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SUMMARY

This paper presents a planar architectural model for an activated skeletal muscle, with mechanical
equilibrium throughout the muscle belly. The model can predict the shape of the muscle fibres and
tendinous sheets as well as the internal pressure distribution in the central longitudinal plane
(perpendicular to the tendinous sheets) of uni- and bipennate muscle bellies. Mechanically stable
solutions for muscle architectures were calculated by equating the pressure developed by curved muscle
fibres with the pressure under a curved tendinous sheet. The pressure distribution under a tendinous
sheet is determined by its tension, its curvature and the tensile stress of the attached muscle fibres.
Dissections showed a good resemblance of the architecture of embalmed muscles with those from our
simulations. Calculated maximum pressures are in the same order of magnitude as pressure
measurements from the literature. Our model predicts that intramuscular blood flow can be blocked
during sustained contraction, as several experimental studies have indeed demonstrated. The volume
fractions of muscle fibres and interfibre space in the muscle belly were also calculated. The planar
models predict a too low volume fraction for the muscle fibres (about 459, for the bipennate models with
a straight central aponeurosis, and about 60%, for the simulated unipennate muscle). It is discussed how,
in a real muscle, this volume problem can be solved by a special three-dimensional arrangement of
muscle fibres in combination with varying widths of the tendinous sheets.

of the tendinous sheets and tendons, and (iv) the

1. INTRODUCGTION external loading of the mTc. The present paper deals

OF

The force and power output of a muscle-tendon
complex (mrtc) depends on (i) the activation and
mechanical properties of its muscle fibres, (ii) the
arrangement of the muscle fibres in the muscle belly
(muscle architecture), (iil) the viscoelastic properties

mainly with the second aspect.

For centuries, researchers have been interested in
the functional architecture of skeletal muscles. Some of
the classical papers on this topic were by Stensen
(1667), Haughton (1873), Benninghoff & Rollhduser
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Figure 1. (a) Unipennate muscle model with an unexplained torque on the muscle belly, caused by tendon forces
(grey arrows) which are not in line. (4) Unipennate muscle model with unrealistic angles between tendons and
tendinous sheets. Grey arrows depict forces on a cross-section through the connection between tendon and tendinous
sheet. Black arrows point to such cross-sections. (¢) Bipennate model architecture. The asterisks in (a), (b) and (¢) are
positioned near very unstable regions of the muscle architectures. See § 2 for symbols. Further explanation in the

text.

(1952), and Gans & Bock (1965), while Alexander
(1969) is a classical account on fish trunk muscles.
Recent and models, including dynamic
aspects of muscles, were presented by Otten (1988),
Zajac (1989), and Van Leeuwen (1992).

Most models of muscle architecture are either
unipennate or bipennate. All unipennate models
violate fundamental laws of classical mechanics. Some
models have an unbalanced torque on the muscle
belly, caused by parallel tendons on either side of the
muscle belly which are not in line (figure la; used, for
example, by Zajac (1989)). Other unipennate models
have tendons which are in line (used, for example, by
Huijing & Woittiez (1984) and Otten (1985, 1988)).
Those models, however, have an unexplained angle
between tendon and tendinous sheet (figure 15). A
cross-section through the connection between tendon
and tendinous sheet would not be in equilibrium
owing to the different directions of the forces acting on
it. In conclusion, the unipennate models of figures la,
b are mechanically unstable and therefore unrealistic.
The symmetry of bipennate muscle models (figure 1¢)
largely avoids the described problems of the unipen-
nate models (used, for example, by Alexander (1983),
Spoor et al. (1989) and Van Leeuwen (1992)).

All architectural models of figure 1 have straight
muscle fibres throughout the muscle belly. However,
curved fibres and tendinous sheets are needed to

reviews

Phil. Trans. R. Soc. Lond. B (1992)

create mechanical stability. For instance, unstable
situations occur near the positions of the asterisks in
figure 1, where the superficial muscle fibres make a
considerable angle with the tendinous sheet. At corres-
ponding positions in real muscles (observed by dissec-
tion), the attachment angles are zero or close to zero,
while the fibres and tendinous sheets are curved.
The intramuscular pressure distribution has to be
considered for the calculation of mechanically stable
muscle architectures. In discussing how pressure could
be produced in the human gastrocnemius, Hill (1948,
p. 521) pointed out that the curved muscle fibres exert
a pressure inwards when they contract (i.e. exert
force), depending on their tension and radius of
curvature. Similarly, Otten (1988) argued that the
intramuscular pressure can be built up by layers of
curved muscle fibres under tension. He made also
calculations for the pressure under a tendinous sheet
with attached muscle fibres. Otten’s implementation
of this useful concept in a unipennate muscle model
was, however, still hampered with mechanical flaws
(cf. Otten 1988, figure 14): (i) the instability problem
associated with the angle between tendon and tendi-
nous sheet was still present; (ii) the chosen shape of the
tendinous sheets and the chosen muscle-fibre arrange-
ment are incompatible, caused by a separate treat-
ment of the contributions of muscle fibres and tendi-
nous sheets to the intramuscular pressure. This leads
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to an incorrect estimate of the intramuscular pressure
distribution. The high-pressure centres, suggested to
be present under each of the tendinous sheets, are
covered with only a relatively thin layer of curved
muscle fibres which would not be able to balance this
pressure.

The present paper describes how mechanically
stable solutions for muscle architectures can be
obtained by equating the pressure developed by
curved muscle fibres with the pressure under a curved
tendinous sheet. In this approach, only a limited set of
boundary conditions is prescribed. Muscle geometry is
numerically generated using the clearly defined physi-
cal principle of mechanical equilibrium. Furthermore,
account is taken of the space between neighbouring
muscle fibres. Model results will be qualitatively
compared with architectural features of some leg
muscles of man.

2. SYMBOLS AND DEFINITIONS

Symbols denoted with * represent normalized

quantities.

Agy, total cross-section of all muscle fibres
in a muscle belly.

8 Oy Cfg curvature of a muscle fibre (¢r=1/Ry);
idem, but at right boundary of
muscle belly (figure 2¢); idem, but as
s=q.

Cs5 Csby Csq curvature of a tendinous sheet

(allowed to vary along the sheet;
¢s=1/R;); idem, but at right
boundary of muscle (figure 2¢); idem,
but at s=g¢.
muscle-fibre force; part of fibre force
transmitted to muscle force; muscle
force.
longitudinal component of internal
pressure force at right boundary
(figure 2d).
force exerted at right boundary of
peripheral tendinous sheet; idem, but
longitudinal component only
(figure 24).
Fou pressure force at boundary of
unipennate model (figure 74, ¢).
muscle-fibre length; length of muscle
fibre at right boundary of muscle
belly.
Lpes total length of peripheral tendinous
sheet.
muscle-tendon complex.
intramuscular pressure; idem but at
right boundary of muscle.
maximum intramuscular presssure;
idem but normalized with respect to
the maximum muscle-fibre stress.
Dirq pressure component under tendinous
sheet at s=g, due to the tensile stress
in the tendinous sheet in the
transverse direction.
bq pressure under tendinous sheet at

s=q.

F; Fabe; Fros

ph

Fpts; Fptsh

Z[‘; lfb

MTC

b; b

pmax; prﬂ:]ax
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q point on peripheral tendinous sheet.

2 coordinate in a direction
perpendicular to the direction of a
muscle fibre.

Ry radius of curvature of a muscle fibre
(assumed to be constant along the
fibre).

R, radius of curvature of a tendinous
sheet (allowed to vary along the
sheet).

Ry radius of curvature of a tendinous
sheet at s=g.

s position along peripheral tendinous
sheet (curvilinear coordinate).

Tesq tensile force in central tendinous sheet

(corresponding to position ¢ at
peripheral sheet; equation 8).

Ty local tensile force at s=g¢ in
peripheral tendinous sheet.

u exponent in equation (12).

