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Abstract
The objective of this research is to measure the sarcomere length distribution in skeletal
muscle slices in a fixation state. Knowledge of the sarcomere length distribution is important
since it determines the ability of force generation. Skeletal muscles contain regular striations
and act as a grating when illuminated by a beam of light. Consequently, we used a laser
diffraction technique to measure the sarcomere length. The muscle studied is the tibialis
anterior of a rat. An image processing technique is used to analyse the diffraction pattern
generated by passage of a laser beam through the muscle sample, and, hence, calculate the
sarcomere length. The reproducibility of the results is within 2% for the measured sarcomere
lengths. The systematic error due to misalignment of the setup is within 0.7%, and is corrected
by using gratings to calibrate the setup. The values of the sarcomere lengths correspond to
an average value of existing sarcomere lengths inside the muscle. We find sarcomere lengths
distribution of about 34% which is large compared to literature data for actual living tissue.
Possibles explanations for this discrepancy lay in the sample preparation technique. Further
study of the fixation technique might provide insight into this problem.
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Chapter 1

Introduction
The main aim of this study is to investigate the distribution of sarcomere length inside a
tibialis anterior muscle of a rat using a diffraction technique. A novel measurement technique
is discussed and used. It is based on the processing of the diffraction pattern of the muscle.
The relationship between the force of muscle contraction and sarcomere lengths makes it
desirable to measure the distribution of sarcomere length inside the muscle. In this section,
concepts important to physiology of skeletal muscle and measurements methods are reviewed,
and the organisation of the report is discussed.

1.1
1.1.1

Fundamental physiology of skeletal muscle
Morphology

The body has three different types of muscle: skeletal muscle, cardiac muscle and smooth
muscle. Both skeletal and cardiac muscles are striated muscles. Skeletal muscles are composed
of anywhere from a few hundred up to many tens of thousands of parallel skeletal muscle
fibres, each of which runs along the entire length of the muscle. The diameter of the muscle
fibres ranges between 10 and 80 /-lm. Each muscle fibre contains several hundreds to several
thousands myofibrils and is surrounded by a membrane, the sarcolemma. Myofibrils are
surrounded by sarcoplasmic reticulum and by the T-system of tubules, which opens to the
exterior of the fibre [1]. Each myofibril in turn has, lying side by side, myosin and actin
filaments, which are large polymerised protein molecules. Figure 1.1 shows the different
levels of organisation of skeletal muscle. The repeating units of actin and myosin filaments
are called sarcomeres. In vertebrate striated muscle, the sets of myosin and actin filaments are
arranged in an hexagonal array in proportion of one myosin filament to two actin filaments [2].
In a unit, various bands and lines are seen: we can distinguish the light I-band and H-band,
and dark A-band and Z-line which have different refractive indices [5] (see figure 1.2). The
sarcomere lays between the two successive Z-lines.

1.1.2

Sliding mechanism of contraction

The sarcomere, which is the elementary contractile unit, is responsible for the contractile
process in muscle [4]. The filaments slide past each other during movement, causing a change
in length of the contractile unit. So the relative lengths of the bands vary, depending upon
whether the muscle is at rest, contracted, or passively stretched. The length of the A-band
1
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Figure 1.1: Structure of skeletal muscle. [3]
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Figure 1.2: Schematic representation of the sarcomere bands. [3]

remains constant in all phases of contraction, but the I-band, most prominent in stretched
muscle, is shorter at resting length, and is extremely short in contraction. The fore mentioned
sliding mechanism is caused by attractive forces that develop between the actin and myosin
filaments.

1.1.3

Length dependence of contraction

The tension developed in the muscle fibres depends on the overlap of the actin and myosin
filaments, related to the actual muscle length, and the availability of energy and Ca 2 +. The
overlap of the actin and myosin filaments is directly related to sarcomere length. In an unloaded muscle the sarcomere length will be about 1.9-2.1 f.Lm. The overlap of the actin and
myosin is optimal. An extension of the muscle will result in a reduction of the overlap area
and the possibility of forming cross-bridges (see figure 1.3). The normal length of a muscle,
which corresponds to an average sarcomere length of 2 f.Lm, is optimal for maximal strength
of contraction.
Thus, the importance of the distribution of sarcomere length inside the muscle can be understood. If it is not uniform depending on the position of the muscle, the force of muscle
2
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Figure 1.3: Effect of the initial sarcomere length on the contractile force developed following muscle

excitation.
contraction will vary from different part of the muscle.

1.2
1.2.1

Measurement methods
Direct measurement

We can easily see the Z-lines and consequently the sarcomeres with a magnification of x400
with a microscope and with higher magnifications (see figure 1.4). But this magnification
does not allow an accurate measurement of sarcomere lengths. Measurement must be done
then by photographing the fibres, then subsequently, enlarging the photographs such that
measurement of sarcomere lengths, by dividing the total length of 20 to 40 sarcomeres by
the number of sarcomeres, is enabled. This method involves perfect regularity of sarcomere
lengths inside the area concerned. Further, the measured area is limited to about 8100
fLm 2 • As we desire a method to scan an entire muscle, this measurement technique is not
advantageous- it is too time consuming.

1.2.2

Indirect measurement through diffraction technique

Since each sarcomere contains well-defined alternating A and I bands, the repetitive gradient
of the refractive indices creates diffraction effects when the muscle is illuminated by a strong
beam of light. From the theory of diffraction, the distance between the zeroth and the first
order intensity maxima (i.e. the spatial frequency) of the muscle diffraction pattern is uniquely
related to the sarcomere length. The dimensions of sarcomere (between 1.5 and 3 fLm),
which are only several times greater than the wavelength of visible light allows dimensional
measurements. Furthermore, a measurement method based upon the diffraction pattern yields
information about the regularity of the sarcomere lengths in the area which the laser beam
is focused.
The action of a cross-striated skeletal muscle as a diffraction grating was first observed
by Ranvier in 1874. Since then, a number of systems using laser diffraction techniques for

3

Figure 1.4: Photograph of a muscle fibre from the tibialis anterior muscle of a rat in longitudinal
section. The dark transverse A-bands and light I-bands are clearly differentiated and
give the appearance and properties of a grating (x 500).

the measurement of sarcomere length in skeletal muscles have already been published. But
only a few researchers considered the distribution of sarcomere lengths, inside the muscle
[6, 7, 13] and not even inside the entire muscle. In fact, those studies consider generally the
distribution as constant along a fibre, and this property is used even as a criterion of quality
for a fibre [8, 12].

