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ABSTRACT "

The movements of the external respiratory apparatus
of the cat in quiet breathing and under light anaesthesia were
recorded by X—ray photography and by a ﬁethod of stereo cine-
photography. This method was specially developed fqr this pvr-
pose and made possible tha characterisation in three dimensions
of the respiratory movements, The experimental results were
extensively analysed'in order to identify and characterise the
participation of each of the component structures of the respir-
atory apparatus in its overall moveﬁent.

Based on this analysis, models for the mechanical nro-
perties of those structures were proposed. It was found that the
?ib cage behaves in a shell-like manner whereas the diaphragm and
the abdominal walls hehave zs tensiles membrane structures. An
approach to the study of these models based on the methods of
Structural Analysis is suggested. The mechanical properties of
the external respiratory apparatus were found %o be strongly
conditioned by the nervous control of their muscles; for this
reason, it is suggested that they resemble clogely theose of a
process—control mechaniecal plant in which the peripheral cfféctors
are controlled by the commands generated at a central processor

»

which is subserved by the allereni data produced by the monitoring

[ Sl

mechanosensors., These findings and conclusions were incorporated
into a proposal in whizh & new method of $ackling the study nf the
mechanics of breathing is cutlined. Also outlined are the potential-

ities of the study of veripheral systems like the recpirabtor

&

apparatus in the elucidation of the properties of the nervous

centres which ave responsible for thelr performance,
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 CHAFTER 1.0
INTRODUCTION

in all but the simplest forms of animal 1life the llervous
System is the agency through which the activities of all the
other systems in the body are regulated and brought into the
harmonious cuvoperation which makes a viable ard efficient living
being possible, These coordinating and controlling functions of
the Central Nervous System are, however, very difficult to intep—'
pret in terms of its actual nervous circuiiry, not only because of
the high densitiy levels of cell packing and interconnecting which
characterise 1%, but also because the nerve cell is a very com-
'ﬁlex circuit element whose operational properties are anything
but well understood. The study of peripheral body functions, in
which reasonable access to the controlling nervous signals exists,’
could constitute a source of valusble information on the way in
which the Nervous System operates. Although these functions are
themselves far from simple, their study should nonetheless prove
* to be much mere amengble to treatment by the aveilable metheds of
analysis; end the functional relationships between its component

- - - AU S P - n - -~ D i
parts wnich would & puld ©
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hiis be reveale
the centres where their nervous control originates. In the sense
"that the performance of the peripheral system is closely depend-
ent on its nervous contrel, we may conceive the nervous areas

where this conirol is originated as constituting an 'analog’



representation, in terms of nervous circuitfy, of the function

. which the peripheral system implements/and, therefore, by learn-
ing what is happening at the periphery it shouvld be possible to
outline the basic principles, functional boundaries and compai-
ibility conditions which characterise ﬁhe integrated activity of
those nervous areas.

‘The mechanicalhperformance of the respiratory apparatus
represents a typical example of a peripheral function wﬁose
study satisfies the conditions mentioned sbove: (1) it is a
sufficiently complex function to present a major problem of
analysis but which; by the same token, is likely to lead to a
large yield.ofxfunctional relationships; (2) it involves a
great number of muscles which, in the majority, are placed near
_ﬁhe surface of the body and present extensive access areas;

(3) finally, it persists in the state of anaesthesia demanded
by most of the experimental procedures.

Inevitably fhese introductory remarks fto some extent
draw on the conclusioné and insight which has resulted from the
detailéd study of our subject, but this fact has seemed to us to
be helpful in putting ofer the basic features of the present
work.

Muscles generate mechanical actions because, when

zeited, their fibres tend to contract and thus to move thelr

O

respective attachment points towards each other or, if this
movement is opposed, to apply a tensile force between them.
Turthermore; the amount of contraction of the muscle is directly

related to the amount of nervous cxcitation it receives and this,

in turn, is subjected to feedback conbtrol adjustments vhich kesp
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the muscle contraction within converient physiolpgiéal bounds
(Merton, 1964). One of the aims of the present study is to
establish o basis on which this neuromusculér activity in the
respiratory apparatus can be related in a significant manner
to the ﬁechanical performance to which it leads.

The electrical.activity in both the nerve and the muscle
fibres can be recorded directly and, at lesst in the effector
pathways, be easily related to each other; but the direct
survey of neuromuscular activity throughout the system does not
in itself satisfy the réquirements we have formulated above
because it will nof, in general, reveal the underlying phenomenon
which is respoﬁsible for the recorded values. In order to ais~
cover this functional architecture, the respiratory apparatus
.will have to be studied as a machine and tuis machine defined in
such a way that the levels of mechanical activity - which must
occur throughout it in order to bring about the desired move—
ments and load responses - can be deduced by direct application
of the principles of Méchanicso |

The movements which occur in the respiratory apparatus
are, however, anything but easy %o model. To begin with, its
structures possess a great deal of flexibility as illustrated,
Tor instance, by its capability to respond to postural demands
and 1ts posséssion of large contractile membranes, such as the
d;aphragm and ﬁhe abdominal walls, which can easily accommodate
'appreciable amounts of deformation. This relatively large freé—
dom of movement mskes it impossible to predict, from purely
geometrical considerations, the changes in fheir configuration

which take _Place as the respiration procesds. Furthermore, in

t
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a healthy animal, the movements of the individual structures
tend to be closely controlled.by the concerted contraction of
the respective muscles and are generally kent to a limited
amplitude well within its range of frece passive movements; tﬁis
is strikingly illustrated when, for instance, one of the inter-
costal nerves‘is severed and causes the widtn of the respective
intercostal space to i.icrease to its full passive value under
the stretching action of the remsining active spaces. In any
description of the kinematics of the respiratory apparatus,
'.therefore, the muscular control of the movements must be taken
into account alongéide constraints of =2natomical or of any other
nature; this fact means that, whatever the mechanical actions
the respiratory apparatus is performing, the muscles sre con-
_trolled by the nervous system ih a manner which is relevant to
that very performance. ”

The mechanical actions performed by the respiratory
apparatus are far from triviai. To take again the example of
the rib cage, Alexander (1929) showed in dogs that if intercostal

' nerves on one side of the body were cut, the parastérnal region
of the same side of the éhest wag sucked in by the transmurai
pressure. This fact reflects the shell~like properties of the
rib cage which enables it to resist much higher lcads than would
bé possible simply on the basis ol its thickness and, at the same
time, keep it light and capable of performing the respirstory
.hOVements. In terms of the internal stress distribuﬁioni &
shell-like sfructure is a very complex vhenomenon snd, if the
cage muscles take active part in bringing about this effect,

a great deal can be expected to be learned about the properties
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"of the nervous control of its muscles by a close study of the
mechanical performance of the rib cage. The same can, of
course, be said about the remaining structures in the résPiratary
apparatus. |

The aim of the present work is‘to contribute to the
establishmenq of the basic groundwork on which the study of
this generalised mechanical performance of the respiratory
apparatus can be based., |

The first contribution in this area consists of the
deve lopment of a iiethod of stereorecording of film sequences,
which makes possibie the three-dimensional characterisation of
the movements of the trunk walls., This method, together with
X~ray photography, defines in great detail the movements per-
"formed by the different structures which constitute the external
respiratovry apparatus; and, because these movements are so
dependent on the activity of the respective muscles, their
detalled description is fundamental to the understanding of
mechanics of breathing; The kinemstic data are then used in
conjunction with anatomical facts to interpret the extent and
character of the participation of each structure in the overall
movements of the external -respiratory apparatus; from this
analysis, the basic features of models.capéble of representing
the mechanical properties ol each structure are developed.

