in propagation velocity represents

a recoverable yield, because the yield is repeated each time the strain pulse amplitude increases beyond

the range of 1% to 5% Lf.  I hypothesize that the recoverable yield is due to the stretching and ultimate

detachment of weakly-bound cross-bridges in relaxed and partially activated muscle fibers.  Based on

previous reports (Granzier and Wang, 1993a and 1993b) the pulse velocity was expected to increase non-

linearly, but smoothly, for increasing pulse amplitudes.  Although this previous study involved slow

stretches of fibers with the actin filament selectively removed, Granzier and Wang (1993b) showed that

the stiffness of the passive elastic elements in the fiber, subjected to continuous 0.1% Lf sinusoids,

increased in an exponential manner with increased sarcomere length as the fiber was slowly stretched.

The non-linearity described by Granzier and Wang can therefore be attributed to the passive elastic

elements in the sarcomere.  In the present series of experiments, a large non-linearity in pulse

propagation velocity for small amplitude pulses was not expected.



The contribution of weakly-bound cross-bridges to the elastic modulus of permeabilized muscle

fibers in the relaxed state has been estimated to be as much as 80% (Chalovich et al., 1991), and that

when the cross-bridge state is changed, such as when the fiber is put into rigor, the cross-bridges are in a

different configuration and no longer contribute in the same way to the elastic modulus (De Winkel et al.,

1994; Granzier and Wang, 1993).

In relaxed fibers, pulse propagation velocities slower than 10 m/s were regularly observed.  This

is too slow for the step length assumption of instantaneous and homogeneous strain to be applicable.  The

finite pulse propagation velocity of both lengthening and shortening strain waves in skinned fiber

preparations will significantly influence research in the area of muscle stiffness measurements involving

rapid "step" length change experiments in which the viscoelastic relaxation time constants are

determined.  Step length change studies of relaxed muscle fibers are invalid because the strain state along

the length of the fiber will vary as a function of both time and position due to finite strain pulse

propagation velocity.

Above 4% strain, no clear relationship was observed between the elastic modulus and the level

of activation for strain pulse amplitudes.  This observation does not agree with earlier findings (Ford,

1977; Ford, 1981).  Similarly, for pulse amplitudes in the range of 4% to 8% Lf, the elastic modulus for

each relaxed fiber is unrelated to the pulse frequency, sometimes rising with increasing pulse frequency,

sometimes falling, and sometimes remaining the same.  This observation is also apparently contradicted

by earlier investigations (Truong, 1974; Truong, 1978b; De Winkel, 1994).  The contradictions result

from differences in the strain pulse amplitudes used.  Truong, Ford, and De Winkel each used pulse

amplitudes at or below 1% Lf, and the data given in the Results is from strain pulse amplitudes in the

range of 4% to 8% Lf, which was the only strain pulse amplitude range for which the data were free from



the effects of the recoverable yield.  At these much larger strain pulse amplitudes, the cross-bridges, in

any state, must detach and reattach, and therefore any comparison between this data and the earlier

studies is inappropriate.

The effect of strain pulse amplitude on the measured viscoelasticity is significant, and

influences how the viscoelasticity of muscle may be studied.  Strain pulse amplitudes in the range of 4%

and larger are too large for comparing viscoelasticity among fibers.  The viscoelasticity of weakly-bound

cross-bridges may be investigated in the range of 1% to 4% strain amplitude to determine the strain

amplitude at which the recoverable yield occurs.  Viscoelastic comparisons among fibers must be

conducted at strain pulse amplitudes well below 1% Lf, even for relaxed muscle fibers, because of the

non-linear viscoelastic behavior of the weakly-bound cross-bridges in the strain range of 1% to 4% Lf.

This result supports the use of strain pulse amplitudes below 1% Lf for the measurement of muscle fiber

stiffness, which is common in the literature.

The most significant technical barrier to the use of laser diffraction to measure muscle fiber

viscoelasticity by pulse propagation is the presence of steps and pauses in the sarcomere length-time

records.  The presence of steps and pauses in sarcomere length-time records has been reported frequently

(Burton and Huxley, 1995; Burton and Baskin, 1986; Burton and Huxley, 1991; Burton et al, 1989;

Goldman and Simmons, 1984; Goldman, 1987; Granzier and Pollack, 1985; Pollack et al, 1977; Pollack

et al., 1988; Rüdel and Zite-Ferenczy, 1979a and 1979b).  Steps and pauses are usually attributed to an

artifact.  Despite extensive studies of steps and pauses, the cause of the artifact was not discovered until

this series of experiments had been completed (Burton and Huxley, 1995).  The step and pause artifact is

covered in more detail in the following chapter.



Table 3.1.  Summary of data for recoverable yielding in relaxed and partially activated single muscle

fibers.  Data is reported as mean ± SE, and are for lengthening pulse frequencies of 500 to 2000 Hz.

Baseline data were determined by averaging the pulse propagation velocity for each fiber in the range of

5% to 8% Lf.  The data in which no recoverable yield was observed are reported for fibers in the relaxed

state only.

n Peak V Yield Strain Baseline V
 (m/s)      (%Lf)     (m/s)

Relaxed 8 106.1 ± 25.3 1.94 ± 0.15 22.7 ± 2.9

Partially 6 142.2 ± 20.3 2.78 ± 0.37 27.8 ± 7.2
Activated

No Yield 4           -         - 25.5 ± 5.3

For both the relaxed and partially activated fibers, the peak velocity was significantly different from the
baseline pulse propagation velocity at the p < 0.01 level, using a two-tailed t-test.



CHAPTER IV

STEPS AND PAUSES

Introduction

The study of high-speed sarcomere dynamics depends on the ability to measure the average

sarcomere lengths of small groups of sarcomeres within striated muscle fibers.  The average sarcomere

length is determined by using the fiber as a transmission diffraction grating, and focusing laser light to a

small region on the fiber.  One major technical obstacle to the successful use of this technique is the

presence of steps and pauses  in the traces of the time dependent changes in sarcomere length.  The

presence of steps and pauses in the sarcomere length-time records causes a distortion of the amplitude of

the strain pulse during pulse propagation experiments.  As a consequence, steps and pauses present a

major problem in the measurement of the high-speed sarcomere dynamics of single muscle fibers.  In

addition, steps and pauses have had a broader impact on the field of muscle mechanics in general,

because the presence of steps and pauses has led some investigators to question our fundamental

understanding of the molecular mechanisms of muscular contraction.

Steps and pauses in sarcomere length-time records were first reported by muscle researchers in

the Soviet Union (Emel'yanov et al., 1966).  A "sawtooth-like" shortening pattern in the diffraction

records of contracting muscle was described, but due to the poor resolution of the primitive optics

employed in the study, the observation had little impact.  With improved optics and the use of laser



diffraction methods, steps and pauses have been reported widely during experiments on muscle fiber

mechanics (Huxley, 1990; Zite-Ferenczy et al., 1986; Baskin et al., 1981; Yeh et al., 1980; Rüdel and

Zite-Ferenczy, 1979b; Pollack et al., 1977).  Steps and pauses have been observed in active and passive

fibers, and during both lengthening and shortening of fibers (Burton and Huxley, 1995; Pollack et al.,

1988).

Steps and pauses became a critical issue in the field of muscle mechanics in 1977, when Gerald

Pollack and his colleagues published a paper in Nature in which the phenomenon was referred to as

"stepwise shortening", although the  phenomenon also occurred during lengthening of muscle fibers.

The "stepwise shortening", later referred to as steps and pauses, was observed in both skeletal and

cardiac muscle.  The steps and pauses were detected using three ostensibly different techniques, though

each actually just detected the position of the first order diffraction pattern.  The location of the first order

diffraction peak was measured by a 128-element photodiode array, by projection through a slit onto film

in a kymographic camera, and by a Schottky barrier photodiode position sensor, also known as a "spot

follower".  Based on these results Pollack challenged the generally accepted sliding-filament theory of

contraction (Huxley, 1957).  The rationale for the challenge was that the theory did not predict steps and

pauses, and did not account for the mechanism by which a large number of contiguous contractile units

could act synchronously as implied by the steps and pauses (Pollack et al., 1988; Granzier and Pollack,

1985; Pollack et al., 1977).

The phenomenon of the steps and pauses was immediately challenged as an instrumentation

artifact (Rüdel and Zite-Ferenczy, 1979b; Goldman and Simmons, 1984; Altringham et al., 1984).  Some

investigators suggested that the source of the steps and pauses might be the tilting of striation planes (Z

lines) within the thickness of the fiber during length changes, because the fiber thickness, which is much



greater than the wavelength of the illuminating light, would be expected to give rise to Bragg angle

effects (Huxley, 1986; Rüdel and Zite-Ferenczy, 1979a).  Several successful attempts were made to

modify the instrumentation used in the laser diffraction experiments to minimize the occurrence of steps

and pauses.  These attempts included the use of white light (Goldman, 1987), a wide range of angles of

incidence (Burton and Baskin, 1986; Brenner, 1985; Lieber et al, 1984; Goldman and Simmons, 1984;

Rüdel and Zite-Ferenczy, 1979a), and several of the diffraction orders, with averaging of the results

(Burton et al., 1989, Rüdel and Zite-Ferenczy, 1979b).  All of these methods tended to reduce the

presence of the steps and pauses, but added considerable complexity and computational burden to the

general method of laser diffraction.  In general, these solutions negate the benefits, primarily simplicity,

of using lasers as the light source.