1.3

Outline of the report

In chapter 2, the theory of diffraction from the slit to the grating spectrum is reviewed, and
possible errors which occur in practical diffractometry are computed. The effect of two simple
grating defects on the diffraction pattern is briefly described; these defects can be observed
in the muscle fibres.
Chapter 3 describes the experimental setup and the measurement methods used to compute
the sarcomere lengths. The diffraction pattern analysis and the accuracy of the methods are
also discussed.
In chapter 4, the results of the sarcomere length measurements are presented. The methods,
muscle preparation and sites of measurements are first described, followed by presentation
and discussion of results.
Finally, chapter 5 concludes and summarises the results of this study. Recommendations are
made for further research.
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Chapter 2

Theory of diffraction
2.1

Ideal case

The diffraction theory is based on the wave nature of light. A diffraction pattern appears
after an obstacle (slit, aperture, etc) corresponding to a change of the direction of propagation
at the edge of the obstacle. These edges interact with a wave of light in such a way it
generates series of further waves, travelling in different directions which are dependent upon
the wavelength [15].

2.1.1

Diffraction by a single slit

Consider first the simple case of an opaque shield :B containing a single small aperture of
width a which is being illuminated by a plane wavefront (a 'wavefront' is a locus of points at
which the waves have the same phase). The plane of observation (J is a screen parallel with
:B (see figure 2.1). Structured fringes can be observed if:B is placed far enough from the slit
(infinity); in this case the waves can be considered as planar (Fraunhofer diffraction).

Source
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Figure 2.1: Diffraction by one slit (Fraunhofer diffraction) [14].

Now, consider a slit divided into an even number (12) of point sources. In the forward
direction, all the secondary wavelets will be in phase, so there is a central bright region at 0=0.
In general, when the path difference between two rays is >"/2, they interfere destructively. In
the situation depicted in the figure 2.2, this occurs for the pairs (1) and (7); (2) and (8), (3)
and (9), and so on. If we continue the process of dividing the opening, we find there is a
complete destructive interference whenever:
a sin

0 = m>"

m =

1,2,3...

(2.1)

Note m = 0 is not included in equation 2.1, since ()
not to a minimum [16].
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Figure 2.2: A single slit is treated as a series of point sources. When the path difference between the
first source (1) and the last source (12) is one wavelength, there is destructive interference

between the pairs 1 and 7, 2 and 8, etc. [16]
When a ~ A,
As the slit width
visible, as shown
central maximum

the usual uniform illumination in the same shape of the slit can be seen.
is reduced, the illumination starts to spread out and dark bands become
in figure 2.3. When the slit width is comparable to the wavelength, the
becomes very wide and a screen far away may be uniformly illuminated.
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Figure 2.3: The Fraunhofer intensity pattern of a single slit diffraction. A wide slit produces a narrow

diffraction pattern whereas a narrow slit produces a large diffraction pattern [16].

2.1.2

Diffraction by multiple slits

Imagine an object with multiple slits illuminated by a plane wavefront. Further, assume, for
the calculations, the slits are so narrow that the single slit pattern illuminates the screen
uniformly. When the path difference between rays 1 and 2 in figure 2.4 is A they interfere
constructively. The same holds for 2 and 3, and so on [14]. Any path difference equal to an
integral number of wavelengths also leads to constructive interference.
The path difference between the rays from adjacent slits is:
8 = dsinO

(2.2)

So the positions of the principal maxima when the waves from all the slits are in phase, are
given by:
dsinO = mA

m = 0,1,2,3...

(2.3)
6

Figure 2.4: Interference due to multiple slits [14].

where d is the distance between two slits and>. the wavelength.
The intensity distribution due to the interference pattern, resulting from multiple slits(N)
equally spaced by d can now be calculated to explain in another way the pattern observed.
The amplitude of the wave at any time t, at a distance x from the origin has the form:

y

= A oei21f [vt-(x/>-)]

(2.4)

where v is the frequency of oscillation of the source, >. is the wavelength, A o the maximum
amplitude of the wave at the source [15]. The function 27rvt is the phase of the wave at
the source assuming that the amplitude was zero at some time t = O. The second function
- 27r (x / >.) represents the phase lag 1>x due to the fact that the wave has travelled from the
source to x.
Each slit contributes a wave of amplitude A o at the screen. When the screen is far away,
we may treat the outgoing rays as parallel, so the path difference is 8 = d sin O. The phase
difference i.p between the waves from adjacent slits is related to the path difference by:
i.p=

27rd sin 0
>.

The complex amplitude from the
is the sum:

(2.5)
nth

slit is then Aoein<p and the resultant from the N slits

(2.6)

Figure 2.5: Multiple slits pattern. Changes in the interference pattern as the number of slits is
increased: the principal maxima become sharper and higher [14].
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The resulting distribution of intensity is found by multiplying this expression by its complex conjugate, yielding:

1

2

=

sin (N<pj2)
0 sin 2 ( <p/2)

(2.7)

J,

where 10 is the intensity due to each single slit:
_

sin 2 -y

10 -

--

T

with

_ X7r sin ()
-y -

(2.8)

A
-y represents the phase difference between contributions from the edge and the centre of the
beam [14].
This resulting distribution of intensity is shown in figure 2.5 for a particular number of slits,
and consists of series of principal maxima corresponding to <p = 2m7r (i.e d sin () = mA). The
pattern changes as the number of slits increases: the principal maxima become sharper and
higher. Six slits lead to principal maxima in the same positions as in the double slits pattern,
but there are three additional secondary peaks. For an object with thousand of fine slits, the
principal maxima are sharp lines and the secondary peaks are not visible.
For the pattern due to six slits is representing the particular case of d = 4a, d distance
between two slits and a width of each slit. The missing orders might be noticed (for instance,
at sin() = A/a): this effect occurs when an interference maximum (due to six slits) and a
diffraction minimum (due to a single slit) corresponds to the same () value. Note it occurs
also when a is not negligible in comparison of d [17].

2.1.3

-y2

The general grating equation

A grating consists of thousands of very fine slits or grooves or lines (in which case the untouched parts act as the slits). Consider the general case when the light is incident at an
arbitrary angle IY, and is emergent at an angle f3 [15]. This is illustrated in figure 2.6. The

Figure 2.6: Nomenclature for the general grating equation. We adopt the convention that angles
have the same sign when they are on the same side as the grating normal, and opposite
sign if the rays cross over the normal [15].

condition that a diffracted order should exist is that the contributions from each slit should
all be in phase, or rather out of phase by an integral number of 27r radians, as it was shown
in the previous section. So, by generalising the equation (2.3), we obtain:

. IY + 8m
. f3
sm

= dmA

(2.9 )

where m is an integer known as the order number. This equation is known as "the grating
equation". The integer m can be positive, negative or zero (zero corresponds to the undeviated
beam).
8

2.2

Geometrical considerations

For practical observation of a diffraction pattern and for a normal use of a grating for diffractometric work, we consider a simple setup consisting of three components: a laser, a transparent
grating and a screen. Here, errors due to non-ideal alignment between the different components are briefly treated. The main objective of this research is to determine the distance
between two slits of the grating, so we focus on how alignment errors affect this measured
distance.
Several errors can occur. It may be helpful to invision the barest possible setup (shown
in figure 2.7). Note that the diffraction angle () can be linked to the distance D between the
First order