e

-
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¥ CHAPTER 2.0
SURVEY OF THE MECHANICS OF THE EXTERNAL RESPIRATORY APPARATUS

2.1 - INTRODUCTION

This chepter is dedicated to the review of the main
aspects of the work done up to now in the field of the mechénical
characterization of the external respiratory spparatus, work vhich
has taken place for the wmost parf within the framework of the
pressure-volume analysis approach.

| -This pressure-volumé approach is a natural consequence
of the historical evelution followed by the study of the
respiratory function: alr is the central vehicle in the
respiratory pirocess and, naturally, this fact led to an early
interesgt ih the study of the associated fluid mechanics, an area
of the science of respiration which has been thoroughly invest-
igated., Other aspects of the external respiratory mechanics,
such as the movement of the rib cage and of the abdominal walls,
the distribution of muscle tensions, the coordination and control
of the action of the different muscles, etc., constitute problems
which are too complex to be tackled with the tools which have so
far been available %to the researchers in this field. The
pressure-volume analysis, reformulated just after the secona
world war (Rahn et al., 19i46) and consisting of an extension of

the concepts of fluid mechanics to the study of the respiratory



- 5..

" apparatus, svpplied a much needed means of characterization of
the méchanical behaviour of this system and mads possible a
rapid expansion of ics quantitative study. The key to this
form of analysis is the experimental fact that the respiratory
system, when in a passive or relaxed condition and in spite of
its structural flexibility, behaves in a reasonably consistert
manner for displacements around its equilibrium point; it is
this circumstance that confers the pressure-volume analysis the
meaning and power it possesses. In spite of its achievements,
however, the preSsqre—VDlume approach is still severely limited -
in the range of problems concerning the mechanics of the external
respiratory apparatus which it can handle. In particular, this
analysis is based on the integral concepts of pressure and volume
-and does not pocsess the means to relate quantitatively those
concepts with the geometric dcfinition of the structures which
materialize them, This point will be raised again in the next
section bf this chapter, where it will be shown that there is no
~ one-to—-one relationship between a given pressure-volume contour
diagram and the geometry of the 'chamber! which produces it, In
this sense, therefore, the pressure-volume analysis is scriously
nandicapped, thus eXpiaining why the mechanics of respiration
based on this type of analysis has been unable to establish s ‘
link between the nervous control of the muscles and the
_mechaniéal actions which such control causes them to take.

New approaches are therefore needed and they will have
to be based on a detailed study of the machine components them-

selves. For this reason we have included in this chapter a



" section devoted to the work done on the kinematic and kinetic
characterization of the breathing spparatus and another section
dealing with the nervous control of the respiratory muscles,
both of which are essential to the development of these new

approaches.



agssess

2,2 ~ THE PRESSURE-VOLUME ANALYSIS

2.2:1 - Introduction

The use of pressure-volume or indicator diagrams to

the overall performance of thermodynamical wmachines is

‘a long established practice. Figure 2.1 represents the thermo-

dynamical cycle of a reciprocating gas—compressing machine vhich

we have chosen because its operation bears a reasonable recsemblance

vi )
|
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Pig. 2.1 -~ Thermodynamical cycle of a reciprocating compressor:

(a) disgrammatic representation of the machine
cylinder; (b) corresponding pressure-volume
indicatbor diagram.

to that of the respiratory machine; the axes of the pressure-

volume diagram in figure 2.1 are orientated in accordance with

what is usuzlly the practice in respiratorj_mechanics.

The diagram of figure 2.1(b) represents the theoretical

path followed in the P~V plane by the point representing the

state of the machine throughout its basic ecycle of operation.

Starting with the picton in its outermost position (1) = and the
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cylinder full of gas let in by the aduission valve (4) - we
drive it towards its innerﬁost position (3); therefore tracing
out the segmeﬁt 1-2 of the diagram which represents the gas
being compressed in the decreasing volume, When the piston
reaches point 2, the built up pressure is sufficient to open
the exhaust valve {B) and no more compression takes place for
the rest of the forward excursion of the piston which ends at
point (3); During the phase 2-3 & volume of gas equal to (VE‘VB)’
i at a pressure PM’ is delivered out of the machine. The reverse
journey of the piston, 3~li, first closes the exhaust valve (B)
éhd then proceeds to decompress the remaining gas.until a8 volume
Pm is reached and'the admlission vaive is opened; phase bL-1,
corresponding tp the admission of gas, is then initiated and
ends again at position 2. The values Py and Py, the limit
Pressures are determined by conveniently spring loading the
admission and exhaust valves. The work done on the fluid by the
piston when it moves from Xg to 3, against a varying pressure

P(x) is given by:

P{V).av (2-1)

where A represents the constant area of the cylinder, Hencse,

by applying this definition to the entire cyele or paris of it,
it is possible to work cub all the power and energy relation-



ships pertaining to this machine.

vhen the machine 1s relatively simple, the pressure-
yriume disgram can provide some further information, mostly of
ausiitative nature, regarding particular aspects of the machine
periormance. The dotted linec between points 2 and 3 and points
4 andg 4 in figure 2.1(b), for instance, represent a type of
sipstortion which is identified as 'throttling' and is caused by
tie reduction of the fluid pressure in the connecting ducts once
“low is started by the opening of the respeciive valve; this
affect depends, in extent and signal, on the velocity of the
=iuid flow =nd, therefore, on the speed of the piston movement.
and it is slsc guite often possible to use the Gistortions of
the pressure-volume disgram to diagnose minor fanlts in the
"parformance of the machine which are not visibly shown up in
any other way. However, the scope of the pressure-volume dizgram
se 2 teol for the characterization of the global performance of a
mteinine 1s restricted to single chamber systems., If we consider,
Jer instance, a simple machine comprising two cylinders similar
o hat of figure 2.1, it is eaéy to see that the individual

#

A&rame, while preserving their usefulness as means of character—

wh
Suon

LX)

R ol :

#-1§ each cylinder as a component part, cannot be blended to-
sv g * % . - . .

#nster into something which would meaningfully represent the

» #1231 performance of the complete machine. Finally, even in

{4
[WN

L ) . .
Truast cnamber systems, the possibility of interpreting the fine

e

“"::,-’s-::;"‘ 'l - o » Y L] =2
4~ ©1 the disppram in terms of the hehaviour of individusl

(R

"UTHYE in fhe machine quickly vanishes when the complexity

Ea
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“hine increases,



2.,2,2 - Passgive pressure-volume relationships in the
external respiratory system

The diagram of figure 2.2(b) represents (Agostoni and
Mead, 196L; Rsghn et al., 1946) the typical static pressure-
volume chsracteristic of a human subject obtained under con-
ditions of muscular relaxstion. It relates the volﬁme-of the
aly space, expressed in percentage of the vital capacity (ve),
to the air pressures which must be created in that space in order
to force, passively, the walls of the respiratory pump to en-
compass that volumé; the pressures are measured with respect to
the pressure at the body surface which is taken thus as zero
pressure. As the diagram shows, there is a mid-point position
_of equilibriuwm, defined by zero relative air pressure and V,
relative volume, in which the system tendé to stay if undisturbed.
The existence of such an equilibrium position is essentially the
result of the structural make up of the rib cage. The iwo sets
of intercostal muscles; placed at approximately 100° to each
other; will be simultaneocusly at their rest 1ength.on1y for a
particulaf configuration of the rib cage; .if the cage moves
away from this position in either direction, the length of the

set of intercostal muscles which are antagonistic to that move-

[N

ment will be increased, a change which will be resisted by the
e;astic stretching of the muscle fibres. Similarly, the ri
‘cartilages, taken»as a whole, will only be in an unbent state
for a singlé configuration of the rib cage and will be subjccted
to bending stresses whenever the lstter moves away from that

configuration. The combination of all these tendencies results

N



in an overall relaxation point (V, ) which, obviously, is
dlfferent from that corresponding %o the overall system (VR)

and is located at a higher air-volume. At extreme volumes, both
above and below the relaxXation point, other structural elements
such as the ribs proper and the aponeurotic costal linings are
alse brought in to resist the deforming stresses.