Following the publication of the phenomenon of steps and pauses in Nature, Pollack marshaled

a battery of evidence to support his claim that the observed steps and pauses were not artifacts.  Using

thin black hairs as transverse strain markers on single muscle fibers, Granzier and Pollack (1985) tracked

segment lengths optically and noted steps and pauses in 16 out of 21 fibers.  Using a similar hair marker

technique, Edman et al. (1981 and 1982) observed that several of the segment length-time records

showed distinct pauses .  Steps and pauses were also evident when Housmans (1984) employed glass

microelectrode tips as strain markers.  Tameyasu (1985), reported that high-speed video of cardiac

muscle cells from the frog also exhibited the steps and pauses, though to a lesser degree than previous

data from laser diffraction studies on cardiac cells.

Working on the assumption that the steps and pauses represented the real behavior of

sarcomeres in muscle, Pollack devised new hypotheses which were at odds with the generally accepted

sliding filament theory.  Pollack hypothesized that, "By elimination, we have arrived at the hypothesis



that stepwise length changes are mediated by length changes of two elements, connecting filaments [now

known as titin] and thick filaments [myosin]."  Pollack summarizes the body of supporting evidence and

concludes by stating, "Stepwise shortening has now been confirmed in several laboratories using four

different classes of methods.  The phenomenon, unlike the mechanism proposed to account for it, is out

of the speculative arena," (Pollack, 1986).

A. F. Huxley (1986) responded to these statements by pointing out several major

methodological deficiencies in the studies of Pollack and the other investigators whom Pollack cites.

The first deficiency was the use of laser light for the cine-micrography, so the photographic images

would be subject to the same optical artifacts as any other method of detecting the first order diffraction

pattern from a laser.  In the hair-marker method employed by Granzier and Pollack (1985), no controls

were run, for example, by translating the fiber axially through the laser spot without actually changing

the length.  Also, the apparatus used by Granzier and Pollack was not described in adequate detail to

allow an estimate of the magnitude of errors which may be introduced.  The final deficiency pointed out

by Huxley was the fact that the electronic method of detecting the hair markers may be sensitive to the

presence of the striation pattern of the muscle fiber as well, which would give rise to a step-like pattern

as sarcomeres come into the area sampled by the electronic hair-marker detector system.  Edman

cautioned in comments to Pollack (1988) that, a rubber band showed the same stepwise shortening as

demonstrated by a fiber.  Consequently, the stepwise shortening was an artifact arising from the

discreteness of the photo detection elements in his data collection system.

The debate about the adequacy of the sliding filament theory as a general model for the

fundamental mechanism to account for muscle contraction continues to the present.  The unexplained

phenomenon of steps and pauses is still used as the basis for models of muscle contraction which include,



as their central idea, the shortening of the thick filaments during contraction (Pollack, 1988; Pollack,

1995).  The response of the majority of muscle mechanists has been generally to assume that the steps

and pauses are artifactual in nature.

Steps and pauses present a significant problem in the sarcomere length-time records that must

be resolved to permit accurate measurements to be made of sarcomere dynamics during muscle fiber

length changes.  Consequently, the cause of the steps and pauses and a method to resolve them was the

highest priority before further experiments could be undertaken in the measurement of muscle fiber

viscoelasticity by means of optical diffraction at two positions along a fiber.  The working hypothesis

was that the steps and pauses are an artifact and do not represent the actual strain state within the

sampled region of the fiber.  To test the working hypothesis, the classical method of multiple alternative

hypotheses (Chamberlin, 1897; Platt, 1964) was employed.  A series of experiments were executed to

exclude each possible source of artifact which could give rise to the observed steps and pauses.  A list of

the alternative testable hypotheses were formulated that could explain the steps and pauses in the order of

decreasing likelihood.  The steps and pauses in the sarcomere length-time records are an artifact

resulting from:  (1) forced mechanical transverse vibration, (2) free mechanical transverse vibration, (3)

optical interference or scattering unrelated to changes in the length of sarcomeres, (4) Bragg angle

artifact due to the thickness of the muscle fiber, or (5) artifact resulting from the  discrete width of the

phototransistor array elements.

The alternative hypotheses were tested in order, and alternative hypothesis 3 was supported.

Two additional experiments were conducted subsequently to verify the result that the steps and pauses

were the result of an optical artifact and could be eliminated by using a laser light source with short



coherence length.  The practical solution to the steps and pauses artifact is in agreement with the

experimental and theoretical findings of Burton and Huxley (1995).

General Methods

Each of the alternative hypotheses tested for a different source of the presumed artifact of steps

and pauses.  In some cases, the instrumentation was tested, with no biological sample required.  In other

cases, the raw spectral data from earlier experimental work, in which the steps and pauses were evident,

was reanalyzed without requiring additional data to be collected.  The final tests and verifications

required additional data to be collected from single muscle fibers.  In the case where additional biological

data was required, the muscle fibers were harvested from the soleus muscle of 4 to 5 months old F344

rats.  The rats were dissected to remove the soleus muscle from the right hind leg by carefully dissecting

away the fascia and transecting the proximal and distal soleus tendons.  The rats that were used in these

studies were anesthetized with pentobarbital sodium.  The tissue was harvested from the animals after in

vivo  sustained power experiments on the left leg, which were unrelated to this series of experiments, to

maximally utilize the tissue from each animal.  Because of multiple use of each animal by several

investigators, no animals were sacrificed specifically for this series of experiments.

To collect the tissue, the soleus muscle was placed in mammalian Ringer's solution (137 mM

NaCl, 24 mM NaHCO, 11 mM glucose, 5 mM KCl, 2 mM CaCl2, 1 mM MgSO4, 1 mM NaH2PO4, and

0.025 mM tubocurarine chloride) immediately after removal from the animal.  The muscle was pinned at

each end to hold it slightly longer than its free length (under no tension) and all external fat and loose

connective tissue was carefully removed.  The muscle was cut longitudinally parallel to the muscle fibers

into six or seven (depending upon muscle size) thin bundles.  Each bundle was approximately 12 to 15



mm long and approximately 1 mm in diameter.  The bundles were tied to short pieces of glass capillary

tube using 5-0 braided silk suture.  Each bundle length was adjusted by sliding the knots along the glass

capillary tube so that the bundle was straight and very slightly extended beyond the free length.

The tied bundles were placed into 5 cc plastic vials filled with skinning solution, were capped

securely, and are placed into a freezer at -20°C.  The bundles are allowed to remain in the skinning

solution at -20°C for a minimum of four days.  All fibers in this study were used within four months of

storage in skinning solution to assure viability.  The skinning solution, as well as the relaxing and

activating solutions, are described in detail in the previous chapter.  Immediately prior to an experiment,

the tied fiber bundles were removed from the skinning solution and placed into a small dissecting dish

filled with chilled relaxing solution.  The bundles were allowed to thaw for ten minutes to avoid

damaging the tissue.  The 5-0 silk suture knots were removed and the fiber bundle was released from the

glass capillary tube.  The bundle was pinned to the bottom of a small dissecting dish using 0.10 mm

diameter insect pins (Ianni Butterfly Enterprises).  The ends of the bundle, which were compressed by

the 5-0 suture, were removed by cutting with Vannas spring scissors, and sharpened #5 forceps were

used to slowly draw out a small group of fibers from the bundle.  This small group typically contained

four to ten fibers.  After withdrawal, the damaged fibers were simply pulled away using sharpened

forceps, leaving one or two undamaged fibers, up to 9 mm in length.

The flow through bath (Appendix E) was filled with relaxing solution until slightly over full,

and was chilled to 15°C prior to the removal of the single fiber from the fiber bundle.  A single fiber was

transferred to the flow-through bath and was held at one end by sharpened forceps.  Approximately 1 mm

of one end of the fiber was lifted out of the solution and laid carefully into the one of the troughs.  The

surface tension of the relaxing solution was used to pull the fiber flat into the trough and help to hold it in



position while it was secured in place.  A very short piece (plug) of 5-0 nylon monofilament suture (0.6

to 0.7 mm long) was placed in the trough directly over the end of the single fiber.  The trough was then

raised slightly to increase the downward force on the monofilament plug from the surface tension of the

relaxing solution.  This held the muscle fiber and nylon plug in place while one of the waxed nylon

strand knots was pulled over the plug and muscle fiber and pulled tight.  Once secured, the trough was

lowered slightly to reduce the surface tension force and the second nylon strand knot was pulled over the

plug and is pulled tight.  The tying procedure was repeated on the other end of the single fiber, the result

being that the single fiber was fastened at each end to a stainless-steel trough and was suspended in a

bath of relaxing solution.  The loose ends of the waxed nylon filaments were snipped off with

microsurgical scissors and removed from the bath to prevent force shunting between the fiber, the

troughs, and the sides of the flow-through bath.

Both stainless steel tubes, one of which was attached to the linear servo motor and the other of

which was attached to the optical force transducer, were lowered so that they were centered in the slots at

each end of the flow-through bath and the single fiber was suspended in the relaxing solution.  The

stainless steel tubes to which the single fiber was tied were carefully positioned so that the single fiber

was centered in the flow-through bath and was pulled until it was just straightened out (Figure 2.2).  An

18 mm square cover slip was placed over the top of the bath and was pulled into place by the surface

tension of the relaxing solution.