Veb; Vi total fibre space in muscle belly;

volume fraction of muscle fibres with
respect to total muscle volume

( Vg:b = Vﬁb/ Vmus) .

V tloc local volume fraction of muscle fibres.

Vi fibre space from s=0 to s=g¢.

Vi interfibre space in muscle belly from
s=0to s=gq.

|2 total volume of muscle belly.

Vig total volume from s=0 to s=g¢
(i.e. Vig+ Vig) (figure 2f).

w width of considered muscle slice,
tendinous sheet element or muscle
fibre.

o attachment angle between central
tendinous sheet and muscle fibre
(figure 2¢).

O angle of attachment between central
tendinous sheet and muscle fibres at
right boundary of muscle belly (figure
2¢, f).

Bs B By attachment angle between peripheral

tendinous sheet and muscle fibre
(figure 2b, ¢); idem, but at right
boundary of muscle belly (figure 2¢);
idem, but at s=gq.

Ve effective pennation angle of a muscle
fibre (equation 10).

0; Op angle between peripheral and central
tendinous sheet at the attachment
position of a particular muscle fibre
(figure 2¢); idem but at right
boundary of muscle.

Ap intramuscular pressure difference.

Are thickness of a muscle fibre.

05 Opy; Oy tensile stress exerted by a muscle

fibre; idem, but at right boundary of
muscle belly; idem, but at s=g¢.

3. MATERIALS

Some specimens of the gastrocnemius and soleus
muscles, dissected from embalmed human cadavers,
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were used to check (qualitatively) some of the predic-
tions of the architectural models. The embalming fluid
contained per litre: 30 g chloral hydrate, 50 g sal
Carolineum facticium (i.e. 2% KySO4, 18%, NaCl,
369, NaHCOs, 449, NaySO,*H,0), 75 cm?® formalin
(36%, by mass), 50 cm® ethanol (96%, by volume),
10 cm?® glycerol, and 10 cm® phenol. The legs were
fixed with extended knees and the feet in plantar
flexion. One medial gastrocnemius muscle was cut
perpendicular to the tendinous sheet so as to expose
the central longitudinal plane, which was subse-
quently photographed. The pictures were used for a
qualitative comparison of architectural data like ten-
dinous sheet length and curvature, and muscle-fibre
lengths and curvatures with model simulations. Quan-
titative comparisons were not made as these require
an as yet unavailable specialized experimental set up
for in vivo measurement of these parameters in acti-
vated muscles.

4. THE MODEL

Most calculations in this paper apply to a planar
bipennate muscle model (figure 2¢), with two curved
peripheral tendinous sheets and one (straight) cen-
trally positioned tendinous sheet. The symmetry of
this model simplifies the required numerical compu-
tations. In fact, the middle longitudinal muscle slice
(perpendicular to the tendinous sheets) of width w (w
is small compared to the muscle width) is considered.
This slice is assumed to be in mechanical equilibrium
with the neighbouring muscle parts at both sides. The
central tendinous sheet is connected at the left side to
an in-line tendon. At the right side, the two peripheral
sheets are connected under an angle Jy, to a tendon in
line with the left tendon. As shown in figure 2¢ in
exaggerated form, the two peripheral tendons do not
cxactly meet. In the simulations (figures 4, 5, 6),
however, the distance between them is made negligi-
bly small. The parameter values for the right side will
be denoted as boundary conditions. The shaded area
at the right boundary does not contain muscle fibres
and may be considered as a fluid-filled (incompres-
sible) chamber. This chamber is pressurized as a result
of tensile muscle-fibre stress (see below). In the simu-
lations, the chamber is made very small compared to
the size of the muscle belly. The developed model can
be readily extended (albeit with increased numerical
complexity) to other architectures and more realistic
three-dimensional shapes. A unipennate simulation
will be discussed in § 5d (figure 7). Three-dimensional
effects will be addressed qualitatively in § 64.

Let us first consider the pressure gradient (figure 2a)
generated by activated muscle fibres with radius of
curvature Ry, curvature ¢ (= 1/Ry), tensile stress o¢ and
thickness Arr. The pressure difference Ap between the
concave side and the convex side of the fibre is given

by
Aﬁ=(0’fA7’f)/R{. (1)

Putting cquation (1) in infinitesimal form, the
pressure gradient can be obtained:

aﬁ/aﬂ“= ot/ Re= arer. (2)

Phil. Trans. R. Soc. Lond. B (1992)
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We will now discuss how the pressure in the muscle
belly is built up along the peripheral tendinous sheet
by successive layers of curved muscle fibres. The
mechanical influence of the connective and adipose
tissue surrounding the muscle fibres and fibre bundles
will be neglected. Purslow (1989) modelled the load-
sarcomere length curve of the perimysium and showed
good agreement with passive elastic properties of the
muscle. He concluded that the role of the perimysial
collagen network is to prevent over-stretching of the
muscle-fibre bundles above a sarcomere length of 3.6
um. Most likely, the endomysium works in a similar
fashion. Therefore, in an activated muscle working
around optimum sarcomere length, the contribution
of the endo- and perimysium to force output can
generally be neglected.

Furthermore, it will be assumed that each muscle
fibre has a constant cross-sectional area, a constant
tensile stress, and a constant curvature along its
length. Of course, these properties are allowed to vary
among the muscle fibres. The functional explanation
for a constant cross-section and a constant tensile
stress is that fibres should be of equal strength along
their length to avoid as much as possible one part
doing work on the other (Otten 1988). Histological
studies show that muscle fibres taper only where they
attach to collagen fibres, just before their connections
to the tendinous sheets. Analogously to hydrodynamic
studies, we will call the thin layer with tapering
muscle fibres under the tendinous sheet the boundary
layer. In the sequel, it will be assumed that the
boundary layer has zero thickness. We hope to deal
with the mechanical aspects of this layer in a future
paper. A consequence of the constant curvature
assumption (in our two-dimensional approach) is that
pressure contours run parallel to the muscle fibres.
Apart from reasons of simplicity, we chose for a
constant muscle-fibre curvature, because it seems
favourable for a muscle fibre if it operates with a
relatively small pressure gradient along its length.
Furthermore, it scems likely that the muscle would
change shape so as to minimize the pressure gradient,
if a significant gradient along the muscle fibres would
be present. This assumption agrees with our model
representation of the interfibre space between neigh-
bouring muscle fibres with a constant pressure over
the volume if the muscle belly is in static equilibrium
(see below and figure 2¢). Some change in curvature
along muscle fibres may be observed in real muscles.
As will be explained in § 66, this change may actually
help to minimize the pressure gradient along the
fibres, owing to the special three-dimensional arrange-
ment of the fibres.

The tendinous sheets are assumed to have no
bending stiffness. Let s be a curvilinear coordinate
describing the distance along the peripheral tendinous
sheet (s=0 at the left end, figure 2¢), let fir be the
attachment angle of a muscle fibre to the peripheral
tendinous sheet (in reality, f¢is the angle at which the
muscle fibres penetrate the boundary layer), and let o
be the attachment angle at the central tendinous
sheet. If a muscle fibre is attached over a distance ds
onto the sheet, then the muscle-fibre thickness is
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0y Azry w Force balance: o Arg w Force balance for ds - 0:
Ap2Ryw =20;Ar;w pwds=27,ds/ (2 Ry) + wds osinB
Ry
(c) _
peripheral muscle peripheral tendinous sheet \q

tendon

(@)  Free-body diagram of muscle belly part, with longitudinal force components

peripheral tendinous sheet

central
tendinous
sheet

s=0

(e) ()
-

interfibre
Space

central
tendinous
sheet

s=q

peripheral tendinous

Figure 2. (a) Diagram illustrating how pressure is generated by pulling of a curved muscle fibre. (5) Diagram
illustrating how the pressure under a tendinous sheet can be calculated (equation 4). The influence of the transverse
tensile stress in the sheet is not shown for reasons of simplicity. (¢) Diagram illustrating some parameters of a
bipennate muscle model as explained in the text. Note that the attachment angles change by different amounts
along the peripheral and central tendinous sheets. (d) Free-body diagram of a part of a muscle belly. (¢) Illustration
of the interfibre space between subsequent muscle fibres of different orientation and curvature. Only one half of the
muscle belly is shown. (f) The shaded area depicts the volume Vi,. Arrow heads in (¢), (d), and (f) point to the
transitions between tendinous sheet and peripheral muscle fibre. See § 2 for symbols.