" The lowering of the relaxation volume of the rib cage
is the result of the combined action of the lungs and the
diaphragm.s The lungs, &as described later in chapter 3.0, are
permanently stretched betweesn the peripheral end branches of the
respiratory tree and the thorax walls con which, therefore, they
exert an inward recoll tension diresctly proportional to the air
space voiume. The influence of the diaphragm on the fib cage 1is
-a much more difficult mabtter because of its sssociation with the
abdominal muscles and viscerae with which it creates a vepy
complex pneumatic system; this system will be considered again
in chaepters 4.0 and 5.0 and, for the time being, we will more or
less ignore its existence.

The one chamber piston~cylinder system of figure 2.2
represents an imaginary machine which, from the point of view of
volume~pressure analysis, is perfectly equivalent to the
respiratory apparatus. The free piston on the left together
with its respective spring represcents the elastic tissue of the
lungs; ‘the compound piston on the right is designed in such a
way that, when eguipped with the set of antagonistic springs
shown, it behavés in the very same sensé, pressurs~volumewise,
as the compound wells of bthe respiratory system. The coupling

between the two pistons is achieved,; as in the real case, by

-~



—-D0

airway alveolar intrapleural
space space space

l

’

Y IIIIIIIIIIIIIIIIIIIIIIII/IIIIIIII’II’IIII P
N2l 72k d . + P - E—— ‘ —
S PPl = =— MM S AAy = ~Prus
Ro : 1 e
’ e SE——
- =m= ’

L d
| Vi -
(a)

(d)

air pressure
cm Hg O
L) T L L

T
+20 «40 + 60

-60 ~40 =20

Fig. 2:2 Mode! of the respiritory System. (a) spring loaded compound piston and
cylinder model. (b) corresponding overall passive volume-preéssure diagram
Png (V) ana its components (in dotted lines).

Pqiy — air pressure in the alveolar space; Pgo-air pressure at the airway
opening; Ppg—pressure at the body wall ; ] ~static tension developed by
the lung tissue ; Ppye—equivalent tension due to the muscle contraction .,
F.g-static tension developed by the total respiratory system, R, -idem for
the airspace walls; V, —equivalent relaxation volume of the rib cage walls
Vp -relaxation volume for the total system.



means of an air-tight, fluid-Tilled, 'intrapleural space{.
The left part of the chamber represents the alveolar space
which corresponds to something like 60G% of the total air space;
this space is followed by an air duct equipped with transverse
brakes to produce the same fluid flow resistance as that taking
place in the respiratory airways. It is worth noting that the
model of figure 2.2 has no particular merit other than allowing
_us to tie up the properties of the respiratory apparatus - taken
in the context of the present analysis — with a physical system
which is sufficiently simple to be understood; indeeld, there is -
no limit to the number of models which can be built by changing
the geometry, number and characteristies of the individusl com-
ponents énd.by changing the working priﬁciple, and which still
-dispiay the same pressure-volume diagram. We have considered
in our model pressures of two kinds: fluid pressures - Palv’
Pgo and Py, — which are measured with respect to the atmospheric
pressure, and pressures due to mechanical deformation — Fy1> Py
and Pras™

The first group has a straightforward intérpretation
and only Pgqy needs a minor clarification: as we will see later,
the air in the alveoli is kept still throughout the respiration
cycle and, therefore, all the pressure losses which make up the
difference between P ., and P_o take place in the conductive part
.0of the fespiratory tree. The second group of pressures, re- _
presented simply by spring tensions in figure 2.2(a). has a more

difficult interpretation in the real respiratory system. These
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o :
pressures are the scalar( ) equivalents of tensions developzd

in complex structures which are very hard to visualise.

Fig. 2.3 -~ Measurement of the passive characteristics of the
‘ basic compenents of the wodel of figure 2, 3.

Pmus in particulér results from the overall action of the nuscles,
like the infercostal, the abdominal and the bronchial musecles,
whose insertions and functions differ enormously; it will be

"shown in section 2.5.0 that in fact this entiﬁy has very little
or no physical meaning. Finally, Pi’ P,, and Prs represent statie
pressures and characterise passive properties of the respiratory
system, whereas Pp.. and the air pressures represent both static
and dynamic pressures aécording to - the particular oonditions of
each situation.

The disgram of figure 2.3 illusirates a possible mebhod

for the measurement of the component characteristices in the

£ - .
(*) tn order to be capable of algebraic summation with the air
pressures,



ldealized wodel of Tigure 2.2; we are now going to establish

a parallel with similar characterization for the respiratory
system. The lungs may be characterizéd in the manner represented
on the right side of figure 2.3: they are excised and inflated
and the lung volume together with the sir pressure are recorded
simultaneously; figure 2.4, represents the pressure-volume

characteristic of the excised lung of a cat (Radford Jr., 196L).

: voluine (c.c.)
4004
300+ '
200
100-
[ /
’ PR pressure (cm H0)
ol 5 10 s 20 25

Fig. 2.4 - Vblume-pressure'characteristics of the exXcised
Jung of a cat. Adanted from Radford, 41964L.

The Jungs are, however, the only component which can be
studied in such a direct manner. In fact, to duplicate the
‘procedure suggested on the left hand side of figure 2.3 we would
need to replﬁce the lungs in the animal recently killed by .a

lining which would make the thoracic cavity airtight; this is



~
=L O

extremely difficult to do and has noi been done to, the best of our
knowledge. Instead, the physiologists havé found a way round

this difficulty by msasuring the compliance characteristics of

the whole respiratory system Prs = f(Vt). The first method

used for this purpose, the method of the !'relsxation pressure!
(Rahn et al.,, 1946) relies on the subject's ability to relax
completely his respiratory muscles and, therefore, can only be
epplied to man. Other methods using external pressures to

produce thorecic voliume changes, are either based on the assumption
- that the respiratory muscles are relaxed at the end of expiration .
or, again; oh the voluntary muscle relaxzstion. Finally,'the
measurement of the static overall characteristics can also be
performed under snaesthesia (Butler, 1957; iowell and Peckett,

1957) a method which can be easily applied to animals.

2.2.3 - The pressure-vniume plane and the dynamic
respiratory cycle

The respiratory apparatus is s single chamher albternating
machine and, therefore; the pressure-volume plane can be used, as

in scetion 2.2.1, to represent the state of the system throughout

[4:]

the breathing éycle. We mush, however, specify more preéisely
which values of pressure and volume we are to choose Lo define
’the state of the system. Referring to figure 2.2 it is easy to
see, if we néglect inertia forces and take the pressures in an

algebraic sense, that we may write the fpllowing instantancous



equilibrium relationship:

~ Paiy + P71 = (= Ppug) ~ Py — Ppg (2.2)
where:

Palv = alr pressure in the alveolar space relative to
the air pressure in the airway opening;

- Py, = tension (pressure) due tc passive lung recoil;

Ppg = air pressure at the body surface relative to that
at the airway opening:

Pmus = equivalent tension (pressure) due to the active
contraction of the muscles in the air space
walls; -

P, = tension (pressure) due to the passive elasticity

of the air space walls.