_La-,-se_rb-'-e-'-am_--H<:'---J.-9

H Zeroth order D

;-----,--L--""'1 IFirst order
Screen

Grating

Figure 2.7: The simplest ideal setup to observe a diffraction pattern of a grating.

two symmetric first orders by the equation:
D
tan(O) = 2L

2.2.1

(2.10)

Influence of the position of the screen

In practice, the principal incident plane is usually adjusted to be perpendicular to the grating
plane. Thus, we first consider a transparent grating illuminated by a plane wavefront, with
parallel rays. Further the screen is not aligned with the setup as before. It is not perpendicular
to the beam. An angle {' occurs between the vertical plane and the screen (see figure 2.8).
The distance D' observed on the screen between the two first orders is equal to: D' = cos
D COs ~) .
7y

e

Zeroth order

D'

2D

1t12-iJ

Figure 2.8: A positioning error of the screen shifts the relative positions of the orders of the diffraction
pattern observed.

By combining the equations 2.3 and 2.10, the results can be written as (note: tan () = sin 0
cannot be approximated since we consider 0 is not very small).
d=

rnA
sin (arctan (

I

fL))

rnAv4£2

+ Df2

(2.11)

D'
9

For a difference !1D = D - D', a difference !1d is found:
2

!1d = !1D fJd =!1D -4m>..L
&D
D2J4L2+D2

(2.12)

This formula will be used for the computations of the errors of the experimental setup.

2.2.2

Influence of the incidence angle of the beam

The beam of light is now incident with an angle

0:,

and is emergent with an angle

f3. The

--------------------------;of--r===::'l!J- c------

L

Figure 2.9: The grating is illuminated by a beam of light, with an incident angle a.

zeroth order corresponds to the undeviated beam, but it is shifted on a screen of a distance
of X = L sin 0: in comparison of the previous case (see figure 2.9). If the screen is placed
parallel to the grating, an error occurs on the distance D between the two first orders. The
distance observed on the screen is larger than the real distance D: D' = D / cos Cli. That case
can be related to the previous one and the error has the same size level.

2.3

Imperfect gratings

The variety of imperfections and effects which may be produced is extensive. Here, two
predominant cases which might correspond to muscle fibres properties are chosen and their
effects on the diffraction pattern are briefly examined.

2.3.1

Non-regularity of width slits

Imagine a grating which consists of two different slits widths, d and d' (equally numerous).
The distance between the first two orders varies inversely with the width between two slits
of the grating (equation 2.3). If the difference between the two distances d and d' is higher
than the width of the order itself, two different diffraction patterns appear (see figure 2.10a).
Otherwise, the orders overlap and only one pattern is observable (see figure 2.10b). A limit
of the distinction between the orders requires that the principal maximum of one coincides
with the first minimum of the other.
Non regularity of the width of the slits is an important issue. If the widths are not regular,
the path differences between two adjacent rays emerging from the grating are not equal and
the contributions from each slit are not in phase (or out of phase by an integral number of
27r radians) all at the same time. And, hence, no order can occur. If a few slits have the
same width, an order can appear, but it will be large and weak. Then a grating consisting
of various slits has a broad diffraction pattern whose brightest order reveals the presence of
more numerous slits with the same width.
10

a)

b)

Figure 2.10: Two diffraction pattern occur: a) dl < d, the first orders are distinct. b) the difference
between d and dl is not large enough, the first orders overlap.

2.3.2

Particular case: juxtaposition of two gratings

Now, consider two gratings positioned as shown in figure 2.11 a). The gratings have the same
number of lines and the same regular distance d between two lines; however, the lines do not
perfectly coincide with each other, a slight shift exits between them. The Fourier-transform
provides a good insight into the mechanism of Fraunhofer diffraction [14]. An approximation
based on the Fourier transformation can be used to compute the diffraction pattern due to
this particular grating. The image of the Fourier transformation of such case is shown in
figure 2.11 b.l).

Figure 2.11: a) Drawing of a part of the grating considered (the lines are in reality more numerous).
b.l&2) Images of the Fourier transformation corresponding to a diffraction pattern of
particular grating. The zeroth order is in the middle, it is very sharp as we consider
the waves arrive perfectly perpendicular to the grating. We clearly see symmetrically
in the x-direction the first orders (+1 and -1) and the second orders (+2 and -2). b.l)
two identical gratings are juxtaposed in the position shown in a). b.2) three gratings
are juxtaposed, each grating has a length hi with hi < h.

Since the slit aperture is finite in the y-direction as well as in the x-direction, the shape of
the spots is not circular but spread in the direction perpendicular to the slits (y-direction).
The repetition of the distance h induces the apparition of orders in the y-direction. As the
distance h is larger than d, the distance between the orders is very small, and they can hardly
be distinguished in b.l). The effect increases if the number of gratings juxtaposed increases.
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Chapter 3

Experimental setup and
measurement methods
3.1

The experimental setup

The experimental setup is composed of four main components: a helium-neon laser, the
sample (grating or muscle fibres), the screen and the CCD camera (see figure 3.1). Those
components, explained in detail later, are aligned horizontally. The laser beam is focussed on
the sample mounted on a glass objective slide.

:L

x

I

He-Ne Laser

+"""%~---"""""" - nm n

m_q

CCD'scamera

I

Sample

Screen

Figure 3.1: General outline ofthe optical setup. The system is aligned in the X direction by mounting
the components on the same optical rail. The laser beam crosses the sample, and is
diffracted then by muscle fibres into individual diffraction orders. A glass screen is
placed behind the sample, to observe the diffraction pattern which is recorded with the
CCD camera.

The light emerging from the muscle is broken into diffracted orders (0, pt, etc), since the
muscle consists of regularly alternating bands of different diffractive indices (see chapter 1).
A glass screen is placed about 150 mm distant from the sample, to observe the orders +1 and
-1, symmetric with respect to the zeroth order.

Laser. A helium-neon laser (Spectra-Physics, model 105, intensity 15 mW, non-polarised),
with a wavelength of 632.8 nm, a beam diameter of 0.8 mm and a divergence angle of about
lOis used in this study.
Holder of the sample. To control the position of the sample fibres relative to the laser,
the glass objective is mounted vertically on an X-Y-Z stage which can be positioned with an
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accuracy of 0.01 mm with respect to the laser beam.