sinfir ds. Generally, fi; varies along the tendinous sheet.
The internal pressure generated by the muscle fibres
at a point ¢ along s is given by (using equation 2, see
also figure 2¢)

Pq= iafc(sin Beds. (3)
0

Phil. Trans. R. Soc. Lond. B (1992)

A pressure gradient is present across the peripheral
tendinous sheet: outside the sheet the ambient pres-
sure acts and under the sheet the intramuscular
pressure acts as described by equation (3). The
pressure difference at a point ¢ can be expressed
(figure 24 ) in terms of (i) the longitudinal tensile force
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Ty, in the tendinous sheet, the local sheet radius of
curvature Ry, (both T, and R, vary along the sheet)
and the width w of the sheet, (ii) a similar term in the
transverse direction, and (iii) the local muscle-fibre
stress 0g and the local attachment angle fy

pq= Tiq| (Rsq0) + prrq + 01q sin® gy (4)

The first term on the right-hand side is equivalent to
equation (1). The second term is similar to the first
term. Its components need not be specified in our two-
dimensional approach. The third term is needed to
account for the contribution of the tensile muscle-fibre
stress to the pressure (the squared sine is needed
because (i) the muscle-fibre force is proportional to
fibre thickness, which equals the attachment distance
along the sheet times sin fi,, and (ii) the force
component perpendicular to the sheet has to be
considered which equals muscle-fibre force times
sin f,). The tensile force (along s) at position ¢ in the
peripheral tendinous sheet can be calculated from the
muscle-fibre stress along the sheet and the attachment
angle f¢ along the sheet

q
T, = wf o cos Brsin B ds. (3)
0

The cos f; is required because the component of the
muscle-fibre force parallel to the sheet is considered.
The sine term is again needed to obtain the fibre
thickness from the attachment distance. Using equa-
tion (5), equation (4) can be rewritten as

1«

Py = R, g o cos Brsin frds + piq + O, sin® By, (6)
Now, the muscle pressure p}, at the right boundary can
be derived from the boundary values of the tensile
force in the tendinous sheet per unit width, the sheet
curvature ¢y, and the muscle-fibre stress og,, once the
attachment angle fi; and tensile stress of of the muscle
fibres as well as the total length of the peripheral
tendinous sheet [/, are prescribed (see below and
figure 2¢).

The pressure distribution can be strongly influenced
by shape changes in the muscle belly (affecting fibre
attachment angles and curvatures of muscle fibres and
tendinous sheets, see § 5). Of course, the muscle-fibre
stress distribution is also a dominant component for
the pressure distribution. The maximum muscle pres-
sure depends on the tensile fibre stress and the
attachment angles, but not on the size of the muscle.
The size independence of the maximum pressure, also
noted by Hill (1948) and Otten (1988), can be
understood as follows. The radii of curvature of the
muscle fibres and tendinous sheets increase in propor-
tion to muscle size. Therefore, the pressure gradient
will be inversely proportional to muscle size (equation
2). The effect this has on the maximum pressure,
however, is cancelled by the muscle length (and
tendinous sheet length, equation 3) which is propor-
tional to muscle size.

At every position along the peripheral tendinous
sheet (i.e. for every s), the pressure generated by the
muscle fibres (equation 3) should be equal to the

Phil. Trans. R. Soc. Lond. B (1992)
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pressure calculated from tendinous sheet curvature
and tensile force, and muscle-fibre stress (equation 6).
Hence,

q 1 ¢
[ ocesin Brds = E—j(rfcos Besin B ds
0

sq O
+ ptrq + ofq Sin2 ﬂfq' (7‘1)

The local radius of curvature of the tendinous sheet is
obtained by rearranging equation (7a):

q
R, = jar cos fsin frds/
0

q
(f occrsin Prds — puq — O, sin® ﬁfq>. (76)
0

Quite importantly, equation (7) shows how a tendi-
nous sheet shape can be calculated which is compat-
ible with the pressure built up by successive layers of
curved and activated muscle fibres.

Analogous to equation (5), the tensile force in the
central tendinous sheet (corresponding to position ¢ at
the peripheral sheet) can be calculated as

T.

csq

q
Fows — 2w j orcos opsin B ds, (8)
0

where Fy, is the total muscle force (figure 24). For
convenience, parameter s is used as integrand here
because, along the central sheet, interfibre tissue is
assumed to be present between the muscle fibres (see
below and figure 2¢). For a particular muscle fibre, s
has the same value at both tendinous sheets. The total
muscle force can be calculated from (figure 24):

qus:2Fplsh_th:2FptsC055b_Fh

p

Lpes

= 2w cos dy, j opcos Brsin frds — Fy, (9)
0

where F is the tensile force at the right boundary in
the peripheral sheet, Fpuhn (= Fp cos Op) is the longi-
tudinal component of this force, Fyy, is the longitudinal
component of the pressure force on the muscle belly at
the boundary, and J,, is the angle between peripheral
sheet and tendon at the boundary.

A single muscle fibre mostly attaches with different
angles on the peripheral and central tendinous sheets
(or, better, penetrates the boundary layers at different
angles). The question now arises to what extent this
influences the force transmission of the muscle fibres.
In a bipennate muscle, the conventional rule that the
force transmission to the aponeurosis equals fibre force
times the cosine of the attachment angle can be
applied to both the central aponeurosis and the
peripheral aponeuroses. Consider a curved muscle
fibre attaching with angle or to the central aponeurosis
in a bipennate muscle (like those depicted in figures
2¢, 4a and 5a). The muscle-fibre force Fy is directly
transmitted to the central aponeurosis with compo-
nent Fycos oy, and with component Fpcos fr to the
peripheral aponeurosis. Because fr< ar for most of the
fibres (see figures 4 and 5), the sum of the tensile forces
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built up in the two peripheral sheets is greater than
the tensile force built up in the central sheet. This
difference, however, is exactly compensated by the
angle of attachment of the peripheral tendinous sheet
with the tendon (neglecting Fy, because the periph-
eral sheets almost meet at the right boundary). For
the considered muscle belly, the forces in the longi-
tudinal direction cancel (see free-body diagram of
figure 2d and equation 9).

A single, well-defined, pennation angle for a muscle
belly does not exist. In fact, the pennation-angle
concept 1s likely to have biased many measurements of
muscle architecture in the past. It is perhaps most
appropriate to define the effective pennation angle s
of a muscle fibre in relation to the transmission of fibre
force to muscle belly force:

yr=arccos (Fape/Fab), (10)

where Fy, is the fibre force, and Fyp, is the part of the
fibre force being eventually contributed to the muscle
force. In the somewhat idealistic bipennate muscle
belly, yris equal to o In general, however, yr need not
be equal to one of the attachment angles.