-The reason why Pa is affeccted hy a negative sign is

1v
because this pressure is measured with respect to the atmpospheric
ﬁressure and, thefefore, it will be assisting Pl when its valuc
is negative and opposing it when positive; a similaPr relation
exists between Pbs and P
direction shown. Py and Ppygs on the other hand, have the same

mues? the latter being positive in the
character as Py and thnus are also considered positive when directed
inwards, as represented; as we have already seen, it is customary
to lump together Py and P, to represent the static equivalent

passive pressure (Prs) for the total respiratory system:
Ppg = Pp + Py | (2.3)

FEquation 2.2 is not correct in so far as we have omitted

the inertia forces dune to the masses in movement; however, these

are (section 4.3.7) sufficiently small to be neglected and we will

henceforth treat eguaticon 2.2 as expressing exactly the equilibrium



of the forces at play.

It is usual tc adopt the volume of the total air space
as the corresponding variable in the pressure-volume plane
because that is what we can measure directly. Nevertheless, in
dynamical conditions and as a result of £low resisbance ia UL.e
aiPWays, the air pressure ié not constant throughout the entire
air space; furthermore, we have tp take into account that we
aré interested not only in the air‘pressures but alsc in the
équivalent pressure (tension) of those structural elements, like
"the lungs, the thoraci¢ walls, etc., which intervene in the
respiratory ﬁrocess. For these reasons sowme authors (Heaf and
Prime, 195h;: Campbell, 1958) adopted the pleural pressures
(Ppl) as.the pressure variable in the pressure-volume plane, o
variable which can either be measured directly (Agostoni et al.,
1969; Farhi et al[, 1957) or deduced from oesophageal pressure
recordings (Fry et al., 1952; Cherniack et al,, 1955; Mead et
al., 1955; Milic-Emili et al., 196Lb).

Referring again to figure 2.2,we see that the pressure
.to which the pleursl f£fiuid is subjected, i.e. the pleﬁral
"pressure, is given in absoluté value and under the same conditions
for which the equation 2.2 is valid by either member of that
equation; and if we take into account that Ppl is measured with
respect to ﬁhe atmospheric pressure and, therefore, has the same

sign as Pﬂlv’ we may write:

Ppl = Palv - Pj_ = Py + Ppg + _Pmus (2°L")



Fig. 25 Breathing cycle in the pressure-volume plane.
fa) Campbell representation in terms of the pleural pressure;
(b) Rahn representation interms of Ppys-



The closed patiway shown in figure 2.5(a) represents
cne bfeathing cycle in terms of the two variables Vi and Ppl
(Heaf and Prime, 1954; Campbell, 1952)..

It should be pointed gut that the closed loops in
figure 2.5(a) as well as that in figure 2.6 have shapes which’
were chosen for convenience of illuetration; in practice, their
shapes vary from animal to animal and with the conditions of
bpeathing. |
| The two points A and B where the dotted line - Py(V,)
crosses the closed loop, and thus where Ppl = - Py, correspond,
according to equabtion (2.&), to conditions of zero alveolar
bressure, i.e., of no pressure drop or girflow in the airway.
Also from the same equation (2.Li) we see that the horizontal
‘distance between the - P1<Vt) curve and the breathing cycle
diagram gives, fér each point, the respective flow pressure-
drop in the lung airways. '

From equation (2.4) we can deriwe a relationshiv between
the tension developed by the thoracic wall muscles and the values

- measured for the pleursl pressure:

Phus = + Ppl

- PbS . ’ (2~ 5)
Applying this relationship to the Cigure 2.5(s) where
Pél and Py are supposed to?be known as a Tunction of the total
.air space volume, Vi, and ?bs is considered egual to zero, we
obtain the loop shown in figure 2.5(b) which constitutes the

Rahn representation of the:breathing cycle and expresses the

‘ K
equivalent tensions of the thoracic wall muscles as g functicn



of the total volume Vi thrqughout the entire cycle., 1In figure
2.5(b) we represent both cjcles and the line Py = (Vi) which
relates the two of them whqn Ppe = 0; the points Ay and By
correspond, respectively, ﬁo the points A and B in the Campbell
representation. | |

From the equatione (2.4) we can write fhe alveolar

-

pressure in the following tWO ways:

Palv = Ppl +:P1 (2.6)
and:
: Poiy = Pous + (Py + Pyp) + Ppg
=Prus * Prs + Ppg _ (2. 7.)
Therefore, Palv is zero, and nec air flow takes place, whenever:
or: _
Prous = "ﬂ(Pré.- Prs) (2.9)

two expressions which are éompletely equi%alent, In the figure
2.5(b), where we consider Pps = 0, the line - P, = f(Vt)
represents therefore the set of points of the pressure-volume
plane for which there is no air flow in the respiratory éirways;
musc;e pressures to-the right ¢f this line produce cxPifatary -

flows (P > 0) and pressures to the left produce inspiratory

alv

flows (P

aiv < 0).

»
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2e2.1) = Alrways ©luid mechanics

We have already seen that Pgqys the air pressure in the
alveoli, differs from the value of the air pressure at the air-
way opening, Pg,s by an amount which represents the pressure
drops in tha respiratory tree due to the air flow. The air in
the alveoli can be considered perfectly still with the gas
exchanges taking place by diffusion and not by mass transport;
iherefore, the fall in pressurc associated with the air flow will
occur exclusively in the iracheo~bronchial tree, For the most

. part of this tree the flow is laminar and the preséure losses are
simply proportional to the air velocity measured in un ius of
volume per second {flow); in the upper airways and in the
‘initisl generations of bronchi the flow becomes turbulent above
a certain air velocity and thus introduces an extra loss com—
ponent proportional to the square of the f£luid velocity. The
relationship between theseIVariables is in generalldetermined
experimentally and produces results of the fprm shown in'equation
"(2.10)- which was computed (Mead, 41960) fo:r the human respiratory
sys tem: ’

| ap = 2.5 (&) 4 2,3 ¢ )2

=

as

(2.40)

n:ln-

In this egquation V is expressed in litres, % in secends,

AP in centimetres of water and the two coefficients are adequately

dimensioned to guararitee the consistency of the equation. The
pressure loss AP relates the alveolar pressure; Pgjys and the
D

ressure at the ailrway opening, P,.» in the following manner:

Palv = Pag =~ AP (2.41)



This pressure loes has the sign of the fluid flow andy
therefore, is négatiﬁe in inspiration (P31§<1Pao) and positive
in expiratior. |

The lungs are stretched between the thoracic walls and
tﬁe peripheral branches (bronchiscles) of the respiratory tree,
stretching which éives rise to Py the passive lung recoil tension,
This same tension is of course also felt b& the iracheobronchial
tree and eauses.it to undergo a certain increasse in its radial

‘dimension as measured with respect to the base of the traches;
this stretching is.resisted by the smooth bronchial musculature.~‘
On the other hand the pressure losses AP are transmitted to the
walls of the respiratory ducts as longitudinal friction forces
which, therefore, alternately help and oppose the strefching
.action due tovPl.