The laser prism holder was slipped into position and the X-Y table of the apparatus was adjusted

so that the focused He-Ne laser beam spot was near the center of the fiber (Figure 2.3).  A small

calibration target mounted on an aluminum beam was slipped into place 75 mm directly beneath the

fiber, and the diffraction pattern was projected onto the target.  The sarcomere length was read directly



from the position of the diffraction pattern on the target, and the position of the left trough (connected to

the servo motor) was adjusted to achieve a sarcomere length of 2.55 microns.  The X-Y table was then

translated right and left to inspect the diffraction pattern for all points along the fiber.  If the pattern was

clearly visible and stable along the length of the fiber, the fiber was accepted for further use.  If the

diffraction pattern proved to be weak or irregular it was assumed that the fiber was damaged during

dissection or placement in the apparatus and was removed and replaced by a new fiber.  The process was

repeated until a suitable fiber was identified.  Approximately 20% of the fibers were rejected at this point

in the experiment.  The practical limit for the distance between the laser spot positions on the fiber was

about 2 mm, because this was the maximum distance over which the typical fiber had a striation pattern

which was highly consistent and stable when inspected by translating the laser along the fiber.

The fluid exchanger was charged with 5 cc of chilled activating solution.  The relaxing solution

in the flow-through bath was slowly replaced (over about 30 seconds) by activating solution, and the

force generated by the fiber during this process was displayed on the precision optical force transducer

display (Appendix D) in µN.  The force generated by the fully activated fiber was allowed to stabilize

after the fluid exchange was complete, and the peak force was recorded.  The fluid exchanger was

charged with 5 cc of relaxing solution, and the activating solution in the flow-through bath was replaced

by relaxing solution.

The fiber length was measured between the nylon monofilament plugs and was determined by

traversing the X-axis of the X-Y table along the entire length of the fiber.  The total distance traversed

was measured using a digital depth gauge (Figure 2.1) which was clamped to the surface of the vibration-

isolation table.  The X-Y table traverse indicator was set to zero at the force transducer end, and all

further location measurements were referenced to this position.  To measure the diameter, the fiber was



viewed by a Leica WILD M3Z Kombistereo microscope at 40X magnification with a 25X/0.40 high-

power objective and a finely divided eyepiece graticule.  The fiber length was recorded, and the diameter

was measured at six equally spaced positions along the fiber.

The experimental sequence of pulses was downloaded into the digital waveform synthesizer

memory and the desired settings are selected for the clock speed and number of experiments to be

performed (Chapter II).  For this series of experiments, the digital waveform synthesizers were loaded

with profiles for lengthening and shortening pulses.  Pulse amplitudes of 20%, 40%, 60%, 80%, and

100% of full range for both shortening and lengthening pulses were used.  A total of 128 pulses were

programmed for each experimental battery.  The lengthening and shortening pulses of different

amplitudes were alternately mixed together throughout the battery to eliminate any systematic effect of

the ordering of the pulse amplitudes on the outcome of the experiment.  Each pulse was initiated

remotely by the computer keyboard.  A two to three second delay between the pulses allowed the fiber

striation pattern to stabilize.  Each fiber was periodically checked to assure that the diffraction pattern

was still present.  The first 64 pulses were applied to the fiber with the laser at the first sampling position

along the muscle fiber.  The fiber was then translated axially by 1 to 2 mm using the X-Y table, and the

new laser spot position on the fiber was recorded to the nearest 0.01 mm.  The final 64 pulses were

applied to the fiber with the laser spot at the second position.  When a total of 128 pulses had been

executed, the array controller memory was downloaded and temporarily stored to hard disk on the

microcomputer.  The digital waveform synthesizer memory was reprogrammed at this time.  The

downloading and reprogramming process required approximately 8 minutes, during which the fiber was

maintained in relaxing solution at 15°C and the servo coil was de-energized to prevent transient pulses

from occurring during reprogramming (Appendix C).  Up to 10 batteries of 128 pulses were applied to



each of the fibers.  In this manner, data were collected for the sarcomere length at two points along the

fiber for lengthening and shortening pulses under conditions of varying pulse amplitude.  Pulse frequency

and activation level were not modified for this series of hypothesis tests.  All tests were performed with

single 1000 Hz pulses on fully relaxed fibers.

Testing of Hypotheses

The alternative hypotheses were tested in the following sequence, with the methods and results

for each hypothesis test given where appropriate.  Beginning with hypothesis 3, the formulation of

hypotheses depended upon the results of the previous test.

Hypothesis 1 - The steps and pauses are an artifact caused by forced lateral vibrations of the muscle fiber

due to transverse vibration of the servo trough during a pulse.

Methods

The servo motor (Figure 2.2) was instrumented to test if lateral or vertical vibrations resulted

from the application of rapid pulses (Appendix C).  A very thin vane of aluminum foil was attached to

the end of the trough, and an optical detector was used to detect off-axis movement of the trough during

the pulse.  The optical detector was identical in design to the optical detector used in the precision optical

force transducer (Appendix D).  When properly implemented, this arrangement allows movements as

small as 1 micron to be detected.  The servo was first moved very slowly through the full range of

lengthening and shortening pulses used in this series of experiments.  These data were recorded and

plotted on a digital oscilloscope to establish a baseline.  The servo was then driven at full speed, resulting

in a single sinusoidal pulse for each amplitude and direction used in this series of experiments.  The data



were also recorded and compared with the baseline values.  This process was repeated to detect both

lateral and vertical vibrations of the servomotor trough.

Results

No measurable lateral or vertical vibrations of the trough were detected.

Discussion and Conclusions

This hypothesis represents the most likely explanation from a mechanical point of view.  No

lateral or vertical vibrations were detected, which demonstrates that the servo motor did not directly

cause forced lateral or vertical vibrations of the fiber.  Therefore, the steps and pauses can not be

attributed to forced transverse vibrations of the muscle fiber resulting from servo trough vibrations.

Hypothesis 2 - The steps and pauses are an artifact caused by free lateral vibrations of the single fiber,

which are induced by the servo pulse.

Methods

A large amount of data which exhibit steps and pauses are available from the earlier studies

(Chapter II and Chapter III).  Data from 10 sarcomere length-time records were selected at random for

analysis.  An FFT of each of the sarcomere length-time records indicated a very strong frequency

component at approximately 4 kHz.  This is easy to verify by estimating the cyclic interval of the steps

from Figure 4.1(a), in which the first four full steps occur in slightly less than 1 ms, suggesting a

frequency of slightly more than 4 kHz.  The subject of free vibrations of muscle tissue has been treated in

detail (Cole, 1992), which allows the results of the FFT analysis to be compared with theoretical values

for transverse free vibrations of muscle under tension.  The details of the model are available in the cited

publication, in which the Rayleigh method is used to predict the muscle resonant frequency based upon



the known geometry and material properties of the muscle.  In the case of a single muscle fiber under

tension, equation 4.7 (Cole, 1992, page 58) reduces to the case of a cylindrical, homogeneous string

under tension.  This results in the following standard equation:

ν = n

2l

F
µ

(Eq. 4.1)

in which ν is the frequency of vibration, n is the mode number, l is the length of the string (m), F is the

string tension (N) and µ is the linear density (kg/m).  Taking the worst case values to maximize the

transverse free vibration frequency; l = 6 mm, F = 10 micro Newtons (the fiber is fully relaxed), µ = 8

x10-6 kg/m, and neglect the effect of the surrounding water medium, which would tend to reduce the

resonant frequency because of the viscosity of the water and the increase in the linear density of the

muscle fiber due to water molecule adhesion, the resulting frequency for free lateral vibrations in the first

mode is 93 Hz.

Results

An FFT analysis of 10 sarcomere length-time records indicates that, if the steps and pauses are

due to transverse free vibrations of the muscle fiber, the vibrations are occurring at a frequency of

approximately 4 kHz.  A mathematical model of free transverse vibrations of muscle under tension

indicates that the absolute maximum acceptable value for the frequency of transverse free vibration of a

single muscle fiber is 93 Hz.

Discussion and Conclusions



Although lateral and vertical trough vibrations were excluded, it was possible that the lateral or

vertical vibrations may have been caused by transverse acoustic coupling within the fiber, such that the

non-longitudinal vibrations were induced by the single longitudinal pulse itself, resulting in transverse

free vibrations of the muscle fiber.  The sensitivity to artifacts caused by higher modes of vibration is

limited by the width of the fiber and laser spot diameter, so it is unlikely that the artifact is due to a high

mode of vibration.  This is further supported by the fact that no lower modes were indicated by the FFT.

This procedure was repeated on ten fibers with similar results.  The steps and pauses occur at a frequency

that is two orders of magnitude larger than can be explained by free lateral vibrations, and therefore this

possibility is excluded from consideration in explaining the steps and pauses artifact.

Hypothesis 3 - The steps and pauses result from an optical artifact which is unrelated to actual changes in

sarcomere length within the muscle fiber.

Methods

A muscle fiber was mounted on the apparatus and all other preparations were made exactly as

for the previous pulse propagation experiments (Chapter III).  The sarcomere length of the fiber was set

to approximately 2.6 microns.  The fiber was maintained in relaxing solution at 15 °C throughout this

experiment to maintain the most stable sarcomere pattern possible.  No pulses were applied to the fiber.

In this experiment, as in all previous experiments, a He-Ne laser was used as the light source.  The fiber

was axially translated through the laser spot very slowly by means of the X-Y table (Chapter II).  Instead

of programming the array controller to induce pulses and automatically record the data, the array

controller was set to real-time output mode, which had originally been designed for calibration and

alignment purposes (Chapter II).  In this mode, the output from the array is serially multiplexed,



converted to analog, and displayed on a digital storage oscilloscope.  The intensity profile of the first

order diffraction pattern on the phototransistor array is visible in real time as a trace on the oscilloscope.