The above set of equations allows to generate
numerically a wide range of mechanically stable
muscle architectures. Only a subset of this range is
expected to correspond to architectures found in
nature. Quite often, muscle-fibre length varies only
slightly throughout the muscle belly (Spoor et al.
1991). In this paper, we will use an ‘ideal’ distribution
of muscle-fibre length defined by

lr= Iy, cos ag/cos og,. (11)

This distribution is loosely based on the assumption
that, in an infinitesimal muscle shortening, all muscle
fibres should contract by the same relative amount so
that work by them is produced in proportion to fibre
volume (Benninghoff & Rollhduser 1952). Strictly
speaking, the equality of fibre work is only fulfilled by
the length distribution in a model with straight muscle
fibres and a translation of the peripheral tendinous
sheet parallel to the central tendinous sheet (both
sheets assumed to be inextensible). As a result of
geometric limitations (more than one muscle fibre
cannot be present at the same place), this distribution
cannot always be realized in our muscle model (see
figures 4¢ and 5¢). Benninghoff & Rollhduser (1952)
have correctly argued that the actual range of muscle
shortening is a better criterion to predict the relation-
ship between fibre length and pennation angle. Here,
we deal with muscle bellies in static equilibrium. A
particular choice of muscle shortening would anyhow
be arbitrary in this theoretical study. Therefore, we
have chosen a length distribution corresponding to an
infinitesimal shortening. Furthermore, one should not
be too strict about the concept of equal specific work
output for all muscle fibres, since, in one muscle belly,
different muscle-fibre types are generally present. For
instance, in the m. levator operculi of the perch a slow
type is present with very long actin filaments and a
fast type with much shorter actin filaments (Akster
1981). The differences in actin filament length point
to different excursions of the muscle fibres. Longer
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actin filaments guarantee a smaller sensitivity of
power output to muscle-fibre strain (Van Leeuwen
1991).

The attachment angle f; was (tentatively) described
as a power function of s:

Br= B s/ Lyt (12)

Now, the volume distribution of muscle fibres and
interfibre space within the muscle belly will be
considered. The volume of the muscle fibres attached
to both sides of the central tendinous sheet is given by

q
Ve = 2w j lesin Beds. (13)
0

Neighbouring muscle fibres in the muscle belly have
slightly different radii of curvature and attachment
angles. Therefore, some space is present between the
fibres (figure 2¢). In calculating this space, it will be
assumed that the fibres have no space in between at
the peripheral sheet. Morphologically, one may think
that the interfibre space is filled with connective tissue,
adipose tissue, blood vessels or nerves. The interfibre
space Vjq associated with the attached fibres from s=0
to s=g¢ can be obtained by subtracting Vg from the
total volume Vi (figure 2f) enclosed by the first
muscle fibre, the peripheral tendinous sheet up to g,
the muscle fibre at ¢, and the corresponding structures
in the opposite muscle half:

Viq = th - qu. (14)

Although some blood may be squeezed out of the
muscle belly during intramuscular pressure develop-
ment, it seems a good approximation if both Vi and
Viq are kept constant in simulations of muscle belly
length change and force development. Let Vg, be the
total muscle-fibre volume and let V., be the total
volume of the muscle belly. Then, the global fractio-
nal fibre spaceVé‘b is calculated as Vep/Vius. Apart
from the global fraction, a local volume fraction of the
fibres (fob]oc) was calculated as half the volume of two
neighbouring fibres divided by this same volume plus
the enclosed interfibre volume.

To calculate the shape of a mechanically stable slice
of a skeletal muscle belly, the following strategy was
applied.

1. Prescribe the attachment angle along the periph-
eral sheet f(s) using equation (12) and prescribe the
tensile stress distribution in the muscle fibres.

2. For simplicity, the muscle belly is ‘mathemati-
cally clamped’ at the right boundary of the muscle
(figure 2¢). The clamping (boundary) conditions are
prescribed, i.e. tendinous sheet orientation and curva-
ture, muscle-fibre attachment angle, length, and cur-
vature.

3. Initially, give a rough estimate of the tendinous
sheet length. Adjust the tendinous sheet length in
subsequent iterations so as to converge to the required
solution.

4. Starting from the clamping side, calculate (i) the
curvature ¢ (s) for successive muscle fibres such that
the length condition of equation (11) is fulfilled (if this
would result in overlap of muscle fibres, the nearest
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fibre curvature and length without overlap is taken),
and (ii) the corresponding tendinous sheet curvature
R using equation (7).

5. Step (4) is stopped and the process restarted at
step (3) if either the gradient in muscle-fibre curvature
falls below or above certain limits, fibres would have
to penetrate each other, or the calculated pressure is
not close enough to zero at the distal fibre boundary.
If none of these ill conditions are met, then the
calculated architecture is accepted as a mechanically
stable solution.

6. Calculate the muscle volume, fibre volume,
interfibre volume and volume fractions.

With the prescribed peripheral attachment angle
and the prescribed relationship between (central)
pennation angle and fibre length, a unique solution
corresponds to a particular set of clamping conditions.

Apart from the above description for a bipennate
model, we also simulated unipennate architectures.
We limited our analysis to muscle bellies which are
curved as a whole. Examples are both heads of the
human m. gastrocnemius, whose concave sides face
the m. soleus and tibia. As a result, the tendons at
both sides of the muscle belly are not in line. If the
muscle produces force, it presses against underlying
tissues. Thus, ambient forces play an important role in
the mechanical equilibrium of the muscle belly,
whereas, in the modelled bipennate architecture,
equilibrium of the central tendinous sheet is ensured
by the equality of force amplitudes at both sides.
Therefore, virtually the same computational scheme
could be applied for this unipennate muscle architec-
ture.

The above model was implemented in a computer
programme, allowing to simulate force and pressure
development by the muscle belly. The model can also
be used to study effects of different architectures on
the mechanical performance. Dynamic properties of a
simplified version of this model with straight muscle
fibres of equal length were discussed by Van Leeuwen

(1992).

5. RESULTS AND DISCUSSION

Before discussing various simulations of muscle archi-
tectures, we consider the influence of the exponent u
(equation 12) on the nature of the attachment of the
peripheral muscle on the left tip of the peripheral
tendinous sheet. Figure 3a shows the numerically
approximated limit value of ¢yq/ci (i.e. the ratio of
sheet curvature and fibre curvature at the tip) for
¢—0 as a function of « (calculated from equation 75;
values of various parameters in figure legend). It was
assumed that p,q=0 (see equation 7). Figure 3b
shows the same limit value against dfg/ds (the gra-
dient of the attachment angle at the tip). A considera-
tion of the gradient is interesting since the conclusions
are of a more general nature than those obtained with
exponent u. The curvature of the tip of the tendinous
sheet is about equal to the peripheral fibre curvature
(¢sq®cry) for low values of df/ds (i.e. u greater than
about 1.3). For increasing values of dfy/ds, the tip
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curvature drops with an increasing rate (the fibre
curvature is kept fixed along each curve), while a
discontinuity in sheet curvature and peripheral fibre
curvature is present. The curvature ratio cyq/cgy
depends on the peripheral fibre curvature as indicated
in figure 3. The range with negative cyqfcy at the
aponeurosis tip represents situations with an upward
curving sheet at the tip (a situation which is not often
found in nature). In our bipennate simulations, we
used curvature ratios which were close to 1, except in
figure 6g, where a negative ratio was applied. If py.q/pq
increases at the tip, then the sheet curvature will
decrease compared to the curvature of the peripheral
muscle fibre.

The present model covers an infinite set of solutions
for mechanically stable muscle architectures. Here, we
will discuss two different solutions for the bipennate
muscle model. Both solutions have a peripheral tendi-
nous sheet curvature at the tip which is almost equal
to the peripheral muscle-fibre curvature. Further-
more, a limited survey of possible bipennate muscle
shapes will be presented. Finally, a unipennate simu-
lation will be discussed, loosely based on the architec-
ture of the human medial gastrocnemius muscle. For
simplicity, equal stresses for all muscle fibres will be
used in all simulations of this paper. Variable fibre
stresses can, however, in principle be handled with our
theory.