It 1s common practice in respiratory mechanics to con-
sider a phase plane relating the air volume (Vi) and its deriv-
ative (%%t), on fiow, gnd to represent in such plane the path
followed by the system through the full breathing cycle, as
. exemplified in figure‘2,6. '

The prinecipal merit of such s diagram resides in its
ability to relate in a very suggestive manner the changes in air
voiume and in airflow which occur during the breathing cyecle;
this idea can be extended a step further (Fry and Hyatt, 1960) by

.associating the three variables,volume, pressure and flow in a
thPee—dimehsional diasgram. We should, however, keep in mind that
the diagram of figure 2.6, as well as the data Trom which it wase

deduced, refer almost exclusively fo the dynamics of the air flow
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Flg, 2.6 = Air flow phase plane and corresponding cyule for
: the system whose pressure~veolume dlagram is
represented in figure 2.5, The air flow Vi = avy
is measured at the airway opening and is - 4F
considered positive in expiration. .
in the respiratory tree and has a very limited bearing on the

mechanical behaviour of the rest of the breathing apparatus,

2.2.5 ~ Abdominal pressure distribution

The abdominal viscerae, together with the peritoneal
liguid in which they are floating, consituté a sort of compressible
fluid (Duomarco and Rimini, 1947) which £ills completely the
abdominal cavity and has 2 markéd influence on the disitribution
of pressure throughout that cavity. Ia order to clarify the in-
fluence of‘the gravitational forces developed in the mass of this
1f1uid'! on the pattern of pressure distribution inside the abdomen,
‘we organized the diagrame of figure 2.7 which illustrate, for
static conditions, the genesis of those patterns. In phase (a) a

simple column of fluid is shown in order to represent the fact

that the difference in hydrostatic pressure between its top and



bottom is constant and equal to the height of the column times
the specific gravity of the fluid. In phase (b) the same
column of Ifluid is placed inside a container openesd at the

bottom end; at this end the absolule pressure is p the

a tm’
atmospheric pressure, and therefore the pressure at the top of
the column is (Pg Peipig)e In phase (c) the column of flaid
is inside a container which is ciosed with an elastic membrane
aﬁ the bottom end and opened at the top end where the absolute
pressure is therefore Py tm’ at the membrane end the fluid is
in equilibrium under the combined action of its own weight; the
tension deveioPed by the membrane and the ztmosgpheric prcéssure
acting on both ends 6f‘the colnmn, In order to gilve an approx-—
imated idea of how these forces combine(*), we have drawn the
‘additional diagram where the membrane is represented by twe
stretqhed strings Jjoining together at the centre and developing
a tensile force, p,, whose vertical component balances the othér

forces:

2 Pm COB o = (Pflujd’!"patm) ”Pa‘um ) (20 ﬁﬁ)

The pressure exerted on the bottom surface of the f£liuid
at this cenire point is obtained by adding up the atmospheric
pressure and the membrane tension:

Phottom = Patm?? Pm COSa . P
= Privig * Patm - - (2.12)

The pressure disiribution along the length of the

e

% . .

( )A more accurate description of how thesc membranes stresses
are gencrated 1s given in Appendix A.H. See also section
5.4. 4,
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Genesis of the pattern of static abdominal pressure distribution.
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cplumn is shovm in the accompanying grabh. In phase (d) a

Pig. 2.7 - Genesis of the pattern of static abdominal pressure
distribution: (a) free column of fluid; (b) fluid
in a container opened ai the bottom; (c¢) fluid in a
container opened al the top and covered by a membrane
at the bottom; (d) closed container with membrane
cover at the bottom; (e) container closed at both
ends by a membrane, the top one of which is subjected
to negative pleural pressure; (f) coptainer with a
cross-section similar to that of the abdomen.
Explanation in the text.

h- fluid column height; p o atmospheric pressure;
Phottom~ resulting pressu?é acting on the boitom
surface of the fluld; pyg- tension developed by the
top (diaphragmatic) membrsne cover; Py~ idem for

the bottom membrane; 1~ negative pleural pressure;
DPiop~ resulting pressure acting on the top surface of
the fluid; Ppiyig— Welght of the total fluid column;
a,B~- angles made with the vertical by the vectors
which represent the internal membrane tensions; v —
specific weight of abdominal fluid; Ap- residual fluid
pressure at the top of the column.

siﬁilar procedure is-followed to find the absolute reference of
‘the pressure at the bobttom of the column. We see thal, this
time, the tension developed by the membrene can be greater or
.smaller than the value needed to balance the weight of the fluid
column. If the membrane tension is greater than this balaﬁce
value, the fiuld will be sﬁbjected to a bias compression stress,
Ap, which adds to the hydrostatic pressure component throughout
ihe fluid mass; when, on the other hand, the membrane tension is
rsmaller than that value; Ap 1s negative and its absolule value may
be anywheve.between zero and the maximum (Patanfluid) which
occurs for zero membrane tension., We, therefere. see that by

controlling the state of internal tension of the membrane the



'vglue of Ap, and with it the location of the pressuré diagram
along the pressure axis, can also be controlled. In figure
2.7{e) the'tep off the container ie now replaced by a membrane
subjccted Lo a negative pressure Ppie The pressure distribution
is identical to that of the previous phase with the single |
difference that the value of Ap is now conditioned by both tcp
and bottom membranes. Finally, in figure 2.7(f), left and

right, we represent a sagittal cross—section of the abdominal
compartment with the pressure resction of the fluid on the walls
represented by inward and outward going arrows according to its
direction, In the diasgram of the left, Ap is positive snd the
fluid reaction is also positive everywhere with a minimam value
Ap at the top and a maximum (Pequiat Ap) at the bottom; both of
‘which are not directly dependent on the external pressures Patm

. O Pp1. The diagram cf figu;e 2.7(f), right, shows the case

when the bias pressure Ap is negative, a situation which oceurs
when the bottom membrane tension is not able to withstand the
pressure (Prigia=ogtm)and gives in; in these conditions, the
abdominal fluid leowers in the compartment enough to build up, at
ifs top surface, a negative bias pressure which is in equilibrium
with ppl and pye Because Ap depends on p,, and on Pg it cannot be
computed without the knowledge gf the shape énd properties of the
membrane or membranes which constitute the boundaries of the
abdominél compartment; this computation as it will be shown in
chapter 5.0 constitutes quite a difficult task, It is, however.
possible {o measure;Ap experimentally and, once this 1s known,

the distribution of siatic pressures throughout the asbdomen can



'bg deduced from it and the knowledge of the ghape of the abdominal
cavity and the density of ites filling fluid; In practice the
gastric pressure is the quantity which is measured and from it
the value of Ap ~ considered as the value of the abdominal
pressure af; tﬁe cauéal surface of the diaphragm -~ can be computed
i1f we neglect the tonus of the stomach and changes in the differ-
ence of the hydrostatic levels of the two organs throughout the
pespiratory cycle. And, finally, if Ap is knovn and if the
| pleurgl pressure is also known, the vélue of the ftransdiaphragmatic
pressure, givexn by their algebraic sum, can be computed. h
The 'distribujbion. of the fluid pressure in the abdominal
cavity is strongly influenced by the animal posture (Duomarco and
Rimini, 194b and 1947; Agostoni and Mead, 1984) but the
diagrammatic analjsis of the figure 2.7 is slways applicable
with minor adjustments. Also, under dynamic conditions due not
only to the respiratory movements bul to displacements of any
other origin, inertia forces will be developed which have to'be
taken into sccount together with thoge of hydrostatic origine.
It has been established (Agostoni snd Rahn, 1960) that, for a
given pbsture of the boéy, the gastric preséure varies with
respiratory air velume in an acceptably consistent manner; algso,
as a result of the small range of absolute values covered by the
_abdominal pressures throughout the respiralory cycle, the volume
encompassed byﬂthe ahdomen can be treated as being approximately
constant, These {wo facts have been taken advaﬁtage of (Agostoni,
1961; Milic-Emili ef al., 196L4a) to characterize the abdominal
compartment, in a pressure-velume sense, in the same plane as the