Screen. The glass screen (dimensions: 300x300x5 mm) is placed at about 150 mm distant from the sample. The screen has an uniform rough side which has been sanded in order
to visualise the diffraction pattern. The rough side faces the sample. This orientation of
the screen minimizes the deviation caused by the glass which has a different refractive index
than the air. The position of this screen is chosen relative to the camera objective and to the
screen. If the screen is too far from the sample, the diffraction pattern intensity is too weak
and the distance between the orders observed (+1, -1) is too large. A black paper is placed
in the middle of the screen to cancel the zeroth order which is too intense for the CCD camera.
CCD-camera. The camera (MAGIC JAI 1550) is mounted on the optical rail at about
1000 mm from the screen. An objective of 50 mm focal distance is used with the camera.
To take pictures of the diffraction pattern, the camera is connected to a frame grabber (Pulsar JAI 1550/RS) , an interface between computer and camera. The software package TIM
1.41 for Windows calculates the distance between the two biggest objects it recognizes, and
computes the sarcomere length.

3.2
3.2.1

Measurement methods
Alignment of the setup

All the components have to be aligned to observe and compute a reliable diffraction pattern.

Alignment of the laser. A pinhole (015 f.-lm) mounted on a runner for the rail is used to
align the laser beam with the rail. The position of the pinhole ranges from close to the laser
to the end of the rail, and the laser beam has to go through the pinhole at any time. The rail
is 2000 mm long and the error of positioning the laser on the exact centre of the pinhole is
about 0.3 mm (considering the laser beam diameter of 0.8 mm). The directions of the beam
and the rail are slightly askewed with an angle of 0.015°.
Alignment of the X- Y-Z positioner. It is found to be more advantageous to move the sample
than the laser, the zeroth order does not move and remains by the black paper placed on the
screen. The X-Y-Z positioner can not be mounted on the optical rail. A pinhole, mounted
at the same position as the sample, is moved in the X direction with the positioner (close to
the laser and then 1000 mm further). The directions of the laser and the X-Y-Z positioner
are slightly askewed with an angle of about 0.03° (defined as the alignment of the laser). The
sample and the X-Y-Z positioner are mounted perpendicular by the holder (90± 0.3°). Two
little screws allow the positioning of the glass objective on which the sample is mounted (see
figure 3.2).
Alignment of the screen. The screen is positioned perpendicular to the rail by a holder
designed to give a reliable perpendicularity. During the calibration of the setup (see next
section), we check whether the sample and the screen are parallel. A grating is placed in the
same position as the sample on the setup, and the symmetry of the two first orders is checked
(principle of a diffraction pattern); this symmetry is the insurance of the sample's alignment
too. The accuracy of this alignment is within 0.6% (one pixel difference between the two
13

Figure 3.2: Holder of the sample. The glass objective on which is mounted the sample is slided in

the right side; the screws allow it to be slightly moved. The screws are used in particular
when checking the symmetry of the diffraction pattern of the gratings. As the gratings
have different glass thicknesses than the sample, a flexible clamp (left side) is used to
mount them on the same holder.

spots for an area of about 150 pixels for the gratings spots).

Alignment of the camera. The alignment between the camera and the screen is done twice.
It has to be done before the alignment of the screen, because we compute the symmetry of
the spots with the aid of the camera, and it is aligned a second time after the alignment of
the screen, for a final alignment. An array of equal area dots is placed on the screen. The
exact area of those spots in pixels is computed, and the camera is moved until the areas of
those dots is computed equal in two directions Y and Z.

3.2.2

Calibration methods

Calibration of the setup
To evaluate the distance between the screen and the sample and correct for errors (due to
non-ideal perpendicular angle, effect of glass thickness), we successively use three different
gratings: 600 lines/mm (g600), 15000 lines/inch (g15000), 7500 lines/inch (g7500). Each
grating is mounted on the same holder and position as the sample.
The gratings are mounted on transparent supports (plastic for the 600 lines/mm and glass
for the two others) with different thicknesses (respectively 2.5, 4 and 5 mm thick). We notice
this thickness influences the results if the grating does not face the screen and the laser beam
crosses the glass after the grating. The different refractive indices disturb the diffraction
pattern. Care is taken then to place the gratings or the muscle fibres in such a way that
the laser beam first passes through the glass or the plastic. The light is broken in diffraction
orders in the air only.
The distance between the two spots of the gratings' diffraction pattern is computed and
related to the real distance between the screen and the sample with the grating equation:
sin(O) =

~)..

(3.1)
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where 0 is the angle of diffraction, m is the diffraction order, A is the wavelength, and d the
width of each grating's slit (see also chapter 2). The angle 0 is related to the distance between
the grating and the screen .
Sample

Screen

~:~~t.":~'!!:~) __

~

e

laser beam

zeroth order

De

tan(O) =
f~to~d;r(:i)--

j

~1

(3.2)

,~'
L

e

Figure 3.3: Simple geometric equation where is the angle of diffraction, De the distance between
the first orders observed (+ 1 and -1), L the distance between the screen and the sample.
Note: De = 2D, with D used in section 2.2.

By combining this equations 3.1 and 3.2, the results can be written as following we determine that (note: tan 0 = sin 0 cannot be approximated, as the angle 0 is too large).
dDecos(arcsin(¥))
Dd!d 2 - (mA)2
L = 2 tan(arcsin(l1~/,)) =
2mA
=
2mA
(3.3)
The distance between the screen and the sample is computed a few times for each grating,
and use the average result for the sample. The measurements of this distance are within 1%
for the gratings in glass (g15000, g7500), but within 5% for the grating in plastic (g600). The
difference can be explained by the position of the grating on its support: for the gratings in
glass, it is clearly mounted on one side; but for the grating g600, the position of the grating
in the plastic is more difficult to define. Finally the average distance given by the gratings
(g15000 and g7500) is calculated. The image processing methods are used for the gratings as
well as for the samples (see next section).

De

Calibration of the camera
Pictures taken are 512x512 pixels size. Recording images, distances are given with a number
of pixels. This distance has to be related to a real ('world') distance in metric system. To
obtain the size of one pixel in X and Y direction, the camera has to be calibrated. A grid of
dots is placed on the screen and is recorded with the camera. The dots are equally distant
of 10 mm in X and Y direction. The distances between the centre of gravity of the dots
are computed in pixels and related to the real distance in mm (10 mm between them in
each direction). The pixels are considered as square: 1 pixel=0.278 mm. This calibration is
checked, using the same principle (recording an object whose dimensions are exactly known),
the accuracy of this calibration is about 0.3 % (see appendix A.2).

3.2.3

Data acquisition

Care is taken to obtain images as clear as possible. Based on the image content, we set
camera's parameters. The diaphragm is opened such that enough light passes through the
objective and all the pixels values range (0-255) is used. To remove the grey background, we
set it black (0 value), and set the maximum intensity to white (255 value). The modification
of these parameters is allowed by setting the gain and the offset parameters of the camera
in correct values computed for one image (diffraction pattern observed). These parameters
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are determined to be suitable for the entire sample, by scanning it quickly. Furthermore, the
same parameters are used for all the experiments.