(a) Bipennate model with moderate attachment
angles of muscle fibres

(1) Starting conditions

In most muscles at optimum length for force output,
muscle-fibre attachment angles are below 25°. In a
fully contracted soleus muscle, angles may be as large
as 60° (cf. Spoor et al. 1991; Wickiewicz et al. 1983). A
maximum value of only 7.5° for f; can already be
considered as moderate, especially as it may be
accompanied with a maximum value for o of about
16° (figure 4d). Figure 4 illustrates the results of a
simulation of a bipennate muscle model with moder-
ate angles of attachment of the muscle fibres (para-
meter values are given in table 1). At the right muscle
boundary, the peripheral tendinous sheets were cho-
sen to have an angle J, of —11.5° with the central
aponeurosis (one of the clamping conditions). The
influence of the transverse tensile stress in the periph-
eral tendinous sheet was neglected (i.e. pyq=0 in
equation 7).

(i1) Muscle-fibre arrangement

Figure 4a shows how the muscle fibres are arranged
in the muscle belly. Except for a small part at the right
side of the muscle belly, of is larger than f¢ owing to
fibre curvature and peripheral sheet orientation
(figure 4¢, d). This leads to a concentration of
interfibre space around the central aponeurosis. The
calculated total volume fraction of the muscles fibres is
only about 0.43 for this particular architecture. This
unrealistically low value is a direct consequence of (1)
the two-dimensional approach, and (ii) the different
sheet orientations. In § 64, it will be discussed how, in
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Figure 3. The numerically approximated limit value of ¢y/¢q for ¢—0 (i.e. the ratio of the tip curvature of the
peripheral aponeurosis over the peripheral muscle-fibre curvature), calculated from equation (75), against (a) the
exponent « (see equation 12) and (4) the gradient of the attachment angle df/ds along a logarithmic scale. The two
curves in each plot represent different values of the peripheral fibre curvature ¢g (in mm~™!) as indicated. The
gradients of fibre curvature and tensile stress were chosen as de¢/ds=0.0005 and dog/ds=0, respectively.

a real muscle, this problem may be solved. Figure 4e
shows that the local muscle-fibre fraction increases
from about 0 at the tip (left side) of the peripheral
tendinous sheet to about 0.91 close to the attachment
at the right side. A rapid change in the fraction is
observed where the calculated and ideal muscle-fibre
length meet at s~ 28 mm.

(ii1) The peripheral tendinous sheet

The curvature of the peripheral tendinous sheet
decreases rapidly from the left-hand tip, goes through
a local minimum at s& 1 mm, rises again up to the
global maximum at s&26 mm, and then drops to-
wards the boundary value at the right side (figure 4¢).
Muscle-fibre length varies only slightly along the
muscle belly (figure 4¢). A minimum is found for
s~ 19 mm. Only over a small distance at the right
side, the ideal muscle-fibre length cannot be met
owing to fibre-overlap problems. The calculated fibre
length is only slightly longer than the ideal length.

(iv) Intramuscular pressure

Figure 4b shows pressure contours (relative to the
maximum pressure) in the muscle belly. The maxi-
mum pressure, located at the right boundary of the
muscle, is about 7.7 kPa. The pressure increases
monotonically from the left to the right side, whereas
the pressure gradient (dp/ds) increases from the
peripheral muscle fibres (left side) towards the muscle
centre, and finally drops towards the right boundary
(figure 4f, see also the varying widths between the
pressure contours in figure 46). The pressure distribu-
tion can be understood (using equation 3) from (i) the
increasing muscle-fibre curvature along the peripheral
tendinous sheet up to s~ 22 mm, followed by a final
drop towards the right boundary (figure 4¢), and (ii)
the increasing attachment angle B¢ towards the right
boundary (figure 4d). Close to the right boundary,

Phil. Trans. R. Soc. Lond. B (1992)

the negative effect of the drop in fibre curvature on
the pressure gradient just overcompensates the posi-
tive effect of the increase in fi.

(b) Bipennate model with large attachment angles
of muscle fibres

Figure 5 illustrates a simulation of a muscle belly
with large attachment angles (parameter values in
table 1). The boundary values of fibre curvature and
the peripheral attachment angle were set to twice the
values of figure 4. Compared with figure 4, the
following differences may be noted.

1. On average, the peripheral tendinous sheet
curvature is considerably higher. A higher boundary
curvature was needed to generate a tendinous sheet
length of comparable magnitude to figure 4. A local
maximum of the sheet curvature is found at
s 25 mm.

2. Muscle-fibre curvatures are about doubled along
the peripheral tendinous sheets (compare figures 4¢
and 5¢).

3. The internal pressure reaches much higher
values (pmax 1s about 31.5 kPa, about a factor of four
higher than in figure 4), in spite of a slightly shorter
muscle belly length and equal stresses of the muscle
fibres. The quadrupled pressure is caused by the
(roughly) doubled attachment angles (leading to an
almost doubled total thickness of the muscle fibres,
i.e. almost twice the amount of muscle is present along
the aponeurosis) in combination with the (roughly)
doubled fibre curvatures (cf. equations 1 and 3).

4. Not surprisingly, the attachment angles with the
central aponeurosis are about doubled (compare the oy
curves in figures 4d and 5d).

5. The length variation of the muscle fibres along
the muscle belly is larger (figure 5¢), which corres-
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Figure 4. Illustration of the results of a simulation of a bipennate muscle architecture, with 300 muscle fibres used in
numerical evaluation. Values of input and output parameters are given in table 1. (a¢) Muscle-fibre arrangement. At
each side of the central aponeurosis, 11 fibres are shown, chosen at regular intervals along the peripheral sheets.
Arrow heads point to the transitions between tendinous sheet and peripheral muscle fibre. (4) Illustration of
intramuscular pressure distribution in muscle belly. Contours show values of pressure in fractions of maximum
pressure. (¢) Muscle-fibre curvature ¢ and peripheral sheet curvature ¢, as a function of the position along the
peripheral tendinous sheet 5. (¢) Attachment angles fir and o as a function of 5. (¢) Actual and ideal muscle-fibre
lengths as a function of s (normal curves). Local volume fraction of muscle fibres Vi as a function of s (thin curve).
(f) Intramuscular pressure and pressure gradient dp/ds as a function of s. Further explanation is given in the text.
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Table 1. Values of input and output parameters of figures 4—6

J. L. van Leeuwen and C. W. Spoor 285

(The tensile stress of the muscle fibres (o7) was set to 200 kPa for all muscle fibres in all simulations. Furthermore,
the muscle-fibre length at the right boundary (/3,) was chosen to be 10 mm, while « (equation 12) was set to 1.35,
except for figure 6g with u=0.8. The transverse tensile stress in the aponeurosis was neglected in all simulations,
except again in figure 6g, where the contribution of this stress component to the internal pressure was defined to
vary linearly from 09, of the muscle-fibre pressure (equation 3) at the right-hand side of the peripheral sheet to
659, at the left side. Other parameter values (per unit width where applicable) are given below.)

figure numbers

symbol unit 6a 4 and 64 6d 5 and 6e 6f 6g

input:
Iy m~! 15.0 15.0 15.0 30.0 30.0 30.0 30.0
Csb m-! 9.52 12.35 12.76 23.81 26.32 27.06 29.89
Bo ° 7.5 7.5 15.0 15.0 15.0 15.0
O ° —11.5 —11.5 —-11.5 —23.0 —23.0 —23.0 —23.0

output:
Vinus mm? 52.62 79.49 99.04 108.31 141.23 176.91 181.24
Vi 0.384 0.434 0.467 0.435 0.463 0.495 0.506
Ag, mm 2.046 3.497 4.698 5.011 6.978 9.373 9.832
Upts mm 18.39 31.43 42.23 22.61 31.49 42.29 34.01
Fius (mN mm~1) 398.8 681.9 916.1 902.6 1257.8 1690.3 1768.8
Fo (mN mm-™1) 203.8 348.9 467.9 493.1 686.7 922.4 965.5
Fon (mN mm~1) 0.6 0.8 5.1 6.5 7.9 8.7
Pmax kPa 5.35 7.71 9.37 25.14 31.47 38.36 42.25
DpEax 0.0267 0.0385 0.0468 0.1257 0.1574 0.1918 0.2113

ponds to the stronger variation in o (cf. equation 11).
The difference between the ideal and the actual
muscle-fibre length at the right side is now more
pronounced.