Results

The fiber length was not changed, but as the fiber was translated axially through the laser beam,

a periodic right-and-left shifting of the first order diffraction pattern was evident.  The intensity of the

first order peak periodically dropped, and the centroid of the peak appeared to shift right and left slightly,

with the same period as the peak intensity drop.

Discussion and Conclusions

The results are in agreement with the conclusions of Burton and Huxley (1991),  that the steps

and pauses could be reproduced simply by translating a plane grating through the laser beam.  Burton and

Huxley had also suggested that the same was true if a muscle fiber were translated through the beam.  If

the right-and-left shifting of the centroid were superimposed upon the otherwise smooth sarcomere

length trace during a lengthening or shortening pulse, the effect would clearly be to produce a step-like

pattern.  Although this behavior could be viewed on the oscilloscope, the data could not be recorded and

analyzed in this format.  The results support the hypothesis that the steps and pauses are due to an optical

artifact in which the centroid of the first order diffraction pattern is influenced by translation of the fiber

through the laser beam without any changes in the actual sarcomere length.  This has importance in pulse

propagation experiments because the application of lengthening or shortening pulses not only changes

the sarcomere lengths within the muscle fiber, but also causes the fiber to be translated axially with

respect to the laser spot.



Hypothesis 3a - The steps and pauses in the pulse propagation data are due to the same optical artifact

that causes centroid shifts in the first order diffraction pattern when a fiber is translated through the laser

beam without a change in sarcomere length.

Methods

This hypothesis was tested by reviewing data from earlier experiments (Chapter III).  Twenty-

four sarcomere length-time records were selected at random from the total data set of lengthening pulses.

The raw diffraction data for each of these data sets were also recovered for analysis of the peak intensity

of the first order diffraction pattern as a function of time for each trace.  The sarcomere length data were

differentiated to amplify the steps and pauses, and plotted along with the values for the peak first order

diffraction intensity from the raw spectral data for each spectrum in the record.

Results

In each of the 24 records, the maximum rate of change of sarcomere length correlates very well

with sudden drops in diffraction peak intensity (Figure 4.2).

Discussion and Conclusions

The results suggest that the artifact may be due to the interfering light causing a shift in the

centroid of the first order diffraction pattern that is due to light and dark bands moving across the 1°

diffraction peak.  Thus, the mechanism which resulted in the centroid shifts while translating a fiber

through a laser beam without changing the sarcomere length (Hypothesis 3) may be the same mechanism

which results in centroid shifts when applying pulses to an otherwise stationary fiber.  The results further

support the notion that the steps and pauses arise from the translation of the fiber through the laser beam

that results from length changes, and not from the sarcomere length changes themselves.  The maximum

rate of change of sarcomere length correlates very well with sudden drops in diffraction peak intensity, as



would be expected if a dark interference band were moving across the 1° diffraction pattern with each

step.  This general result was repeated each time dL/dt and 1° peak intensity were plotted together, for 24

different traces.  This strongly supports the hypothesis and is in agreement with the results of Burton and

Huxley (1995), who were able to show a correlation between the peak intensity drops and steps for much

slower length changes.

Hypothesis 3b - The appearance of steps and pauses can be significantly reduced or eliminated by the use

of a light source for the diffraction experiments with a very short coherence length.

Methods

For optical diffraction, a desirable light source will be quasi-monochromatic, collimated, and

have a short coherence length.  During the development of an optical interferometric force transducer it

became apparent that the laser light produced by a diode laser is of much shorter coherence length than

that produced by a He-Ne laser.  A suitable laser diode module was selected, and a Michelson

interferometer was constructed to test the coherence length of the laser light as a function of the supply

voltage (Appendix F).  The coherence length of the diode laser light could be reduced to about 300

microns (approximately three fiber diameters) by powering the diode laser at +4.90 VDC.  This is a

much shorter coherence length than the light produced by a He-Ne laser, which is typically reported to be

10 to 30 cm, or longer.  Lengthening pulses (1 kHz single sinusoids) were imposed on each fiber, first

using a He-Ne laser as the light source as in previous experiments.  The He-Ne was then replaced by the

diode laser and the fiber was again subjected to the same series lengthening pulses.  Changing lasers in

the experimental setup is a complex issue, and it is difficult to realign each of the lasers when they are

first put into place.  The operation is also time consuming, so only a very limited number of fibers could



be used in such a test.  This test was performed on two fibers, number 22 and number 23.  The fibers

were maintained in a relaxing solution at 15 °C for the duration of the experiments.

Results

For both fibers, the steps and pauses evident when the He-Ne was used disappeared completely

when the laser diode module was used (Figure 4.3).

Discussion and Conclusions

By using the laser diode operating such that the coherence length was reduced to 300 microns,

interference with scattered light from sources more distant than 300 microns would be substantially

reduced or eliminated.  This included the most likely scattering sources in the light path, namely

scratches and bubbles located on the top and bottom cover slips of the fluid bath, which are

approximately 2 mm above and below the fiber.  The use of a diode laser module operated at a short

coherence length resulted in a total elimination of the steps and pauses, which are evident when a He-Ne

laser is used (Figure 4.3).

General Discussion

Unexpectedly, the most serious problem encountered with the pulse propagation experiments

was the pervasive occurrence of the steps and pauses in the sarcomere length-time records.  Such steps

and pauses were typical for all of the lengthening pulses in the total data set of nearly 15,000 pulses.  The

steps and pauses were less apparent for the shortening pulses of the relaxed fibers, probably because of

fiber buckling.  Similar steps and pauses have been observed by nearly all investigators who use light

diffraction to measure sarcomere length in muscle fibers undergoing length changes, though typically for

much slower length changes (Burton and Huxley, 1995; Burton and Baskin, 1986; Burton and Huxley,



1991; Burton et al, 1989; Goldman and Simmons, 1984; Goldman, 1987; Granzier and Pollack, 1985;

Pollack et al, 1977; Pollack et al., 1988; Rüdel and Zite-Ferenczy, 1979a and 1979b), but the probable

source of the steps and pauses has only been very recently discovered and published (Burton and Huxley,

1995).

The effect of the steps and pauses can be appreciated based on the technique and equations for

the calculation of pulse velocity and the attenuation coefficient.  The pulse velocity is calculated by

cross-correlating the servo position with the resulting sarcomere length pulses at two separate points

along the length of the fiber.  The difference in the lag between the two cross correlations is taken as the

time delay, ∆t, between the pulse arrival at the two points.  Pulse velocity is then simply calculated by

dividing the distance between the two points, ∆x, by the time difference, ∆t (Eq 2.3).  The process of

cross-correlation essentially averages the entire sarcomere length-time record in the process of

correlating.  Noise, or any other superimposed signal with an expected value of zero over the duration of

the time record of the experiment, on the sarcomere length pulse trace will tend to reduce the maximum

correlation coefficient, but will not change the lag.  Therefore the time delay calculation is fairly

insensitive to the steps and pauses, so long as their amplitude is small compared with that of the actual

sarcomere length pulse, which is most often the case.  The calculation of the attenuation coefficient, on

the other hand, is highly sensitive to very small fluctuations in amplitude.  This is because calculation of

the attenuation coefficient requires accurate knowledge of the peak amplitude of the sarcomere length

pulse at both points along the fiber, as is evident from Equation 2.5 in Chapter II.  The steps and pauses

have a very significant and visually evident effect upon the peak sarcomere length value for each pulse

(Figure 4.1).



Aside from the impact of steps and pauses on pulse propagation experiments, the existence of

steps and pauses in dynamic sarcomere length data has been a major issue in muscle research for nearly

20 years.  Burton and Huxley (1995) provided evidence, both theoretical and experimental, that the steps

and pauses are caused by scattered laser light which interferes with the first-order diffraction pattern.

The scattering of the laser light is caused by small particles in or near the single fiber, and interference is

possible because of the long coherence length of light from a He-Ne laser.  This result is supported by the

findings of Goldman (1987), who noted that the coherence length of the white light used in his studies

had a coherence length of only a few wavelengths.  The use of white light for diffraction experiments is

not an elegant or practical solution because the diffraction angle is dependent in the wavelength of the

light as well as the incident angle and the sarcomere spacing.  Burton and Huxley, therefore, suggest the

use of phase-randomized laser light, as is used in confocal microscopy, but do not demonstrate the

effectiveness of the use of phase-randomized light as a practical solution.  The method of multiple

alternative hypotheses used in this series of experiments quickly yielded both an answer, that was found

to be in agreement with the recently published findings of Huxley and Burton (1995), as well as a

practical solution for dealing with the problem of steps and pauses.

The results of this study indicate that the use of a laser diode operated at low coherence length is

a highly effective, practical, and low cost solution to a problem that has plagued the researchers in

muscle mechanics for nearly 20 years.  This result will greatly influence the design of future

instrumentation for use in the measurement of high-speed sarcomere dynamics.  The solution can also be

employed by any other laboratory in which laser diffraction is used for measuring sarcomere length.  The

elimination of the step and pause artifact will allow the measurement of attenuation coefficient in pulse

propagation experiments.  Subtle features in the sarcomere length-time record, which were masked by



the presence of the step and pause artifact, may become evident.  Although this important result

happened too late to be of use in the reported experiments in pulse propagation (Chapter III), the findings

will be of great significance when designing new instrumentation for use in pulse propagation studies of

muscle fibers.