3.2.4

Post processing methods

The diffraction pattern of a grating is very sharp and can be observed easily, but the diffraction
produced by the fibres requisites more precautions. The first orders of the diffraction pattern
can be observed in a dark room, but the higher orders are very weak and difficult to discern,
because of the low diffracting ability of the fibres. The diffraction pattern recorded by the
CCD camera has to be processed by four steps, in order to obtain a reliable sarcomere length.
The image is first thresholded. This operation produces a binary image, consisting of 'object'
and 'background', by comparing the pixel values with a threshold value. The choice of the
threshold value is discussed in section 3.3.3. Then, the objects are labeled: they are numbered
in order of encounter by assigning them increasing grey values. They are marked afterwards
by searching the objects having a unique grey value (all the objects had an unique grey value
after the label command), and replaced pixel value with: 255 which corresponds to white.
Recognising the objects, the number of pixels in the object (area) and the centre of mass are
calculated. Finally, the two biggest objects are selected and the distance between them is
computed.

3.3
3.3.1

Observed diffraction patterns
Ideal diffraction with gratings

The spots obtained from the diffraction pattern of gratings are nearly perfect-symmetric,
circular and with a Gaussian distribution of intensity (see figure 3.4). We can observe until
the fifth order of the pattern.

a)
Figure 3.4: The first order of a diffraction pattern produced by a grating. a) the spot itself recording
by the camera. b) pattern of intensity of this spot: superposition of intensity profiles
along the direction x, the upper part is truncated because the beam intensity is still too
high for the camera, even if a filter is used in front of the camera, in addition to the
normal setup.

The first orders (+ 1 and -1) are so intense that a filter has to be placed in front of the
CCD camera.
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3.3.2

Diffraction pattern of the muscle

The diffraction pattern induced by the muscle fibres is not completely similar to a diffraction
due to a grating. Only a few orders of the diffraction pattern can be obtained, but the two
first orders are sharp enough to be measured. The spots are larger, with an oval shape (see
figure 3.5). They lose their sharp limit in vertical directions, showing considerable intensity
on the upper and lower sites. The distribution of intensity is not regular and does not have
a Gaussian shape.

b)

a)

Figure 3.5: The first order of a diffraction pattern produced by muscle fibres (left spot). a) the spot
observed is not uniform, it contains some shadows. b) superposition of intensity profiles
of the first order spot of the diffraction pattern caused by the muscle fibres along the x
direction.

The shape of the first orders of the diffraction pattern is not constant along one specimen.
It is sometimes a large, amorphous, circular patch of light centered at the origin (the length is
computed as zero). Other times, it is a clear banded array of several orders from some areas
scanned. In between, the two first maxima are sometimes too weak to be computed.
Two diffraction patterns can also be observed at the same time, well separated or with
an overlap; after processing the image, the brightest one remains and is computed with the
method described in next section. The orientation of the diffraction pattern allows observation
of the direction of the Z-lines and consequently of the fibres, but this angle has not been
computed.
Particular diffraction patterns can be observed then due to different orientations of the
fibres (see figure 3.6) inside the area covered by the laser beam (this area contains about
ten fibres). It is important to note from the theory (see chapter 2), that the intensity of the
orders increases with the number of sarcomeres which had the same length; the width of the
spots increases with the distribution of sarcomere lengths inside the area covered by the laser
beam.
A double diffraction pattern sometimes occurs (see figure 3.7) revealing the presence of
two different sarcomere lengths in the fibres in the area covered by the laser beam (see chapter
2 for the theoretical explanation).

3.3.3

Discussion

The intensity profile
The interpretation of the intensity profile of the diffracted orders requires careful consideration with regard to the misregistrations of sarcomeres, scattering, multiple diffraction, fringe
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Figure 3.6: Particular diffraction pattern due to different orientations of the fibres. We observe here
the two first orders (+ 1 and -1), the zeroth order is removed by a black paper placed
on the screen. Inside the muscle, we can suppose the sarcomere lengths are not different
but the fibres' orientation changes, it gives spots with circle's bow shape.

Figure 3.7: Double diffraction patterns, which are well-separated. a) The second diffraction pattern
is very weak, it means than fewer fibres have that orientation (the distance between the
two second spots is 20% bigger). b) The spots are almost equivalent and here only the
sarcomere lengths are different, the fibres have same orientation (the distance between
the two second spots is 25% bigger).

effects, different sarcomere lengths.
We must take in account, for instance, that the different shapes of fibres could introduce
irregular deviations of the parallel arrangements of Z-lines. In particular, the noticeable oval
shape of the spots can be explained by an interaction of multiple diffraction due to a juxtaposition of 'gratings': the fibres (see chapter 2). The area covered by the laser contains about
ten fibres and the Z-lines are then limited in lateral direction, this effect induces a broadening
of the spots in vertical directions.
Furthermore, the observed width of the diffraction lines (between 4 and 6%) arises from the
natural dispersion sarcomere lengths in addition to optical 'artifacts' such as the divergence
of the laser beam and the positioning errors. But those effects due to the experimental setup
are negligible since the alignment errors are not bigger than 0.6% and they are corrected by
the calibration of the setup (see section 3.2.2). The error resulting on the sarcomere length
measurements is then about 0.55% (see chapter 2 and appendix A) which is negligible in view
of range of sarcomere length in the sample (see next section). Iwasumi and G. H. Pollack
noticed that the diffraction pattern of a single fibre gives considerably broaded orders, for
which no unique interpretation can be made [7].
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Diffraction pattern analysis
The irregular distribution of intensity makes it difficult to know the exact sarcomere length.
Thresholding the image gives several distinct objects. Since the symmet.ry is not perfect
(within a non-symmetry of about 2%). the two biggest objt:.'Cls found arc sometimes situated
on the sallie diffraction spot. Another processing lllethod is then added in order to connect
the little objects surrounding to create a larger white oval spot.. A dilatation command grows
a layer (or more) of pixels around the objects. It makes each objc<.:t bigger and connects them
to each other; pixels laying althe border of the two new biggest objects (the first orders) are
removed by al)plying the 'erosion' operation. The centres of gravity of the two new biggest
objects arc computed.
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Figure 3.8: Influcncc of the threshold value and different methods on I.he resuhs (The results here
arc the distances between the 1.11'0 biggest objects. This distance is related directly to
l.he sarcomere length within a constant factor using the grating equation). The simple
method corresponds to the one described in section 3.2.4. a) The different methods do
not influence much the results for a grating. b) For it sample, the influence of the methods
is bigger than for the grating as expecting but it is still lI('gligible, considering it is less
than 1%.