This comparison illustrates the prediction of § 4 that
the intramuscular pressure depends strongly on the
architecture of the muscle. This will be further
exemplified in §6¢. The calculated total volume
fraction of the muscle fibres is only about 0.46 for this
particular architecture, which is again unrealistically
low (but see our discussion in § 64). The local fibre
fraction (figure 5¢) shows a similar variation as that of
figure 4e.

(c) Some examples of stable bipennate
architectures

Figure 6 shows some examples of fibre arrange-
ments of simulated muscle architectures. An overview
of values of input and output parameters is given in
table 1. Figures 64, ¢ are variations on the muscle belly
of figure 4 (also depicted in figure 64). All input
parameters are kept constant in these three simula-
tions, except for the boundary condition of the
peripheral tendinous sheet curvature (¢s). The simu-
lations show that only slight changes in the value of ¢y,
result in quite large changes in muscle belly length. It
may also be observed that the relative position of the
greatest vertical width of the muscle belly shifts
towards the left with a relatively shorter peripheral
tendinous sheet length. A shorter muscle belly length
(with about the same muscle-fibre lengths and curva-
tures) gives a lower maximum intramuscular pressure
(note that this is accompanied with a change in
muscle shape).

Phil. Trans. R. Soc. Lond. B (1992)

Similarly, figures 6d, f are variations on the muscle
belly of figure 5 (also depicted in figure 6¢), with
comparable trends, but with much higher pressures
than in figures 6a—¢ owing to the larger cross-sectional
areas of the muscle fibres and the stronger muscle-
fibre curvatures. The long muscle belly with the large
attachment angles of figure 6f gives the highest
maximum pressure (about 38 kPa with a tensile fibre
stress of 200 kPa; normalized pressure: 0.19). The
muscle belly of figure 6a generates (with the same
muscle-fibre stress) a pmax of only 5.35kPa, a more
than sevenfold reduction.

For the simulation of figure 6g, the parameter u was
given a value of only 0.8, leading to, on average,
higher attachment angles f; (equation 12). Further-
more, the contribution of the transverse tensile stress
along the peripheral sheets to the internal pressure
(puq in equations 4 and 7) was defined to vary linearly
from 09, of the muscle-fibre pressure (equation 3) at
the right side to 659, at the left side. The highest
influence was defined near the aponeurosis tip since
here the longitudinal tensile force is low, whereas, in
dissections, transverse sheet curvatures can be found
to be quite significant. Compared with the other
muscle bellies of figure 6, the parameter changes lead
to: (1) a negative peripheral sheet curvature at the left
side (s< 7.5 mm, see plot in figure 6g); (ii) a decreas-
ing muscle-fibre curvature from the sheet tip at
s=0mm to s~7.5mm; and (iii) a more ‘bluntly
nosed’ muscle belly. The maximum pressure of about
42 kPa is slightly higher than the value of the longer
muscle belly of figure 6f, owing to stronger fibre
curvatures at the left-hand side and a higher cross-
sectional area of the muscle fibres.

It is repeated here that the intramuscular pressure


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

286 J. L. van Leeuwen and C. W. Spoor  Modelling mechanically stable muscle architectures

(2 muscle fibre arrangement in simulated muscle belly
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Figure 5. Illustration of the results of a simulation of a bipennate muscle architecture, similarly arranged as in
figure 4, but with other values of input and output parameters (sce table 1), leading to a more highly pennated
muscle belly. See text for further explanation.

and force equilibrium are size independent (if the (d) Unipennate model based on medial

shape is constant), so that the muscle bellies can be  gastrocnemius muscle

enlarged or reduced to almost any particular size

without an effect on the mechanical stability. As a whole, the muscle belly of the unipennate

Phil. Trans. R. Soc. Lond. B (1992)
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MUSCLE FIBRE ARRANGEMENT IN SIMULATED MUSCLE BELLIES
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Figure 6. Seven examples of calculated mechanically stable muscle architectures. Muscle belly (4) is equal to that of
figure 4; (a) and (¢) are variations on (b). Muscle belly (¢) is equal to that of figure 5. (d) and (f) are variations on
(¢). The muscle architecture in (g) is quite different from the other simulations owing to a lower value of exponent z
(equation 12) and a contribution of the transverse tensile stress in the peripheral tendinous sheets to the force
balance. The graph in (g) shows the curvatures of muscle fibres and peripheral sheets. Note the difference with
figures 4c and 5¢. Arrow heads point to the transitions between tendinous sheet and peripheral muscle fibre. Values
of input and output parameters are given in table 1. See text for further explanation.

gastrocnemius medialis (oM) is curved (figure 7a),
with the concave side facing the tibia. Ambient forces
play an important role in the mechanical equilibrium
of the muscle belly (see bottom of § 4). Owing to the
curved tendinous sheets in the oM, the difference in

Phil. Trans. R. Soc. Lond. B (1992)

attachment angle of the fibres at both sheets is
expected to be somewhat smaller in the oM than in a
comparable bipennate model with a straight central
tendinous sheet. Figure 76 shows the fibre arrange-
ment of a simulated unipennate muscle belly which is
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(2 Human medial gastrocnemius muscle

(6) Muscle fibre arrangement in simulated muscle belly

peripheral
tendinous
sheet

(¢) Pressure contours (fraction of maximum pressure)
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| ] |
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T

I ]
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Figure 7. Comparison between human medial gastrocnemius and unipennate simulation. (2) Dissected gastrocne-
mius so as to expose the central longitudinal plane. (b) Muscle-fibre arrangement of simulation of mechanically
stable unipennate muscle belly. (¢) Intramuscular pressure contours as a fraction of the maximum pressure
(43.8 kPa) of the same simulation. The shaded areas in (4) and (¢) depict the boundary against which the muscle
belly presses. Arrow heads point to the transitions between tendinous sheet and peripheral muscle fibre. The scale
refers to all illustrations. Some parameter values are as follows (per unit width where applicable): ¢5,=5.10 m~1;
¢ =4.23 m~1; curvature of lower sheet=3.57 m~%; g, = 18.5%; gy= 200 kPa; u = 0.85; V.= 2909.2 mm?; Vi, =0.601;
Ay =28.71 mm; lp=166.0 mm; Frnu=5201.5 mN mm~% F,,=5587.5 mN mm~% p,..=43.79 kPa; pik. =0.219.
The contribution of the transverse tensile stress along the upper sheet to the internal pressure, P> Was defined to
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vary linearly from 0%, of the muscle-fibre pressure (equation 3) at the left side to 209, at the right side. See § 2 for

symbols. Further explanation in the text.

loosely based on the cm (parameter values are listed in
the figure legend; note that clamping is now at the
left-hand side). The curvature of the lower sheet was
prescribed and kept constant along its length. The
overall similarity between the dissected and the simu-
lated architecture is striking, although no special
attempt was made to optimize the parameters for this
purpose. The left-hand side of the simulated muscle
belly is most problematic. Deviations from the ideal
fibre length distribution do again occur, since we did
not allow the muscle fibres to cross each other. This, in
fact, influences the composition of the whole muscle
belly. In the real muscle, this problem does not occur
since the neighbouring fibres can run in slightly

Phil. Trans. R. Soc. Lond. B (1992)

different planes and can bend also in the transverse
direction (see also § 64). To simulate the relatively
blunt ending of the muscle belly at the right side, we
found it essential to use a relatively low value of « (i.e.
0.85, see equation 12) and to include a contribution of
the transverse tensile stress along the upper sheet to
the internal pressure (p.q was defined to vary linearly
from 09%, of the muscle-fibre pressure (equation 3) at
the left side to 209, at the right side). Figure 7¢ shows
the pressure distribution in the simulated muscle,
using a uniform muscle-fibre stress of 200 kPa. The
maximum pressure of 43.8 kPa and the total fibre
fraction of 0.6 are the highest simulated values of this
paper.
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Figure 8. Diagram of a unipennate muscle with in-line tendons (black). The upper tendinous sheet is made
transparent for muscle-fibre bundles. Only a few muscle-fibre bundles (numbered 1 to 7) are shown (stippled).
Muscle-fibre bundle attachment areas are shown also (heavily stippled). Muscle-fibre bundles 3 and 4 are positioned
between bundles 1 and 2 at the lower tendinous sheet so as to obtain an optimal filling of the muscle belly. The
central muscle-fibre bundle 5 is straight, whereas the peripheral bundle 6 is strongly curved (this is not very clear
owing to the chosen viewpoint). Further explanation in the text.