thoracic compartment,



2.2,6 - The pressure-volume znalysis and the work
of breathing

The fact that areas in the preésure—volume plane havé
the dimensions of Work, has suggested ﬁhe prossibility of deduc~
ing, from the area delimited by the breathing cycle contour, the
amount of work involved in the respiratory act (Fenn, 1951, 1963;
Otis, 196L4; Otis et al., 1959). However, the relationship
between these two entities is not as simple as it may seem. The
first point whick has to be considered refers to the fact that
the pressure and volume represented in the diagram must be con-
sistent; i.e., must aﬁﬁly to the same physical entity, in order
to produce ﬁeaningful results. In the case of the Campbell and
of the Rahn representations of figure 2.6, for instance, this
.éondition is not satisfied in so far as they relate the volume of
the total air space with, respectively, the pressure in the

pleural space and the fictiticus muscular pressure Pmu s both of

s
which are external to the air space; the pressure in the air

space ranges from Pao to P (equation 2.41) while, on the other

alv
hand, the volume changes undergone during the breathing cycle by

~ the pleural space are negligible and those undergone by the

entity to which the pressure Pmus refers are too obscure to be

worked out. Indeed, it is not possible (o obtain any really

(@]

méaningful measure of the work done in the breathing act from
either of' those representations of the phase plane., The only
fraétion of the work done by the respiratory musculatﬁre which
could possibly be deduced from pressure and volume considerations

is that which refers to the flow of air in the airways: by a



detailed'study of this airflow in the upper zirways and
respiratory trec, to ﬁhich it is confined,‘iﬁ would be possible
to obtain the information necessary for the computation of the
energy spent in promoting such fiow.

The authors we have quoted above used the Rahn
representation of the pressure-~volume diagram to perform their
calculaﬁions aﬁd; therefore; they obtain the amount of work
which would have been done on the inhaled air if this air had
Been subjected to a mniform pressure equal to Ppy,g. The value
thus obtained is obviously larger than thal which would be
obtained frem the computations we have just suggested but, even
80, it is only a minor fraction of the values deduced from
measureménts of oxygen -consumption {(Campbell et al., 1958;

Fritts et al., 1959; killic-Emili and Petit, 1960). The reasons
for this discrepancy stem from the fact that the pressure-volume
diagram can, at the mbst, acbount only for the energy expcenditure
involved in overcoming the resistance to the air flow in the air-
- ways and the passive elastic forces by which the respiratory
apparatus resists movement. ‘The fach thaf, Tor instance, the
respiratory muscles are responsible for the structural integrity
of the rib cage - a task which creates much larger demands on
power - is not considered at all, This problem which will be
dealt with in later chapters can be bricfly considered in the
following manner: in the cylinder of figure 2,1 we take for
granted the physical stability of its walls and, therefere, do-
not need to consider”the energy necessary for keeping them from

collapsing, buckling or bursting; the pressure-volume relation-
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ships to which the fluid is sﬁbjeéteﬂ thus describe complétely
all the energy exchanges which take place.‘ In the case of the
chest wall icylinder', on the other hand, energy must be spent
in keeping the walls from collapsing under the action of the
negative transthoracic pressure and the abdominal and other
muscles;  therefore, the respiratory musculature must not only
supply the energy absorbed via the air in the airspace as
described by a pressure-volume diagram, but also the energy
involved in the stabilization of the walls. By fcollapse’! of
the cage walls we understsnd the fact that the ribs would not
be able to méintain their elevated insgpiratory position and weould
rotate towards the column'with the consequent reduction of the
total VOiume encompassed by the cage.‘ This effect is neatly
‘shown in the experiments described in chapter L4.C and relating
to the application of Flaxedil., It has also been shown
(Alexander, 1929) that when the intercostal muscles are sectioned
in anesthetized dogs, the parasternal region of the chest actually "
sinks ‘in under the load represented by the negative pressure pro-
duced by the movements of the diaphragm.

The parallel of the situation described for the rib
cage can be illustrated with respect to the device of figure
" 2.8; in this case the walls of the cylinder would be made semi-
flexible and extra work would have to be done to prevent them

from deforming under the pressure developed inside it,



Fig. 2.8 -~ Reciprocatingjcompressor of figure 2.1 built with
a thin walled cylinder.

Finally, we could further illustrate the complexity of
fﬁe relationship which exists between the fluid pressure-volume
diagram and the activity of the muscles which power the breathing
act; by noticing that where the diagram of figure 2.5(b) is
liorizontal -~ and, therefore, the change of pressure takes place
at constant volume - the work done on the fluid is nil, whereas
‘the chest wall muscles will have to alter the number of contracted
muscle fibres in order to mez! the varying stress produced by the
transthoracic pressure, There are, then, changes in the work done
by the museles which are nct accounted for in the diagram and, as
the energy spent by the muscles is conveftedjrmoheat and is not
fécoverable, a’large energy expenditure can take place all round
the Rahn respiratory cycle without leaving any trace in it. The
structural duties performed by the respiratory muscles are not

imited to maintaining firm the respiratory 'cylinder' and include



those which result from postural deme::ds, locomotion, inertia
forces due to mass accelerations, etc. ; none of these duties

are taken into account in the pressure-volume diagram.
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2,3 - THE MBECHANISIS APPROACH

2.3.,1 = Introduction

The recording and study of the'movements of the external
respiratory apparatus has so far deserved a limited attention in
respiratory mechanics. The generalized acceptance of the
pressure-volume approach, which does not create a serious demand
for the kind of information such studies could provide, and the
non existence of an alternative mechanisms~minded approach which
would depend on such information, sre the main reasons for this
lack of interest. Some work has been done, however, mostly in
connection with the three basic constituents of the external
respiratory spparatus - the rib cage, the diaphragm and the
abdomen -, and the purpose of this section is to describe it

briefly.