CHAPTER V

SUMMARY AND CONCLUSIONS

This series of experiments was designed to test the hypothesis that the viscoelastic behavior of

relaxed and partially activated single muscle fibers is dependent upon strain pulse amplitude and strain

rate.  Instrumentation was developed to permit the measurement of the viscoelastic properties of single

permeabilized skeletal muscle fibers by measuring the pulse propagation velocity and attenuation

coefficient between two positions on a fiber separated by 1 to 3 mm.  Chemically permeabilized single

muscle fibers from soleus muscles of male F344 rats were tested in the relaxed and partially activated

condition at 15 °C.  A servomotor imposed single longitudinal strain pulses on the single fibers.  The first

order laser diffraction pattern was detected for the two positions along each single muscle fiber to

measure the sarcomere length at each of the positions during the application of the strain pulses.  Data

were analyzed to calculate the pulse propagation velocity and attenuation coefficient of the strain pulse

amplitude.  The pulse velocity and attenuation coefficient were measured for strain pulse amplitudes

from 0.5% to 10%, and pulse frequencies from 250 Hz to 2000 Hz.

During shortening pulses of both relaxed and partially activated fibers, buckling of fibers

prevented data analysis.  Due to the buckling of fibers at all strain pulse amplitudes, shortening pulses

could not be used for the determination of the viscoelasticity of relaxed single permeabilized muscle

fibers.  Under all other conditions, the attenuation coefficient was not significantly different from zero.



The negligible magnitude of the attenuation was due, in part, to the short distance between the two

sampling positions on the fiber (1 to 3 mm), over which distance little attenuation occurred.

Furthermore, during rapid pulses the presence of steps and pauses in the sarcomere length-time records

distorted the peak sarcomere length amplitude.  Consequently, the steps and pauses masked any small

attenuations in the strain pulse amplitude which may have been present.  Because the attenuation

coefficient was negligible, the single fibers were assumed to exhibit purely elastic behavior.  The real

component of the complex elastic modulus of a single fiber was therefore approximated as: E = v2ρ.  In

the range of 250 Hz to 2000 Hz, the observation of nonviscous behavior for single permeabilized muscle

fibers is in contrast to the significant attenuation observed for relaxed whole muscles during single

lengthening pulses in the same frequency range (Truong, 1974).  No other studies have reported

attenuation coefficients for muscle tissue measured by the single pulse propagation method.  The

difference in the attenuation of strain pulses in single permeabilized fibers and whole muscles may be

attributable to the greater amount of non-contractile and extra-cellular material contained in whole

muscles compared with the single muscle fibers.  During rapid deformations water, connective tissue,

and other extra-cellular material of whole muscles may undergo viscous flow.

For both relaxed and partially activated muscle fibers, the maximum pulse propagation velocity

occurred at strain amplitudes of from 1% to 5%.  The peak velocity represents a 9- to 25-fold increase in

the elastic modulus when compared with the elastic modulus for strain pulse amplitudes both below and

above strains of 1% to 5%.  In both relaxed and partially activated muscle fibers, the repeated emergence

and disappearance of a peak stiffness with increasing strain pulse amplitude suggested a phenomenon of

recoverable yield.  This behavior is described as a recoverable yield, because the phenomenon occurred

repeatedly each time the strain amplitudes were increased from below to beyond the apparent yield point.



The nature of the recoverable yield suggested a structure within the contractile apparatus of relaxed

muscle fibers that became increasingly stiff until a strain amplitude of 1% to 4% was achieved.  At this

degree of strain the structure yielded temporarily, resulting in a dramatic reduction of stiffness.  The

recoverable yield was hypothesized to result from the attachment and subsequent detachment under

increasing strain of weakly-bound cross-bridges.  The phenomenon of recoverable yield is not likely to

result from an instrumentation artifact, because the phenomenon was observed in only 75% of the fibers.

An instrumentation artifact would be expected to be observed in all fibers.  Based on a maximum 10 nm

per half sarcomere strain prior to detachment of strongly-bound cross-bridges (Goldman, 1987b), the

detachment of weakly-bound cross-bridges would be expected to occur at strains of approximately 0.78%

for an initial sarcomere length of 2.55 µm/sarcomere if weakly-bound and strongly-bound cross-bridges

are assumed to be structurally similar.  Based on X-ray diffraction studies, weakly-bound cross-bridges

are structurally dissimilar to strongly-bound cross-bridges (Brenner, 1987).  The structural differences

between the weakly- and strongly-bound cross-bridge states may explain the larger strain required to

cause dissociation of the weakly-bound cross-bridges.

The measurement of pulse propagation in relaxed fibers for a range of pulse amplitudes may

provide a means for studying directly the mechanical characteristics of weakly-bound cross-bridges.  The

method of pulse propagation may also be useful as a probe for the changes in cross-bridge populations at

low levels of activation, although the data obtained from this series of experiments is insufficient to

demonstrate conclusively that the recoverable yield occurred at a higher strain pulse amplitude for fibers

at low levels of activation compared with relaxed fibers.

The "steps and pauses" observed in the sarcomere length-time records were hypothesized to be

caused by an optical artifact.  The occurrence of the steps was found to correlate strongly with sudden



drops in the intensity of the first order diffraction peak.  The source of the artifact was identified as

interference from scattering sources in the optical path.  This observation was in agreement with the

findings of Burton and Huxley (1995).  The instrumentation was modified by employing a diode laser

module with reduced coherence length (approximately 300 µm).  The modification eliminated the artifact

and permitted more accurate measurements of strain pulse amplitude at each of the two sampling

positions.

Future Directions for Research

The hypothesis that the phenomenon of recoverable yield results from the straining and

subsequent detachment of weakly-bound cross-bridges can be tested more rigorously by varying the ionic

strength to manipulate the number of weak cross-bridges (Brenner et al., 1982; Schoenberg, 1988;

Granzier and Wang, 1993a), or by the use of smooth muscle caldesmon, which has been shown to

function as a competitive inhibitor of cross-bridge formation (Wang et al., 1991; Granzier and Wang,

1993b).  In both mammalian skeletal muscle and insect flight muscles, ionic strength and caldesmon have

been used effectively to distinguish passive tension and stiffness resulting from weakly-bound cross-

bridges from passive tension and stiffness resulting from titin (Granzier and Wang, 1993b).  The studies

of Granzier and Wang were performed at very low speed, and employed measurements of stiffness which

included only one value of strain amplitude, superimposed on a steady-state length change of the fiber.

To determine the relevance of the findings of this series of experiments to living systems, pulse

propagation must be studied in intact muscle fibers and small muscles composed of parallel arrays of

fibers.  These experiments will allow the measurement of the contribution of the intact muscle cell, as

well as that of the extra-cellular material, to the viscoelastic properties of muscle tissue.  The



employment of higher levels of structural organization and rapid length pulses will enable the structural

level from which the viscous behavior of muscle originates to be determined.

The method employed in this series of experiments can be improved by a number of significant

modifications.  Two laser spots will be focused on the fiber simultaneously and the diffraction data

collected simultaneously.  The spots will be maintained at a constant separation of 2 mm.  This will allow

direct cross correlation between each pulse at the two positions, thus reducing the experimental bias that

is introduced by sampling at only one position for each pulse.  This modification will reduce the

computational burden by nearly 50%.  For the same number of experiments, the total amount of stored

spectral data will be reduced by 33%.  The analog-to-digital converters for the system will be upgraded

to 12-bit resolution.  These analog-to-digital converters have only recently become available with

conversion rates above 1 MHz.  The increased resolution will allow the viscoelasticity of fully activated

muscle fibers to be studied.  The digital waveform synthesizers will also be upgraded to 12 bits, and an

IEEE 488.2 GPIB will be used for communication between the array controller and the computer to

increase the data transmission rate during downloading to the computer.  These modifications to the

equipment used in the present study will permit a whole new array of hypotheses to be formulated and

tested for the viscoelastic behavior of muscle tissue.



BIBLIOGRAPHY

Altringham, J.D., Bottinelli, R., Lacktis, J.W.   Is stepwise sarcomere shortening an artefact?  Nature
307: 653-55, 1984.

Bagni, M.A., Cecchi, G., Colomo, F. and Garzella, P.  Absence of mechanical evidence for weakly
binding cross-bridges in frog relaxed muscle fibres.  J Physiol (Lond)  Jan 15; 482 (Pt 2): 391-400, 1995.

Bagni, M.A., Cecchi, G., Colomo, F. and Garzella, P.  Development of stiffness preceeds cross-bridge
attachment during the early tension rise in single frog muscle fibres.  J Physiol (Lond)  Dec 1; 481 (Pt 2):
273-8, 1994.

Bagni, M.A., G. Cecchi, F. Colomo, C. Poggesi.   Tension and stiffness of frog muscle fibres at full
filament overlap.  J Muscle Res Cell Motil   Oct; 11(5): 371-7, 1990.

Bagni, M.A., G. Cecchi, F. Colomo, C. Tesi.   The mechanical characteristics of the contractile
machinery at different levels of activation in intact single muscle fibres of the frog.  Adv Exp Med Biol   
226: 473-87, 1988.

Bagni, M.A., G. Cecchi, F. Colomo.   Sarcomere length-tension-stiffness relations of single muscle fibres
in solutions of different tonicity.  Prog Clin Biol Res   315: 227-8, 1989.

Bagni, M.A., G. Cecchi, M. Schoenberg.   A model of force production that explains the lag between
crossbridge attachment and force after electrical stimulation of striated muscle fibers.  Biophys J   54(6):
1105-14, 1988.

Barinaga, M.   Titanic protein gives muscles structure and bounce.  Science   Oct 13, Vol. 270: 236,
1995.

Baskin, R.J., Lieber, R.L., Oba, T., and Yeh, Y.   Intensity of light diffraction from striated muscle as a
function of incident angle.  Biophys J   36: 759-73, 1981.