6. GENERAL DISCUSSION

(a) Comparisons between model predictions and
muscle architectures

Several times in this paper, we refer to a good
(qualitative) resemblance between model predictions
and muscle architecture observed from dissections.
The tensile stresses in a muscle at ‘rest’ (i.e. not
activated and not stretched or compressed) are mini-
mal. An embalmed muscle is likely to have an
‘unnatural’ stress distribution. The model is designed
for situations where the tensile muscle-fibre stress is
high compared with the peri- and endomysial stress.
So, strictly speaking, the model would not be suitable
to predict muscle shapes for the above two possibili-
ties. Nevertheless, it can be argued that a muscle
should minimize its deformation from its resting
configuration to its stress situation (with a given
length of the muscle-tendon complex) since this
minimizes internal energy losses. (Of course, the
shapes cannot be the same in both situations since
tendinous sheets and tendons are stretched by force
producing muscle fibres.) We therefore think that
several architectural features of the active muscle are
already present (at least qualitatively) in a muscle at
rest or, alternatively, in an embalmed specimen. Thus,
a qualitative comparison between dissections and
model results seems to be allowed. This is supported
by the good correspondence between our unipennate
simulation and the dissected medial gastrocnemius
muscle.

(b) Three-dimensional effects

Using a diagram of a unipennate muscle with in-
line tendons (figure 8), we will now discuss some
three-dimensional effects. The volume fraction of the
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fibres was too low in our two-dimensional simulations
as compared with a real muscle. The muscle-fibre
curvatures and orientations, required for the demands
of mechanical stability and the relationship between
pennation angle and muscle-fibre length (equation
11), do not allow a close enough fit of neighbouring
muscle fibres. The greater attachment angles at the
central sheet compared to the peripheral sheet are
associated with (owing to the constant cross-sectional
area of the fibres) a smaller area of muscle-fibre
attachment. In a three-dimensional muscle-fibre
arrangement, this problem can easily be solved by
allowing neighbouring muscle fibres from both sides
(fibre bundles 3 and 4 in figure 8) to penetrate into
the spaces between the series of longitudinally
arranged (from left to right) muscle fibres (fibre
bundles 1 and 2 in figure 8). In this arrangement, the
muscle fibres run from a relatively wide tendinous
sheet to a much narrower tendinous sheet at the
opposite side (left and right side of muscle belly in
figure 8). The relative difference in width will gener-
ally be most conspicuous close to the attachments to
the tendons at both sides of the muscle belly (i.e. the
positions with the greatest differences in attachment
angles). Thus, to allow an optimal filling of the muscle
belly with muscle fibres, tendinous sheets should
converge in width from the free edge to their connec-
tion with the tendon. This arrangement allows also a
‘smooth’ transition from tendinous sheet to tendon.
The local muscle-fibre volume fractions as shown in
figures 4¢ and 5¢ indicate the required width of the
central sheet relative to the peripheral sheets (in a
three-dimensional arrangement with an optimal filling
of muscle fibres).

Dissections of skeletal muscles support these predic-
tions. The described fibre crossing can be observed if
one cuts the tendinous sheet in the longitudinal
direction, followed by a gentle pulling of both halves
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of the sheet away from the slit. A consequence of the
three-dimensional fibre crossing is thdt, in the central
longitudinal plane, relatively more muscle tissue is
present at the side with the smallest tendon width.
This would result in a larger pressure gradient along
this side (as compared with the opposite side), if
muscle fibres would have a constant curvature along
their length. As a result, a significant pressure gradient
would be present along the muscle fibres. This
pressure gradient could be avoided if the muscle-fibre
curvature decreases from the ‘wide’ tendinous sheet to
the opposite ‘narrow’ sheet. Therefore, in three-
dimensional modelling, a variable fibre curvature
should be included. It would be interesting to verify
experimentally the predictions of fibre curvature.

Woittiez ef al. (1984) proposed a unipennate three-
dimensional model for the muscle belly. The tendi-
nous sheets were chosen to be kite shaped (with
opposite orientation), which roughly corresponds to
the shape found in the m. gastrocnemius medialis of
the rat and which leads to considerably different
insertion areas for individual muscle fibres at both
sheets. The chosen tendinous sheet shape corresponds
to our prediction for an optimal fibre filling. However,
their other (unrealistic) assumptions of straight fibres
and straight tendinous sheets would require only small
differences in attachment areas because the attach-
ment angles are about equal at both sheets. Hence,
these last assumptions are in conflict with the tendi-
nous sheet shapes.

The simulation of a planar unipennate muscle belly
(roughly resembling the oM, figure 7) showed that a
somewhat higher volume fraction of the muscle fibres
was present than in the simulated bipennate muscles
of figure 6. This is correlated with, on average, a
relatively smaller difference in attachment angle of the
muscle fibres into both tendinous sheets in the unipen-
nate architecture (due to the curved tendinous sheet
at the concave side).

If pressure p acts in a particular point in a muscle
belly, then fibre curvature and arrangement should be
such that p is generated from whatever direction from
the periphery the pressure point is approached. Rela-
tively strong muscle-fibre curvatures are needed if the
distance from the periphery is relatively short (accord-
ing to equation 2). Smaller curvatures are needed if
the distance is relatively long. Hence, in a muscle with
a relatively high length to width ratio, the fibre
curvatures can be relatively small in the central
longitudinal plane, whereas, laterally from the high
pressure centre, relatively strong fibre curvatures are
required. For the unipennate architecture of figure 8,
the high pressure centre will be in the centre of the
muscle belly. In this centre, muscle fibres will be
(almost) straight (muscle-fibre bundle 5). Owing to
the relatively short distance towards the lateral peri-
phery, however, muscle fibres should become strongly
curved in this direction (figure 8: fibre bundle 6).
These predictions are again supported by dissections
(examples are the human mm. soleus and gastrocne-
mius). Modifications of these considerations are
needed if the ambient pressures are quite variable
around the muscle belly.
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In conclusion, tendinous sheet shape and muscle-
fibre shape and arrangement should be tuned relative
to each other, so as to meet the demands of (i)
mechanical stability, (ii) equality of specific power
output and relative length change of the muscle fibres
(this demand should not be taken too strict, see text
below equation 12), and (iii) an optimal filling of the
muscle belly with muscle fibres.

(¢) Intramuscular pressure and blood flow

For the muscle designs of figures 4-7 we calculated
maximum intramuscular pressures (using a muscle-
fibre stress of 200 kPa for all fibres) in the range of 5.3
to 43.8 kPa. Clearly, the maximum pressure depends
on the architecture of the muscle. The highest pres-
sures are likely to be found in muscles with long
tendinous sheets, large attachment angles, and
strongly curved fibres. The highest calculated pres-
sures were for the relatively long and highly pennated
muscle bellies of figures 6/, ¢ and 7. Somewhat higher
pressures may arise for even more extreme architec-
tures in combination with slightly higher muscle-fibre
stresses, giving a global maximum for muscle pressure
in the order of about 60 kPa. It seems likely that the
maximum pressure will only in exceptional cases be
higher than about 0.3 times the maximum fibre stress.
Further simulations and measurements are needed to
clarify this point.