The effects of these processing mcthods 011 the results arc checked. For one image, the
distance betwccn the centre of gravity of the two biggest objects is computed with each
method and for all the possible threshold values ('I': 0-25.S). This dilatation method reduces
the sarcomere lengths by about 0.7%. This is explained by looking at the spots and noting
that biggest objects arc on the external sides wilh respect to the zeroth order (see figure 3..5).
To determine if this effect is enlarged by the distribution of intensit.y, the centre of gravity
weighted by the intensity is computed. Two boxes are selt.'Cted frolll the image, containing
each one or the first orders of the diffraction pattern, and the distance between the two biggest
objects found with and without the dilatation method is computed. As the curves are almost
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on top of each other, another way is chosen to calculate the centre of gravity. Thresholding
is performed as follows: as usual the pixel values which are below the threshold value are
removed. Next the threshold value is subtracted from the remaining pixel values.
The different methods all yield the same distance for a grating. The biggest deviation,
due to the threshold value is about 0.7% before T=100, and is only 0.2% for 120::;T::;240
(see figure 3.8). For a sample, there are clearly differences between the curves resulting from
the dilatation method and the others. The dilatation method reduces the results by about
0.7% below the other measurements. In fact, the threshold value has a larger effect on the
results than the variation between the measurement methods. The range of measurements
for different threshold values is about 2%. Furthermore, the differences between the methods
used for calculating the centre of gravity have no significant effect on the results and the
differences between the curves can hardly be distinguished. As the influence of these methods
is negligible in view of range of sarcomere lengths in the sample (see section 4.2), we use the
dilatation method and the simple calculation of the centre of gravity for all the experiments.
This is the most advantageous for speed considerations.
In case of double diffraction pattern (see figure 3.7), the processing method gives a result
of an average sarcomere length, when the spots are not distinct (in their position and their
intensity): the spots become connected by the dilatation method and the centre of gravity of
the resulting big spot is computed. If one of the spot is very weak, it is removed using the
thresholding operation. If the two spots are as intense, and well-separated, the method selects
the widest one. In case of a wide diffraction order with a bow's circle shape, the entire spot is
selected and the distance between the centres of gravity of the symmetric spots is computed.
It is cumbersome then to relate the sarcomere length computed to a real sarcomere length
present inside the muscle. As the same positioning and data processing methods are used
for all the experiments, the distribution of the sarcomere lengths is reliable, even if it might
remain a constant factor (different than 1) between the sarcomere lengths found and the real
sarcomere lengths.
Another method of measurements: by using the Fourier transformation.
We check some of the results with those found via another method: the Fourier transformation
applied directly on pictures of the sampIe taken with the microscope (x 400). This method is
not very convenient because it is very difficult to know for certain the exact position of the
picture taken. A 512x512 picture covers an area of about 8100 JLm 2 which means a number of
14000 pictures would be necessary to scan one entire sample. Moreover, this method gives two
oval spots whose shape is close to the one observed by the diffraction technique. This result
might have been expected as the Fourier transformation and the diffraction theory are based
upon the same principle. The images obtained via Fourier transformation are analysed like
the images obtained from diffraction theory. As this method is not then a perfect reference
and induces shifting results caused by the image processing methods, we do not pursue the
Fourier transformation any further. Nevertheless, the results given by this method are close
within a constant difference of 10% in the few areas computed, so it does serve to further
validate our measurements as this factor is quite constant.
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Chapter 4

Sarcomere length measurements
4.1
4.1.1

Material and methods
Muscle studied

The skeletal muscle extracted and chosen for study is the tibialis anterior (TA) from the left
leg of a rat. The figure 4.1 shows Magnetic Resonance Images of this muscle from longitudinal
and cross-sectional views.
Anterior

Lateral
TA

a)

Posterior

b)

Figure 4.1: Magnetic Resonance Images of the left leg of the rat, the tibialis anterior is situated in
the upper part: a) longitudinal view from the foot (left side) to the knee (right side), b)
cross sectional view of the muscle (the tibia bone on the left bottom side can be easily
seen).

4.1.2

Sample preparation

The primary focus of this project is the measurement technique (discussed in chapter 3); still
a brief description of sample preparation is included for completeness.
The rat is anesthetised with ether by inhalation. The circulation is perfused with a saline
solution (about 100 ml) by introducing a needle directly into the heart of the animal (left
ventricle). To allow the blood leaving the body, the vena cava is cut and then, the circulation
is perfused with 100 ml Bodian solution (100 ml is 90 ml alcohol 80%, 5 ml formol, 5 ml acetic
acid). The tissue becomes fixed and hard within several minutes. The relevant tissue (tibialis
anterior) is now prepared free and dissected from the left hind leg of the rat. After being left
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in Bodian for 24 hours at 4°C, the tissue is dehydrated in a series of alcohol solutions (with
increasing percentage of alcohol) for 3 days.
This sample is placed in plastic (Technovit 7100) without hardener, and embedded in
Technovit with hardener in a cubic mould which harden the specimen within 2 hours. The
plastic cubes are sliced into 3 J-Lm thin slides in a direction parallel to fibres with a microtome
and mounted on glass objective slides. To visualise the cross-striation of the muscle fibres, the
tissue slides are stained with toluidine blue. A coverslip is placed over the slides to protect
them.

4.1.3

Sites of measurements

Four specimen are chosen for study (200, 280, 360 and 400 J-Lm distant from the internal side
(see figure 4.2), respectively called s200, s280, s360, s400). The dimensions of specimens are
about 15-16 mm long and 6-7 mm wide. The cutting planes are parallel but the orientation
of the cutting planes in the muscle is very difficult to know for certain.
Lateral
Outside

Knee

Ankle

7mm

Cutting planes

o
-

Boneside

16mm

(medial)

Medial

Figure 4.2: Location of the specimens. The muscle slices are cut in a direction chosen for being
parallel to fibres. The muscle was about 3 mm thick but only the first part is observed.
The muscle slices are put on glass objectives all in the same way, with the knee side on
the left and the medial side at the bottom, in order to compare them. The shape of the
knee side is not natural but truncated due to the preparation.

4.1.4

Resolution

Each sample is scanned two times with different resolution (every 1 mm: r1.0 and every 0.5
mm: rO.5). Knowing the laser beam diameter is 0.8 mm, in the first case, the measured areas
are well-separated. For rO.5 resolution, there is an overlapped area of 0.13 mm 2 (See figure
4.3 and the appendix B).

0.4

O.5mm

Figure 4.3: Overlapped area between two computations

The distribution of sarcomere lengths is obtained by sampling (with the 0.5 mm resolution)
35 X 15 areas along the specimen by the diffraction technique presented in chapter 3. Each
area contains about ten fibres, from the medial to the lateral side, and the thickness (3 J-Lm) is
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less than one fibre (about 80-100 fLm). The center of the laser beam is focussed on the crosslines of a rectangular scanning grid. For each cross-line a sarcomere length value is computed.
Results are displayed in a colour coded contour plot. The colour which corresponds to the
value can be seen around the cross-line. In order to better recognise the sarcomere length
distribution (with 5 colours from 2 to 2.8-2.9 fLm, the zero values are set to 1.5 (which is below
the minimum sarcomere length). The darkest colour corresponds in reality to 0, instead of
1.5 fLm.