Berlin, H. M.  Op-Amp Circuits and Principles.  SAMS, Carmel, Indiana, 1991.

Blange, T. and G.J.M. Stienen.   Transmission phenomena and early tension recovery in skinned muscle
fibres of the frog.  Pflugers Arch.  405: 12-18, 1985.

Brenner, B.  Dynamic actin interaction of cross-bridges during force generation: implications for cross-
bridge action in muscle.  Adv Exp Med Biol   332: 531-43, 1993.



Brenner, B.  The cross-bridge cycle in muscle.  Mechanical, biochemical and structural studies on single
skinned rabbit psoas fibers to characterize cross-bridge kinetics in muscle for correlation with the
actomyosin-ATPase in solution.  Basic Res Cardiol   81 Suppl 1: 1-15, 1986.

Brenner, B.  Sarcomeric domain organization within single skinned rabbit psoas fibers and its effects on
laser light diffraction patterns.  Biophys. J.,  Dec; 48(6): 967-82, 1985.

Brenner, B.  Technique for stabilizing the striation pattern in maximally calcium- activated skinned
rabbit psoas fibers.  Biophys J   Jan; 41(1): 99-102, 1983.

Brenner, B., J.M. Chalovich, L.E. Greene, E. Eisenberg, M. Schoenberg.   Stiffness of skinned rabbit
psoas fibers in MgATP and MgPPi solution.  Biophys J   Oct; 50(4): 685-91, 1986.

Brenner, B.   Mechanical and structural approaches to correlation of cross-bridge action in muscle with
actomyosin ATPase in solution.  Ann Rev Physiol   49: 655-72, 1987.

Brenner, B. and Eisenberg, E.  The mechanism of muscle contraction.  Biochemical, mechanical and
structural approaches to elucidate cross-bridge action in muscle.  Basic Res Cardiol  82 Suppl 2: 3-16,
1987.

Brenner, B., L.C. Yu.   Characterization of radial force and radial stiffness in Ca(2+)- activated skinned
fibres of the rabbit psoas muscle.  J Physiol (Lond)  Sep; 441: 703-18, 1991.

Brenner, B., L.C. Yu.   Evidence for structural changes in crossbridges during force generation.  Adv Exp
Med Biol   332: 461-9, 1993.

Brenner, B., M. Schoenberg, J.M. Chalovich, L.E. Greene, E. Eisenberg.   Evidence for cross-bridge
attachment in relaxed muscle at low ionic strength.  Proc Natl Acad Sci U S A   Dec; 79(23): 7288-91,
1982.

Brenner, B., L.C. Yu, J.M. Chalovich.   Parallel inhibition of active force and relaxed fiber stiffness in
skeletal muscle by caldesmon: Implications for the pathway to force generation.  Proc Natl Acad Sci USA
88:5739-43, 1991.

Brooks, S.V. and Faulkner, J.A.  Contractile properties of skeletal muscles from young, adult, and aged
mice.  J Physiol   404: 71-82, 1988.

Burton, K., and Huxley, A.F.  Identification of source of oscillations in apparent sarcomere length
measured by laser diffraction.  Biophys J   June; 168: 2429-43, 1995.

Burton, K., and Huxley, A.F.  Identification of a source of oscillations in striation spacing estimated by
laser diffraction during ramp shortening in muscle.  Biophys J   59: 46a (Abstract), 1991.

Burton, K., Zagotta, W.N. and Baskin, R.J.,   Sarcomere length behaviour along single frog muscle fibres
at different lengths during isometric tetani.  J Muscle Res Cell Motil  10: 67-84, 1989.



Burton, K., and Baskin, R.J.   Light diffraction patterns and sarcomere length variation in striated muscle
fibers of Limulus.  Pflügers Arch  406: 409-418, 1986.

Bush, B,M., Godden, D.H. and Macdonald, G.A.  A simple and inexpensive servo system for the control
of length or tension of small muscles or stretch receptors.  J. Physiol. (Lond.)   Feb; 245(2): 1P-3P 1975.

Cecchi, G.   A circuit specially suited for use with high-frequency capacitance gauge force transducers.
Arch. Ital. Biol.   Aug; 121(3): 215-7, 1983.

Cecchi, G., Colomo, F. and Lombardi, V.  A capacitance-gauge force transducer for isolated muscle
fibres. J. Physiol. (Lond.)  Jul; 292: 1P-2P, 1979.

Cecchi, G., P.J. Griffiths and S. Taylor.   The kinetics of cross-bridge attachment and detachment studied
by high frequency stiffness measurements.  Adv. Exp. Med. Biol.  170: 641-55, 1984.

Cecchi, G., P.J. Griffiths, M.A. Bagni, C.C. Ashley, Y. Maeda.   Time-resolved changes in equatorial x-
ray diffraction and stiffness during rise of tetanic tension in intact length-clamped single muscle fibers.
Biophys J   Jun; 59(6): 1273-83, 1991.

Chalovich, J.M., Yu, L.C., and Brenner, B.   Involvement of weak binding cross bridges in force
production in muscle.  J Muscle Res Cell Motil   12: 503-6, 1991.

Chamberlin, T.C.   The Method of Multiple Working Hypotheses. J Geol   5: 837, 1897.

Chiu, Y.L., Asayama, J. and Ford, L.E.   A sensitive photoelectric force transducer with a resonant
frequency of 6 kHz. Am. J. Physiol.   Nov; 243(5): C299-302, 1982.

Chiu, Y.L., Karwash, S. and Ford, L.E.   A piezoelectric force transducer for single muscle cells. Am. J.
Physiol.  Sep; 235(3): C143-6, 1978.

Close, R.I.   Dynamic Properties of Mammalian Skeletal Muscles. Physiological Reviews,  52:129-197,
1972.

Cole, N.M.  Mechanisms of skeletal muscle sounds:  Acoustic measures of resonant frequency and
tension.  Doctoral dissertation, University of Michigan, Ann Arbor, MI, 1992.

De Winkel, M.E., T. Blange and B.W. Treijtel.   High frequency characteristics of elasticity of skeletal
muscle fibers kept in relaxed and rigor state.  J. Muscle Res. Cell Motil.  15(2): 130-44, 1994.

De Winkel, M.E., T. Blange and B.W. Treijtel.   The complex Young's modulus of skeletal muscle fibre
segments in the high frequency range determined from tension transients.  J. Muscle Res. Cell Motil.  14:
302-310, 1993.

Dortmans, L.J.M.G., A.A.H.J. Sauren and E.P.M. Rousseau.   Parameter estimation using the quasi-linear
viscous model proposed by Fung.  J. Biomech. Eng. 106: 198-203, 1984.



Edman, K.A.P., Höglund, O.  A technique for measuring length changes of individual segments of an
isolated muscle fiber.  J Physiol   319: 8-9p, 1981.

Edman, K.A.P., Elzinga, G., Noble, N.I.M.   Residual force enhancement after stretch of contracting frog
single muscle fibers.  J Gen Physiol   80: 769-84, 1982.

Emel'yanov V.B., Efimov, V.N., Frank, G.M.   A diffraction investigation of "sliding" during muscle
diffraction.  Dokl Nauk SSR   167(4): 923-924, 1966.

Fabiato, A., and Fabiato, F.   Calculator programs for computing the composition of solutions containing
multiple metals and ligands used for experiments in skinned muscle cells.  J Physiol (Paris)   75: 463-
505, 1979.

Faulkner, J.A. and White, T.P.   Adaptations of skeletal muscle to physical activity.  In: Exercise, Fitness
and Health. C. Bouchard, R.J. Shepard, T. Stephens, J.R. Sutton and B.D. McPherson, Eds.  Human
Kinetics Publishers, Champaign, IL, Chapter  22, pp 265-279, 1990.

Faulkner, J.A. H.J. Green and T.P. White.   Response and adaptation of skeletal muscle to changes in
physical activity.  In: Physical Activity, Fitness and Health. C. Bouchard, R.J. Shepard, T. Stephens, Eds.
Human Kinetics Publishers, Champaign, IL, Chapter  21, pp 343-357, 1994.

Ford, L. E. , A.F. Huxley and R.M. Simmons.  Tension transients during the rise of tetanic tension in frog
muscle fibers.  J. Physiol. (Lond.)  372: 595-609, 1986.

Ford, L. E., A.F. Huxley and R.M. Simmons.   The relation between stiffness and filament overlap in
stimulated frog muscle fibers.  J. Physiol. (London)  311: 219-249, 1981.

Ford, L. E., A.F. Huxley, and R.M. Simmons.   Tension responses to sudden length change in stimulated
frog muscle fibers near slack length.  J. Physiol.  (London)   269: 441-515, 1977.

Funatsu, T., T.H. Higuchi, and S Ishiwata.   Elastic filaments in skeletal muscle revealed by selective
removal of thin filaments with plasma gelsolin.  J Cell Biol   110: 53-62, 1990.

Fung, Y.C.B.   Stress-strain history relations of soft tissues in simple elongation.  Biomechanics: Its
Foundations and Objectives,  eds. Y.C. Fung, N. Perrone and M. Anliker, Chapter 7, Prentice Hall, NJ,
181-208, 1972.

Fung, Y.C.B.  Biomechanics:  Mechanical properties of living tissues, 2e.   Springer-Verlag, New York,
1993.

Godt, R.E., and Lindley, B.D.   Influence of temperature upon contractile activation and isometric force
production in mechanically skinned muscle fibers of the frog.  J Gen Physiol   80:279-97, 1982.