2. 3.2 = Mechanics of the rib cage

The first attempt to interpret the action or the inter-
costal muscles, responsible for the movements of the rib cage,
is due to Hamberger {Agosbtoni, 1964) and dates {rom us far back
as 1748. In Hamberger's analysis, the ribs, articulated at the
costovertebral Jjoints and at the .sternochondral joints, are
acted on by the intercostal muscles as shown in figure 2.9 for

the case of the external intercostal muscles., The force of

contraction § acting at B on the rib AC can be replaced by a
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Fig. 2,9 - Action of the external intercostal muscles.
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force @ = g;g%gg;g_ acting at C which produces the same torque
at A if the rib is assumed rigid; similarly, the tension Q
acting at E can be replaced by a force Q2 = QLEEEELQ acting at
F. The total force acting on the segment c¢f sternum 5@, also
supposed. rigid, is therefore the difference (QZ—Q1) which pro-
duces a torque M = Q. sin «, (b-a) acting s shown in figure
2;9, i.e., tending to rotate the rib in a counterclockwise
direction. In an identical manner the internal intercostal
muscles produce a clockwise acting torgue,

Hamberger's analysis, correct as it is, is too limited
to take into account the fact that the rib cage is neither a
planar structure nor is it limited to.a single intercostal space.
Inde=d, the tackling of the global problem posed by the mulbi- |
) clement three-dimensional structure,which the rib cage is,can
only be-ﬁone hy the methods of‘ﬁhe modern analysis of clhruclburcs.
These are the reasons why this subject has been practically
'iénored by the researchers in the mechanics of breathing; only
few isolated efforts have been made to record the mcvements of

the rib cage (Agostoni et al., 1965; Agostoni and Mognoni, 1966;

Jordanaglou, 1970; Konno and lead, 1967; Folgar, 1949; Wade,
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1954) but even these consist of limited observations of basic
kinematic relationships and represent no attempt to tackle

guantitatively the global phenomenon of the rib cage movement.

- 2.3.3 = Mechanics of the dlaphragm and the abdomen

VThe diaphragm is a musculo-tendinous dome ihserted
around the lower margin of the rib cage and subjected to the
negative pleural pressure on its cranial side and to thg
pressure exeréed Yy the abdominal viscerae on its caudal side. To the
‘best of duf nowledge no theoretical agnalysis of the elastic
membrane.behaviour of the diaphragm has been made so far and
‘only plain X-ray kinematic recordings have been done (Dally,
1908; Herxheimer, 1949; Keith, 1907; Wade, 1954; Wade and
Gilson, 1951).

The abdomen constitutes an inflatable structure limited
by its lateral muscular walls, the vertebral column and the
diaphragm and filled by the abdominal viscerae; this inflatable
structure acts as a stabilizer of the lower circumference of the
rib cage and its wall muscles are antagonistic of the diaphragm
in the respiratory movements. The references given zabove con-

/

tain also most of the work done in this area.
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2.4 - THE NEURAL CONTROL OF THE RESPIRATORY NUSCLES

2.4.1 ~ Introduction

The fact that the muscle fibres have to be triggered
into contraction by nerve action notentials makes the neuro«"
physiology of thé respiratory apparatus in general, and of the
external respiratory apparatus in particular, a very central
issue of the mechanics of respiration. In fact and contrary to
what happens in conventional mau-made machines where the move-
ments of the different component parts are geometrically deter-—
mined, the movemeﬁts in the respiratoery apparatus_seém“tohbe} -

debtermined by the way in which the différent muscles are programmed

to contract and only secondarily by the existence of géometrical

‘constraints, When such geometrical constraints exist, as for

instance in the case of the costovertebral joints, they are not

~allowed, within the physiological range of their action, %o

interfere directly in the movements but are, instead, equipped )
with stretch transducers which participate, via compensatory
nervous loops, in the elaboration of the commands issued to the
associated muscles.

In spite of its vital role as mediator of the muscular

action and, therefore, of the movements occurring in the respir-

atory process, the study of the nervous control of the respiratory

_muscles(has developed quite outside the field of respiratory

mechanics and its major contributions have in fact been con-
cerned with the problems of determining the participation of
the different muscles in the respiratory process and of in-

vestigating the existence and nature of central and peripheral
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reflex loops  The task of intégrating this nervous control and
the kinematic and kinetic detzil of the movements executed by
the structures which éonstitute the respiratory machine has nov
been tackled yet. It is our purpose to try to contribute
towards this end through our present work and we have included
this section in order to stress the need for considering the
neurophysiology of the external respiratory apparatus as an

integral part of its mechanical characterization.

2,4.2 - Identification of the respiratory role played
by the different muscles

The methods employed to characterize the respiratory
-fole of the different muscles of the external respiratory
apparafus include the histological investigation of their nerve
fibre supply. the recording of action potential spike trains on
nerve {ilaments which innervate them and the recording of their
electromyograms. Using these methods, the participation of the
diaphragm (Agostoni e% al., 1960; Boyd et al.. 1965; Delhez et
al., 1965; Xoepke et al., 1958; Murphy et al., 1959; Petit eb
21l., 1960; Sant'Ambrogio et al., 1963), of the intercostal
muscles (Bronk and Fergusocn, 1935; Chennels, 1557; Gesell et
al., 1940a, b; Gesell, 1959; Hoshiko, 1962; Koepke'et al.,
4555, 1958; Murphy et al., 1959; Taylor, 1960),.of the abdominal
muscles (Bishop, 1964, 19€7, 1968;' Campbell, 1952, 1957, 1958;
Campbell znd Green, 1953%a, 1953b, 1955; Jones and Pauly, 1957;

Tokizane et al., 1952) znd other respiratory muscles (Bishop,



196L, 1967, 1968; Campbell, 1955a, b, ¢, 1958; Jones et al.,
1953; Jones and Pauly, 1957; ILa Ban et ai., 1965;. Portnoy
and Morin, 1556; Raper et al., 1966) in the respiratory

process has been reasonably well established.

2.14.3 - Integration of the peripheral structures in
the nervous control loops which activate the
external respiratory muscles

| It has been explained, both in the present and in the
previous chapter, that it is only through their nervous
integration and control that the mechanical structures which
make up fhe external respiratory apparatus are brought to per-
‘form as a proper breathing machine. In what follows we review
very briefly the information available to date on the pro-
prioceptive control of the respiratory muscles and anslyse the
two most important peripheral control assemblages, viz., the
'stretch;reflex servo assemblage' and the . control assemblage
of the costovertebral articulation.

The rib cage is by far the most complex moving component
in the external respiratory apparatus, Its muscles are attached
to the skeletal framework made up by the column and by the ribs,
the cartilages and their articulations and, therefore, they have
to be tightly controlled in order to bring about the harmonious
movement ¢f the whole structure, TFurthermore, the rib cage also
Plays a major role in the structural stability of the trunk, a

role which depends on the active contraction c¢f its associated

muscles and which, therefore, must be taken inbto account by the
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centre responsible for the motor confrol.

' There is a great deal of evidence regarding the local
proprioceptive control of the external respiratory muscles sucli
as, for instance, the intercostal paralysis produced by the
section of the dorsal roots of the intercostal nerves (Goombs,
1918; Nathan and Sears, 1960), the finding of stretch reflezes
associated with the intercostal muscles (Euler and Fritts, 1963;
Ramos, 1959; Ramos and Mendoza, 1959; Sears, 1958, 1963, 196ua,
b) and the existence of fast spinal reflex responses to sudden
mechanical loads (Pleish, 194k; Dolivo, 1953). Most of this -
evidence is related to fhe intercostal muscles on which the
structural integrity of the rib cage itself mostly depends and
which aré richly supplied with mechanoreceptors (Barker, 1967;
‘Cooper, 1960; Siebens and Puletti, 1961). The diaphragm,
al though assoéiated élso with the rib cage and strongly involved
in the movements of respiration, is a much simpler structure and
does not seem to possess such an elaborateulocal control; instead,
and in agreement with the fact that its action is mainly con-
cerned with the stretching of the lung tissue, there is evidencse
(Campbell et al., 1961; Head, 1889) of a proprioceptive control
emaniating from higher centres in which the output of the lung
receptors play a very important part. It is not surprising,
therefore, to find that the motor innervation of the diaphragm
is supplied from the cervical area of the spinal cord and that the

number of mechanoreceptors which have been reported in this

muscle (Barker, 1967; Cardin, 1944; Cuénod, 19613 Winckler and
Delaloye, 1957; Yasargil, 1962) is considerably smaller than in