4.2

Results

4.2.1

General description

The results are shown on figures 4.7-4.10. On the left side of the figures, we can recognise the
contour of the specimens, and some lighter areas. The grid indicates the location of the laser
beam on the specimen.
Table 4.1: Results of the measurements of the sarcomere length distribution. The reproducibility
figures are divided in three categories: the first values in the table correspond to the
comparison of the two experiments for the areas where results are not null (we subtract
results from rO.5 to r1.0). For the second row and the third row we computed the number
of times, the result is zero in one experiment and not in the another one.

~ Variables
Reproducibility
lack of values (d.O)
lack of values (rO.5)
Minimum sarcomere length
Maximum sarcomere length
A verage sarcomere length
Area (mm 2 )

(d.O-rO.5) (%)

(%)
(%)
(fLm)
(fLm)
(fLm)
reality
(rl.0)

(%)
(rO.5)

(%)

4.2.2

I S. 200 I S. 280 I S. 360 I S. 400 ~
1.06
0.31
-1.19
-3.99
5.26
1.97
0
10.00
7.63
6.62
5.85
7.85
1.88
1.90
1.96
2.05
2.80
2.89
2.80
2.78
2.443
2.404
2.409
2.417
68.37
82.12
94.25
91.50
46.75
65.50
63.00
28.00
-31.6
-20.2
-33.1
-69.3
48.00
68.00
71.00
34.5
-29.7
-17.2
-24.6
-62.3

Main results

The range of sarcomere lengths at that fixation state for all the specimens is 1.88-2.89 fLm.
The distribution of the sarcomere lengths in all the specimens is therefore about 34%. The
distribution is quite regular from the largest sarcomere lengths (2.9 fLm) on the knee side to
smaller ones on the ankle side. The smallest sarcomere lengths are on the external sides (both
medial and lateral sides).
There are no results around the 'hole' located on ankle side of the specimen, this defect
observed will be discussed afterwards.
The minimum sarcomere length seems to increase from the outside to the inside of the
muscle; however, there is no clear trend for the maximum sarcomere length, and the average
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sarcomere length is within a difference of 1.3% for all specimens. Note: the average sarcomere
length is calculated with results found, after skipping the null values.
In the table 4.1 are presented quantitative results which are discussed in section 4.3. The
area corresponds to the area of the muscle where sarcomere lengths have been found. First,
the area of the real specimen is approximated, and the percentage of differences between
the reality and the 'useful' scanned area is calculated, it can be read like the percentage of
'missing area'.

4.3

Discussion

The two measurements are compared by extracting from the second scanning (rO.5) the results
computed every 1 mm (r1.0). Clearly, the measurements obtained by this technique are quite
reproducible (see table 4.1).

4.3.1

Data assessment

The area for which we have sarcomere length measurements represents between 67 and 83%
of the real specimen area for the three first specimens. The measured area of the sample
s400 is significantly less than actual area, possibly contributing to the lack of reliability of the
results.
It is worthwhile to check those areas and the correspondence of the boundaries between
the results and the specimens because it gives information about the accuracy of the method
and the positioning. Around the specimen, the plastic contains 'glue striations' which can
disturb the measurements. As a result some data were eliminated automatically, but a few
had to be removed based on visual inspection of the diffraction pattern.
The lack of results can be explained by damaged areas inside the specimen. Sampling the
specimens every 0.5 mm (rO.5) gives more results and increases the precision of the specimens'
parts which contain well-defined and regularly spaced z-lines.

4.3.2

Holes in the specimen

The lighter area observed on the right side of the specimens with a varying shape does not
give any results. This area does not contain sarcomere striations, and no diffraction pattern
can be observed. This area contains plastic, and cells which remain blue. They might be
artifacts of the fixation, as they are present in all the specimens at similar locations.

4.3.3

Reproducibility

The best reproducibility occurs for the specimen s280 which is also the most regular. The
measurements of the last specimen (s400), which are much less numerous than the other
samples (the area covered is about half), are not as reliable with an error of 4%. For the
three first specimen, more values are missing with the resolution rO.5. This problem reveals
the results are very sensitive to the positioning of the laser beam, due to the large spread in
sarcomere lengths.
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4.3.4

Possible explanations of the sarcomere length distribution observed

As this technique has not been used on the m.tibialis anterior before, it is difficult to compare
our measurements with other results provided in the literature. Still, applying a technique of
monitoring light diffraction patterns to frog semitendinosus muscle fibres, M. Kawai and 1.
Kuntz observed the dispersion of sarcomere lengths was extremely small and proportional to
the sarcomere lengths (less than 4%) at a resting state; this dispersion increased on stimulation [8]. Furthermore, A. Gordon and G. Pollack discussed a uniformity of sarcomere length
along the fibre within 0.05 f.lm [6]. The dimensions of the fibres were about 2-3 mm long,
50-200 f.lm wide, and 50-150 f.lm thick. So, in that area covered, the sarcomere were relatively
close together in comparison of our measurements. This large distribution might not exist
inside the muscle but might be due to preparation effects.
A few reasons can be responsible of the large range of sarcomere lengths found. The
diffraction technique and the images processing methods used cannot have influenced the
range considering the same method is used for the entire specimen. We can suspect an
influence of the plastic used to fix the muscle. This plastic is used at different stages and
could have compressed the specimens which are very thin (3 f.lm) on an uniform way.
The fixation process could also have influenced the results. It is not instantaneous everywhere and occurs from the heart to the foot, we can suppose the knee side has been fixed
before the foot, the fixation inducing a contraction of the sarcomeres on the knee side and
consequently a stretching of the sarcomere on the ankle side.
An intuitive reason could be the influence of the cutting process. The observation of the
specimens with the microscope gives information about the orientation of the fibres, and the
way they were cut. In the left side of the specimens, fibres are very parallel and long, in the
right side, the fibres are shorter (see figure 4.4).

Figure 4.4: Two different aspects of the fibres (microscope x 100). On the left figure (corresponding
of the left side of the specimen) the fibres are all parallel and we do not see the end of
them. On the right figure (corresponding of the left side of the specimen), fibres are less
long.

We suspect then, the cutting plane was not parallel to the fibres along all the muscle,
on the right side, it was out of plane (see figure 4.5). Inside the cut fibres, the sarcomere
lengths vary then within the angle variation (see figure 4.6). The sarcomere length increases
if the cutting plane is not parallel to the fibre, the original length is divided by cos <1'. This
variation can be important: for an angle of 45 degrees, the sarcomere length is 41% bigger.
Considering this effect, we would expect to observe large sarcomere lengths on the left side
of the specimen and smaller ones on the right side. Surprisingly, this important variation is
not observed, and the reverse occurs. The influence of the cutting plane would explain then
a counter-distribution which could be as large as the one observed (35-40 %). But, if the
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Fibre 1

Fibre 1
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Fibre 2
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Specimen 1
Specimen 2

Figure 4.5: Variation of the fibres lengths due to the cutting plane position. An angle between the

cutting plane and the fibre reduces the length of the fibre observed. The small thickness
of the specimen (3 j.tm) increases the effect.