Goldman, Y.E.   Measurement of sarcomere shortening in skinned fibers from frog muscle by white light
diffraction.  Biophys J   52: 57-68, 1987a.



Goldman, Y.E.   Special Topic: Molecular mechanisms of muscle contraction.  Annu Rev Physiol   49:
629-36, 1987b.

Goldman, Y.E. and Simmons, R.M.  Control of sarcomere length in skinned muscle fibres of Rana
temporaria during mechanical transients.  J Physiol  350: 497-518, 1984.

Gollnick, P.D., Timson, B.F., Moore, R.L. and Reidy, M.  Muscular enlargement and number of muscle
fibers in skeletal muscles of rats.  J Appl Physiol   50: 936-43, 1981.

Granzier, H.L.M. and G.H. Pollack.   Stepwise shortening in unstimulated frog skeletal muscle fibres.  J
Physiol   362: 173-88, 1985a.

Granzier, H.L.M. and G.H. Pollack.   Simultaneous segment length and sarcomere length measurements
confirm stepwise shortening.  Biophys J   47: 289, 1985b.

Granzier, H.L.M. and Wang, K.   Interplay between passive tension and strong and weak binding cross-
bridges in insect indirect flight muscle.  J Gen Physiol   101:235-70, 1993a.

Granzier, H.L.M. and Wang, K.   Passive tension and stiffness of vertebrate skeletal and insect flight
muscles:  The contribution of weak cross-bridges and elastic filaments.  Biophys J   (Nov) 65: 2141-59,
1993b.

Griffiths, P.J. C.C. Ashley, M.A. Bagni, Y. Maeda, G. Cecchi.   Cross-bridge attachment and stiffness
during isotonic shortening of intact single muscle fibers.  Biophys J   Apr; 64(4): 1150-60, 1993.

Halpern, W. and R.L. Moss.   Elastic modulus and stress relationships in stretched and shortened frog
sartorii.  Am. J. Physiol.  230(1): 205-210, 1976.

Hasan, H. and P. Mason.   Pulse propagation in muscle.  Phys. Med. Biol.  23(5): 917-27, 1978.

Hecht, E. Optics (2nd Ed.).  Addison-Wesley Publishing Co., Reading, MA, 1990.

Helber, R.   Elastic and inelastic behavior of resting frog muscle fibers.  Pflugers Arch.  387: 261-68,
1980.

Higuchi, H.  Changes in contractile properties with selective digestion of connectin (titin) in skinned
fibers of frog skeletal muscle.  J Biochem (Tokyo)  Mar; 111(3): 291-5, 1992.

Higuchi, H. and Goldman, Y.E.   Sliding distance between actin and myosin filaments per ATP molecule
hydrolyzed in skinned muscle fibers.  J Mol Biol   169: 97-122, 1991.

Higuchi, H., Nakauchi, Y., Maruyama, K., Fujime, S.  Characterization of beta-connectin (titin 2) from
striated muscle by dynamic light scattering.  Biophys J   Nov; 65(5): 1906-15, 1993.



Higuchi, H., Suzuki, T., Kimura, S., Yoshioka, T., Maruyama, K., Umazume, Y.  Localization and
elasticity of connectin (titin) filaments in skinned frog muscle fibres subjected to partial
depolymerization of thick filaments.  J Muscle Res Cell Motil   Jun; 13(3): 285-94, 1992.

Higuchi, H., Yoshioka, T.  and Maruyama, K.   Positioning of actin filaments and tension generation in
skinned muscle fibers released after stretch beyond overlap of the actin and myosin filaments.  J Muscle
Res Cell Motil   9: 491-98, 1988.

Horowitz, P. and Hill, W. The Art of Electronics.  Cambridge University Press, 1989.

Horowits, R.  Passive force generation and titin isoforms in mammalian skeletal muscle.  Biophys J   Feb;
61(2): 392-8, 1992.

Horowits, R., Podolsky, R.J.  The positional stability of thick filaments in activated skeletal muscle
depends on sarcomere length: evidence for the role of titin filaments.  J Cell Biol   Nov; 105(5): 2217-23,
1987.

Housmans, P.  Discussion in: Contractile mechanisms in muscle.  New York, Plenum Press, pp 782-84,
1984

Hoyle, G.   Muscles and their neural control.   John Wiley & Sons, New York, 1993.

Huxley, A. F.   A note suggesting that the cross-bridge attachment during muscle contraction may take
place in two stages.  Proc. R. Soc. London Ser. B  183: 83-86, 1973.

Huxley, A. F. and R.M. Simmons.   Mechanical transients and the origin of muscle force.  Cold Spring
Harbor Symp. Quant. Biol.  37: 669-80, 1973.

Huxley, A. F. and R.M. Simmons.   Proposed mechanism of force generation in striated muscle.  Nature
Oct 22; 233(5321): 533-8, 1971.

Huxley, A. F.   Muscle structure and theories of contraction.  Prog. Biophys. Biophys. Chem.  7: 255-318,
1957.

Huxley, A.F. and Peachey, L.D.   J Physiol   156: 150-165, 1961.

Huxley, A.F. and Lombardy, V.   A sensitive force transducer with resonant frequency 50 kHz. J.
Physiol.   March; 305: 15P-16P, 1980.

Huxley, A.F. and Niedergerke, R.   Interference microscopy of living muscle fibres.  Nature, Lond   173:
971-73, 1954.

Huxley, A.F.   Reflections on muscle.  Liverpool: Liverpool University Press: 1980.

Huxley, A.F.  Comments on "Quantal mechanisms in cardiac contraction.",  by G.H. Pollack.  Circ Res
59: 9-14, 1986.



Huxley, A.F.   A theoretical treatment of diffraction of light by a striated muscle fibre.  Proc R Soc Lond
B   241: 65-71, 1990.

Huxley, H.E. and Hanson, J.   Changes in the cross-striations of muscle during contraction and stretch
and their structural interpretation.  Nature, Lond   173: 973-76, 1954.

Iwamoto, H.   Evidence for increased low force cross-bridge population in shortening skinned skeletal
muscle fibers:  Implications for actomyosin kinetics.  Biophys J   (Sept) 69: 1022-35, 1995.

Iwazumi, T. and Pollack, G.H.   On-line measurement of sarcomere length from diffraction patterns in
muscle. IEEE Trans. Biomed. Eng.   Feb; 26(2): 86-93, 1979.

Judy, M.M., Summerour, V.,  LeConey, T., Roa, R.L. and Templeton, G.H.   Muscle diffraction theory:
Relationship between diffraction subpeaks and discrete sarcomere length distributions.  Biophys.J.,  Feb;
37: 475-87, 1982.

Julian, F. J., and D.L. Morgan.   The effect of tension of non-uniform distribution of length changes
applied to frog muscle fibers.  J. Physiol.(London)  293: 379-92, 1979.

Julian, F. J., and D.L. Morgan.   Tension, stiffness, unloaded shortening speed and potentiation of frog
muscle fibers at sarcomere lengths below optimum.  J. Physiol.(London)  319: 205-217, 1981.

Julian F.J. and R.L. Moss.   Sarcomere length-tension relations of frog skinned muscle fibers at lengths
above the optimum.  J Physiol (London)   304: 529-39, 1980.

Labeit, S, and Kolmerer, B.   Titins: Giant proteins in charge of muscle ultrastructure and elasticity.
Science   Oct 13, Vol. 270: 293-6, 1995.

Levin, A. and J. Wyman.   The viscous elastic properties of muscle.  Proc. Royal Soc. B.  101: 218-43,
1927.

Lieber, R.L., Yeh, Y. and Baskin, R.J.   Sarcomere length determination using laser diffraction. Effect of
beam and fiber diameter.  Biophys. J.,  May; 45(5): 1007-16, 1984.

Lowey, S., Waller, G.S., Trybus, K.M.   Skeletal muscle myosin light chains are essential for
physiological speeds of shortening.  Nature   Sept 30, 365: 454-456, 1993.

Ludwig, G.D.   The velocity of sound through tissues and the acoustic impedance of tissues.  J Acoust
Soc Am   22: 862-66, 1950.

Lynch, G.S., Frueh, B.R. and Williams, D.A.   Contractile properties of single skinned fibres from the
extraocular muscles, the levator and superior rectus, of the rabbit.  J. Physiol.  475.2: 337-346, 1994.

Lynch, G.S., Stephenson, D.G. and Williams, D.A.  Analysis of Ca(2+) and Sr(2+) activation
characteristics in skinned muscle fibre preparations with different proportions of myofibrillar isoforms.
J. Muscle Res. Cell Motil.  16: 65-78, 1995.



Lynch, G.S., Stephenson, D.G. and Williams, D.A.   Modeling Ca++ and Sr++ activation characteristics
in skinned muscle fiber preparations with different proportions of myofibrillar isoforms.  Proc Aust
Physiol Pharmacol Soc   21: 68P, 1990.

Macpherson, P.C.D.  Mechanisms involved in the development of contraction-induced injury to single
muscle fibers of rats.  Doctoral dissertation, University of Michigan, Ann Arbor, MI, 1995.

Macpherson, P.C.D., and Faulkner, J.A.   Sarcomere dynamics and contraction-induced injury to
maximally activated single muscle fibers from soleus muscles of rats.  Manuscript Submitted,  1996.

Metzger, J. M. and R. L. Moss.   Effects on tension and stiffness due to reduced pH in mammalian fast-
and slow-twitch skinned skeletal muscle fibers.  J. Physiol. (Lond.)  428: 737-750, 1990.