Pressure measurement in muscle tissue is difficult
since the introduction of a pressure transducer tends to
create a high pressure centre. For cardiac muscle,
Gregg & Eckstein (1941) reported a direct relation-
ship between sensor volume and the recorded pressure
magnitude. Petrovsky & Hendershot (1984) measured
intramuscular pressures in cat leg muscles, by insert-
ing a small rubber balloon into the muscle belly. The
balloon was connected to a pressure transducer via a
25-gauge needle. The maximum values of the pres-
sures were about 23 kPa for medial gastrocnemius and
about 18 kPa for soleus. In frog gastrocnemius, Hill
(1948) measured pressures in the range of about 13 to
38 kPa. All these values are in the order of magnitude
of the pressures calculated in the present paper. For
isometric contractions, Petrovsky & Hendershot
(1984) measured an almost linear relationship
between muscle force and intramuscular pressure. A
similar relationship was measured by Mazella (1954).
Changes in fibre curvature are expected to be small in
isometric contractions. Therefore, the roughly linear
relationship would be predicted by our theory (if the
distribution of force over the fibres is more or less
independent of muscle force).

Otten (1988), referring to unpublished results by
Kahabuka & Otten, mentions a maximum pressure of
133 kPa for a supramaximally stimulated gastrocne-
mius muscle (3.4 g) of the toad. A catheter tip
pressure transducer was used with a tip diameter of
1.3 mm. Although catheter tip transducers are quite
useful for pressure measurement in biological fluid
flows (see, for example, Van Leeuwen & Muller
1983), they are unsuitable for hydrostatic pressure
measurement in fibrous tissues like a muscle. Distorted
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fibres with ‘unnatural’ curvatures are likely to be in
direct contact with the sensitive membrane so that a
too high pressure will generally be recorded. The
effect of direct fibre contact is likely to be smaller (but
not absent) with the (smoother) balloon.
measurement may be substantially
improved by usage of a servo-nulling transducer
(Widerhielm et al. 1964). Here, a micropipette (typi-
cal tip size in the range of 0.5 to 10 pm) in introduced
in the biological tissue. Fluid flow through the pipette
is minimized by a servosystem. This technique has
been successfully applied in the measurement of
intramyocardial pressure (Heineman & Grayson
1985). Intramuscular pressure was found to be lowest
at the periphery, whereas it increases towards the
cardiac lumen. This is expected from the concentric
layers of curved muscle fibres in the cardiac wall (see
Arts et al. (1991) and references therein). The appli-
cation of the micropipette technique to skeletal muscle
seems to be a promising way to test the present
pressure predictions.

Could the muscular pressure cause problems for the
blood flow through the muscle? For comparison, the
pressure in the aorta of a dog was measured to
fluctuate around 14 kPa (Caro et al. 1978), consider-
ably below some of the measured and calculated peak
intramuscular pressures. Mean blood pressure is
reduced by only about 109, before it enters the
arterioles, but is reduced to about 4.5 kPa (Charm &
Kurland 1974) when it enters the capillaries. The
pressure calculations indicate that blood may be
squeezed out of the muscle during activation, espe-
cially near the high pressure centre (both forwards
and backwards). During rhythmic activation, this
may actually assist blood flow, since most blood will
be expelled into the venous system owing to its lower
resistance (and the presence of valves) than that of the
arterial system. During prolonged production of a
high enough muscle force, however, (as during muscle
cramp and spasms) a high muscle pressure may cause
ischemia and may limit the endurance. Our model
may be helpful to predict which spots in which
muscles are most susceptible for ischemia. These
viewpoints on muscular blood flow are supported by
many well documented experimental studies (e.g.
Barcroft & Millen 1939; Lind et al. 1964; Petrovsky &
Hendershot 1984). Interestingly, Petrovsky & Hen-
dershot (1984) could restore blood flow in (sub)maxi-
mally activated gastrocnemius and soleus muscles by
increasing artificially the perfusion pressure to
39.9kPa. As a consequence, the endurance was
improved significantly. These experimental studies
show also that, at low (isometric) muscle forces (up to
about 0.1 of the maximum isometric force) and
pressures, blood flow is increased compared to the
relaxed state. This is probably due to changes in the
cardiovascular system.

Pressure

(d) Future developments

The present model can be developed further in
several directions. We list a few possibilities below.

1. Using the principles outlined in this paper, other
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architectures may be studied. Presently, we investigate
unipennate architectures.

2. The model may be expanded to three-dimensio-
nal architectures, including a variable curvature along
the muscle fibres. This could be especially rewarding
in a study of the optimal packing of muscle fibres in a
muscle belly.

3. The contribution of the endo- and perimysium
could be added. This would be useful in a study of
muscle shape during (passive) stretch.

4. The model may be expanded to study shape
changes of a muscle-tendon complex under dynamic
circumstances, including elastic effects of the tendi-
nous sheets. The model of a unipennate muscle with
curved muscle fibres and tendinous sheets by Otten
(1988) that was claimed to predict shape changes is
erroneous (see § 1). Other models are restricted to
straight muscle fibres and straight tendinous sheets,
with the physical inaccuracies outlined in § 1. Never-
theless, these models have proved to be useful in the
prediction of the muscle-force output and power flow
among various parts of a muscle-tendon complex (see
Zajac 1989; Van Leeuwen 1992).

7. CONCLUSIONS

1. Calculation of mechanically stable muscle archi-
tectures, with curved muscle fibres and curved tendi-
nous sheets, is possible with the present model. The
internal pressure distribution is calculated from
curved muscle fibres under tension. The key to the
prediction of muscle shapes is given in equation (7),
obtained by equating the pressure from the muscle
fibres to the pressure under a curved tendinous sheet
under tension. To our knowledge, previous models of
muscle architecture are unstable and therefore not
capable of predicting muscle shapes (in spite of their
usefulness in predicting muscle forces as a function of
muscle length; cf. Otten 1988; Zajac 1989; Spoor et al.
1991; Van Leeuwen 1992).

2. On a microcomputer, numerical implemen-
tations of the present model were made for bipennate
and unipennate models. Simulations were made only
for two-dimensional architectures. The principles are,
however, applicable to a wide variety of muscle
architectures, including three-dimensional shapes.

3. In a muscle belly, tendinous sheet shape and
muscle-fibre shape and arrangement should be tuned
relative to each other, so as to meet the demands of (1)
mechanical stability, (ii) equality of specific power
output and relative length change of the muscle fibres
(this demand should not be taken too strict, see § 4),
and (ill) an optimal filling of the muscle belly with
muscle fibres. The latter demand was unsufficiently
met in the bipennate two-dimensional models. It is
discussed how this problem can be solved in a special
three-dimensional arrangement of the muscle fibres, in
combination with varying widths of the tendinous
sheets.

4. The maximum intramuscular pressure generated
depends on the maximum tensile muscle-fibre stress,
and shape characteristics like muscle-fibre attachment
angles, but not on the size of the muscle. The highest
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pressures are likely to be found in muscles with long
tendinous sheets, large attachment angles, and
strongly curved fibres. Higher internal pressure values
may be found if muscles are covered by other curved
muscles.

5. Intramuscular pressures can be high enough (up
to 43.8 kPa in the simulation of figure 7) to obstruct
blood flow. Therefore, cramps and spasms may lead to
ischemic circumstances in muscles. Repetitive muscle
activation, however, may assist the circulation. The
present model may be an important aid in the
location of high pressure centres in muscles.

We thank Dr M. R. Drost for a useful discussion about
biological pressure measurement. Professor R. McNeill
Alexander and Dr M. Muller are thanked for valuable
comments on a draft of this paper.
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