80-100

2 fJlll

2 11m /cos ex

Fibre

Figure 4.6: Variation of the sarcomere length when the fibre is cut out of plane. The sarcomere

length calculated increases depending on the angle between the fibre and the cutting
plane which vary.
angle is too big, the fibre is then too small to observe well-defined z-lines (and a diffraction
pattern), so the difference cannot be more than 40%.
Very short fibres can be observed on the upper and left boundaries of the specimen (note
these areas are darker on the left part of figures 4.7-4.10). Furthermore, that angle is one
of the reason why, on these boundaries of the specimen, some values are missing. Another
reason is the effect of the glue on the plastic.
Nevertheless, our measurements seem to indicate the sarcomeres have been stretched on
the knee side. At this time, it is too early to speculate on the exact reason that the range
of the sarcomere lengths is so wide. The answer might lay in a more detailed understanding
of the effects of sample preparation on sarcomere length. These effects, presently, are not
completely understood.
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Sarcomere length distribution (JUII)

.

Figure 4.7: Specimen 200

Figure 4.8: SpttimC'!1 280

FigUl'c 4.9: SpffimC'l1 360

..
•
•

Figure 4.10: Specimen 400
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Chapter 5

Conclusions and recommendations
5.1

Conclusions

The laser diffraction technique to measure the sarcomere length has been successfully used.
The results are quite reproducible within 2% for the measured sarcomere lengths. The systematic error due to misalignment of the setup is within 0.7%, and is corrected by using gratings
to calibrate the setup. However, we note that there is still some uncertainty in the measured
values. They correspond to average values of real sarcomere lengths, since the sampled area is
quite large (0.8 mm) and the spread of sarcomere length inside the area is sometimes important (6%). Therefore, future comparison of these results with lengths determined by direct
measurements is necessary to determine the accuracy of this diffraction technique. Furthermore, the observation of double diffraction pattern might accentuate errors for irregular areas.
The range of sarcomere lengths found in the muscle is within 34 %. This distribution is
considerably larger than other values, found in the literature, for actually living tissue. Based
on previous studies, it is not likely that this large distribution is due to natural dispersion.
One possible explanation is that a non-uniform stretching of the muscle could have been
introduced during sample preparation. Still, the reason for such a wide distribution of the
sarcomere lengths is not yet resolved and may require a further study of the sample fixation
technique.

5.2

Recommendations

Experimental setup. Irregular diffraction patterns for which unique interpretation cannot
be given are observed. Besides negligible alignment errors, they are due to fibres irregularity.
Decreasing the laser beam diameter will avoid double diffraction patterns and might decrease
the dispersion of sarcomere lengths. Ideally, the laser beam diameter should be reduced to a
the fibre's size (about 80 f-lm). This action might lower the intensity of the diffraction orders
by decreasing the number of sarcomeres introducing the same path difference. However this
drawback can be solved by using a cylindrical lens after the sample to increase the light intensity on the screen placed at the focal distance. Moreover, using a small laser beam will require
a very accurate positioning of the sample, or, preferably, a checking of the area covered by
the beam with a microscope (see references [10, 11]).
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Measurement method. The diffraction pattern allows to compute the z-lines direction
and consequently the angle of the fibres. Criteria of the reliability of the fibres could be the
varying angle of the fibres in longitudinal section (see figure 3.6). Furthermore the width of
the spots should be measured systematically to know the spread of sarcomere lengths.
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Appendix A

Accuracy calculations
A.I

Effect of alignment errors on the results

A.I.I

Alignment of the screen.

The formula 2.11 described in chapter 2.2 is used to calculate the effect of the positioning
error of the screen.
For a difference /),.D = D - D' = D(1 - co~(~~e)' a difference /),.d is found:

/),.d

ad
-4m>..L 2
= /),.D - = /),.D -=-::--;:::::::~~
aD

(A.1)

D2J4L2+D2

D is the distance between the two symmetric first orders on the screen. For our experiments.
The average value of De was 100 mm).
>.. is the wavelength (>.. = 632.8nm for the experiments).
L is the distance between the sample or the grating and the screen, (for our experiments, it
was 150 mm).
m is the diffraction order, we consider the first order: m=1.

The error is evaluated in chapter 2 (section 3.2.1).
We consider the difference: /),.D =0.9 %=0.45 mm. And /),.d = 0.008flm.
The average d is 2 flm, so /),.d is about 0.4 %.

A.I.2

Alignment of the laser.

We consider the case described in chapter 2.2 and calculate the effect of the positioning error
of the laser.
The distance observed on the screen is larger than the real distance D: D' = D / cos a.
If the angle 'Y is 0.7 0 (which corresponds to the addition of the angles detailed in section
3.2.1), /),.D = 3.7.10- 3 mm.
And /),.d = 1.3· 10-4 flm , it is about 0.007 %.

A.2

Accuracy of the camera's calibration

To check the camera calibration, we record two dots whose dimensions and respective distance
in x and y direction are known (see table 6.1). The calibration yields a relationship between
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the distance in pixels recorded by the camera and the real distance in metric system. The
Table A.I: This table gives the results of the positions of the two objects computed and the real
position of them, in order to check the accuracy of the camera's calibration.
First object Second object
Variables
Position X (mm)
real
129
30
computed
30.029
129.340
real
Position Y (mm)
0
120
computed
-0.103
119.850

used distance is in fact the Euclidian distance between the two dots (that is what we compute
to find the sarcomere length).

d = V(Xl - X2)2 + (Yl - Y2)2

(A.2)

The error computed on that distance is given by the formula:

(A.3)
with:

8d
8Xl

1
2(Xl - X2)
2 J(Xl - X2)2 + (Yl - Y2)2

(A.4)

and so on. The numerical application using the figures of the table gives a total error of about
0.3%.
If we had those errors, it makes a total of 0.7

%.
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Appendix B

Calculation of the surface
overlapped by the laser beam
The laser beam diameter is about 0.8 mm, and the distance between two measurement points
is only 0.5 mm. So, between two measurements there is a common area as shown on the
figure 7.1.

O.5mm

Figure B.1: The common surface between two measurements.

The angle a is easily found with the following formula whose symbols correspond to the
picture besides.

o.~
025mm

Figure B.2: Elements to calculate the common area (r is the radius and 1 the distance between the
centres).

So a = 0.89 rad. Then the area of the object shown on figure 7.3 is calculated and the
triangle's area is subtracted.

S (portion) =

a*,t

and

S(triangle) =

~1 tan(~) ,~",iJ)

It gives half the area we want. So the overlap area is 0.1304 mm 2 •
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