Metzger, J. M.,   Mechanism of Chemomechanical Coupling in Skeletal Muscle During Work.  in
Perspectives in Exercise Science & Sports Medicine; Custom Edition for University of Michigan,  Lamb
(ed.), Brown and Benchmark Publishers, Dubuque, Iowa, 1992.

Minns, H.G.   A voltage-controlled force generator for calibrating sensitive transducers. J. Appl. Physiol.
Jun; 30(6): 895-6, 1971.

Morgan, D.L.   New insights into the behavior of muscle during active lengthening.  Biophys J   57: 209-
21, 1990.

Moss, R.L. and W. Halpern.   Elastic and viscous properties of resting frog skeletal muscle.  Biophys. J.
17: 213-28, 1977.

Oguztoreli, M.N., and R.B. Stein.   The effect of variable mechanical impedance on the control of
antagonistic muscles.  Biol. Cybern.  66: 87-93, 1991.

Paolini, P.J., Baskin, R.J., Roos, K.P. and Cline, J.W.   Dual-channel diffractometer utilizing linear image
sensor charge-coupled devices. Rev. Sci. Instrum.  Jun; 47(6): 698-702, 1976.

Pease, Robert A.   Troubleshooting Analog Circuits.  Butterworth-Heinemann, Boston, 1991.

Piazzesi, G.,  Linari, M. and Lombardi, V.  Kinetics of regeneration of cross-bridge power stroke in
shortening muscle.  Adv Exp Med Biol  332: 691-700, 1993.

Platt, J.R.   Strong Inference.  Science   (146) 3642: 347-53, 1964.

Pollack, G.H., Iwazumi, T., ter Keurs, H.E.D.J. and E.F. Shibata.   Sarcomere shortening in striated
muscle occurs in stepwise fashion.  Nature   268: 757-59, 1977.

Pollack, G.H.   Quantal mechanisms in cardiac contraction.  Circ Res   59: 1-8, 1986.

Pollack, G.H., H.L.M. Granzier, A. Mattiazzi, C. Trombitas, A. Periasamy, P.H.W.W. Baatsen and D.H.
Burns.   Pauses, steps, and the mechanism of contraction.  Adv. Exp. Med. Biol.  226: 617-642, 1988.



Pollack, G.H.   Muscle contraction mechanism: are alternative engines gathering steam?  Cardiovascular
Res   29: 737-746, 1995.

Ranvier, L.  Du spectre produit par les muscles stries.  Arch Physiol   T6: 274-81, 1874.

Reiser, P.J., Moss, R.L., Giulian, G.G., Greaser, M.L.   Shortening velocity in single fibers from adult
rabbit soleus muscles is correlated with myosin heavy chain composition.  J Biol Chem   260 (16): 9077-
9080, 1985a.

Reiser, P.J., Moss, R.L., Giulian, G.G., Greaser, M.L.   Shortening velocity and myosin heavy chains of
developing rabbit muscle fibers.  J Biol Chem   260 (27): 14403-14405, 1985b.

Roos, K.P., Baskin, R.J., Lieber, R,L., Cline, J.W. and Paolini, P.J.   Digital data acquisition and analysis
of striated muscle diffraction patterns with a direct memory access microprocessor system. Rev. Sci.
Instrum.,  Jun; 51(6): 762-7, 1980.

Rüdel, R., and Zite-Ferenczy, F.   Interpretation of light diffraction by cross-striated muscle as Bragg
reflection of light by the lattice of contractile proteins.  J Physiol   290:  317-30, 1979a.

Rüdel, R., and Zite-Ferenczy, F.   Do laser diffraction studies on striated muscle indicate stepwise
sarcomere shortening?  Nature   278:  573-75, 1979b.

Sandow, A.   Diffraction patterns of the frog sartorius and sarcomere behavior under stretch.  J Cell
Comp Physiol   9: 37-54, 1947.

Schoenberg, M.   Characterization of the myosin adenosine triphosphate (M.ATP) crossbridge in rabbit
and frog skeletal muscle fibers.  Biophys J   54: 135-48, 1988.

Schoenberg, M.   Geometrical factors influencing muscle force development. I. The effect of filament
spacing upon axial forces.  Biophys J   Apr; 30(1): 51-67, 1980.

Schoenberg, M., J.B. Wells and R.J. Podolsky.   Muscle compliance and the longitudinal transmission of
mechanical impulses.  J. Gen. Physiol.  64: 623-42, 1974.

Schoenberg, M., J.B. Wells.   Stiffness, force, and sarcomere shortening during a twitch in frog
semitendinosus muscle bundles.  Biophys J   Feb; 45(2): 389-97, 1984.

Schoenberg, M., R.J. Podolsky.   Length-force relation of calcium activated muscle fibers.  Science   Apr
7; 176(30): 52-4, 1972.

Soteriou, A., Clarke, A., Martin, S., Trinick, J.  Titin folding energy and elasticity.  Proc R Soc Lond B
Biol Sci   Nov; 254(1340): 83-6, 1993.

Stienen, G.J.M. and T. Blange.   Tension responses to rapid length changes in skinned muscle fibers of
the frog.  Pflugers Arch.  405: 5-11, 1985.



Sundell, C.L. and Goldman, Y.E., and Peachey, L.D.   Fine structure in near-field and far-field laser
diffraction patterns from skeletal muscle fibers.  Biophys. J.,  Feb; 49(2): 521-30, 1986.

Tameyasu, T., Toyoki, T., Sugi, H.   Non-steady motion in unloaded contractions of single frog cardiac
cells.  Biophys J   48: 461-65, 1985.

Tawada, K. and M. Kimura.   Stiffness of glycerinated rabbit psoas fibers in the rigor state.  Biophys. J.
45: 593-602, 1984.

Toyoshima, Y.Y., Kron, S.J., and Spudich, J.A.   The myosin step size: measurement of the unit
displacement per ATP hydrolyzed in an in vitro assay.  Proc Natl Acad Sci USA   87: 7130-7134, 1990.

Trinick, J.  Understanding the functions of titin and nebulin.  FEBS Lett   Jul; 307(1): 44-8, 1992.

Trombitas, K., Pollack, G.H., Wright, J. and Wang, K.  Elastic properties of titin filaments using a
"freeze break" technique. Cell Motil Cytoskeleton  24(4): 274-83, 1993.

Trombitas, K. and Pollack, G.H.  Elastic properties of the titin filament in the Z-line region of vertebrate
striated muscle.  J Muscle Res Cell Motil  Aug; 14(4): 416-22, 1993.

Truong, X.T.   Extensional wave-propagation characteristics in striated muscle.  J. Acoust. Soc. Am.  Apr;
51(4): 1352-6, 1971.

Truong, X.T.   Visco-elastic propagation of longitudinal waves in skeletal muscle.  J. Biomech.  Jan;
5(1): 1-10, 1972.

Truong, X.T.   Viscoelastic wave propagation and rheologic properties of skeletal muscle.  Am. J.
Physiol.  Feb; 226(2): 256-64, 1974.

Truong, X.T., S.R. Jarrett and D.V. Rippel.   Longitudinal pulse propagation characteristics in striated
muscle.  J. Acoust. Soc. Am.  Nov; 64(5): 1298-302, 1978(b).

Truong, X.T., S.R. Jarrett and M.C. Nguyen.   A method for deriving viscoelastic modulus for skeletal
muscle from transient pulse propagation.  IEEE Trans. Biomed. Eng.  Jul; 25(4): 382-4, 1978(a).

Van Vlack, L.H.   Elements of Materials Science and Engineering, 4e.  Addison-Wesley, Reading, MA,
1980.

Wang, K., McCarter, R., Wright, J., Beverly, J., Ramirez-Mitchell, R.  Viscoelasticity of the sarcomere
matrix of skeletal muscles.  The titin-myosin composite filament is a dual-stage molecular spring.
Biophys J   Apr; 64(4): 1161-77, 1993.

Wang, K., McCarter, R., Wright, J., Beverly, J., Ramirez-Mitchell, R.  Regulation of skeletal muscle
stiffness and elasticity by titin isoforms:  a test of the segmental extension model of resting tension.  Proc
Natl Acad Sci U S A   Aug; 88(16): 7101-5, 1991.



Wang, K. and J Wright.   Architecture of the sarcomere matrix of skeletal muscle: immunoelectron
microscopic evidence that suggests a set of parallel inextensible nebulin filaments anchored at the Z-line.
J Cell Biol   107: 2199-2212, 1988.

Wang, S.M., Sun, M.C. and Jeng, C.J.  Location of the C-terminus of titin at the Z-line region in the
sarcomere.  Biochem Biophys Res Commun  Apr 15: 176(1): 189-93, 1991.

Webster, J. G.  Medical Instrumentation.  Houghton Mifflin Co, Boston, 1978.

Woledge, R.C.,  N.A. Curtin and E. Homsher.   Energetic Aspects of Muscle Contraction.  Monographs
of the Physiological Society No. 41,  Academic Press, London, 1985.

Yariv, Amnon. Introduction to Optical Electronics.  Holt, Reinhart, Winston, Inc., 1991.

Yeh, Y., Baskin, R.J., Lieber, R.L., Roos, K.P.  Theory of light diffraction by single skeletal muscle
fibres.  Biophys J   29: 509-22, 1980.

Zite-Ferenczy, F., Häberle, K., Rüdel, R., and Wilke, W.   Correlation between the light diffraction
pattern and the structure of a muscle fibre realized with Ewald's construction.  J Muscle Res Cell Motil   
7: 197-214, 1986.