‘ the intercostal muscles. The section of the dorsal roots of the



phrenic nerves causes paralysis of thc diaphragm in man (Nathan
and Sears, 1960) but not in the cat (Sant'Ambrogio eb al., 1962);
the hemisection of the spinal cord at the basis of the brain
causes the paralysis of the hemi-diaphragm on the same side, an
~effect which is removed immediately after the opposite phrenic
nerve is also' sectioned. This effect constitutes the ‘crossed
~ phrenic phenomenon' (Chatfield and Mead, 1948; Dolivo, 1953)
and, although it does not have a simple explanation, it seems to
indicate that the afferent activity of each half of the diaphragm
tends to be inhibitory of the motor innérvation of the other side
(Fleish et al., 1946). |

The information regarding the reflex confrol of the
abdominai muscles has been gathered through the study of the
reflexes elicited by lecal distension of the abdominal wall
(Pike and Coombs, 1917; Rijnbeck, 1937; ZXugelberg and Hagbarth,
' 1958) or by the compression of the chest wall (Ramos, 1959) and
by positive pressure breathing experiments (Bishop,‘ﬁ96u, 1967).
In this iatter case, it was shown that the reflex expiratory
activity of the abdominal muscles is abolirhed completely if
both cervical vagal nerves are cut, or if the spinal cord is
sectioned at low cervical or thoracic level or, finally, if the
dorsal roots from T8 to L3 are interrupted on both sides. These
three means of abdominal muscle paralysis suggest that the
,abdnminél muscles, like the diaphragm, are controlled from a
higher cenitre to which afferent proprioceptive information is
brought via the vagi and the spinal afferent pathways. The
same experiments (Bishop; 1964) also showed that the evisceration

of the abdominal cavity 4id not intcrrupt the abdominal reflexes,



a fact which suggests that the mcdiation of the abdominal
tf1uid' is not necessary for the establishment of the control

reflex. !

The mechanoreceptors on which the control of ﬁhe
respiratory muscles is based consist essentially (Barker, 1967)
of muscle spindles;,; Golgl tendon organs, Pacinian corpuscles and
Ruffini‘endings, both isolated and as components of peripheral
control assemblages. In this chapter we shall only describe
summarily the two most important of these acsemblages, namely
the t!stretch-reflex servo assemblage' and the 'coﬁtrol assemblage
~of the costovertebral joint', the la&ter being'here presented in
a simplified two-dimension version.

J'The concept of a feedback or servo system to control
.the length of muscles was first proposed by Wiener (41948) and
Merton (1951) and a great deal of information on the performance
of these mechanisms has since accumulated (Granit, 1955;\ Hammond
et al., 1956; Matthews, 196L). The evidence for tﬁe existence -
of such mechanisms in the intercostal muscles, first pointed out
by Sears (1958), has been abundantly investigated (Corda et al. s
1965; Critchlow and von Euler, 1965; Eklund et al., 196l;
Buler and Fritts, 1963; Raemos and Mendoza, 1959; Sears, 1963,
196lLa, b).

The 'stretch-reflex servo assemblagef, represented in
the diggram of Tigure 2.10(a), consists basically (Bayliss, 1966;
Buller, 1966; Euler, 1966; Graniw, 1955) of a muscle-spindle
stretch-receptor (2), the muscular motor unit or units (1) which
the spindle controls, the tendon organ receptor (6) associated

with these motor units and, finally., the neural circuitry (7)
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which supplies the servo system of control. The muscle-spindle
(2) consists of a few muscle fibres, in parallel with the muscle
units they control,; and which possess a differentiated central
zone equipped with stretch receptors and contained in a capsule
of cornective tissue; the rate of firing of the spindle
receplors is proportional to the degree of stretching of the
central zone, a siretching which can result either from the
increasing of the distance between the points of attachment of
the fibres or from contraction of these fibres or both., The
Golgl tendon organs are also stretch-receptors located in series
with the muscles fibres whose stretching tension they control by
inhibiting the corresponding nervous input (Granit, 1955).

- The working principle of fthe stretch-reflex servo
assemblage is illustrated in figure 2.10(2). In phase (a4) the
.ﬁuscle unit is contracteﬁ-to balance the loed (9) and the system
is in equilibrium. In phase (a2) the electrical input is in-
creased causing an immediate increase in the excitation of the
muscle spindle fibres (intrafusal fibres) which contract further
and force the rate of firing of its stretch-receptors to go up;
this higher electrical output from the muscle spindle is fed to
‘the 'a=7 linkage processor' and determines an increase in the
contraction of the muscle~unit which thus takes up a further
load. In phase (a3) a2 new equilibrium has been reached, in which
the contraction of the intrafusal fibres is still identical to
that of phase (a2) but, because the muscle has shortened, the
firing of the muscle spindle stretch-receptors has been reduced

to a rate somewhere between thosec of phases {aq) and (a2). The

tendon receptors are not shovn active in this diagram in order to
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_Fig. 210 Stretch-reflex-servo assembiage : (a) operation of the servo system :
1-initial state; 2-arrival of command for increased muscle contraction;
3-final position. (b) Block diagram of the system.
1-extrafusal muscle fibres; 2-intrafusal muscle fibres; 3- Q.- motor f:bres,

4-y -motor fibres,; §-musclespindle afferent fibres; 6-muscle tendon organ
afferent fibres; 7-( a-y)linkage processor ;8- moving bone ;9-load.



keep it réasohably simple, although they are an integral part

of the assemblage. The block diagram of the stretch-reflex-
servo acsemblage is shown in figure 2.10(b) where the thin arrows
represent electrical signal flows and the wide arrows represent
mechanical transduction flows.

A two-dimensional version of the joint-control assembl-
age is representcd in figure 2.11, which shows the two antagon-
istic motor units (2), the synovial joint (u)'and the lateral
ligaments (3). The stability of the joint is primarily guraranteed
by the lateral ligaments and the capsular ligaments of the
sypovial Join%; the movements of the joint are guided by the
synovial Joint but conditioned by the 1igamen£s, both the lateral
ones and-the capsular ligaments of the synovial ﬁoint. These
ligaments which are very flexible, very strong and inelastic
éilow a very smooth movement of the Joint within its physioclogical
range and obstruct completely the movement outside this range.

' There is good reason tc believe (Gray's Anatomy, 41954) that, in
life, the Jjoint muscles are controlled in such a way that the
amplitude of the Jjoint movements is determined by them and not by
the stretching of the ligaments which, indeed, tends to cause a
sensation of pain whenever it occurs; it is of advantage to think
cf the joint as a floating hinging device which is kept centred
through the zsction of its own positioning scrvo system. This
servo is fed with the afferent data, originating in the receptors
6f'the ligaments, and which is processed by the joint control
gystem in such a way that the coordination of the muscles is

properly achieved. VWhen a movement command reaches the processor,

this organ excites the antagonistic muscles in accordance with the
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desired movement, the load on the system and the constraints

represented by the geometrical arrangement of the ligaments,

iy

‘Pig. 2.11 - Two-dimension Jjoint-control assemblage.

1- moving bone; 2~ muscles; 3~ lateral ligaments;
b~ synovial Jjoint; 5= input to the Joint processor;
6~ motor fibres to the museles; 7- afferent from
the synovial joint; 8- afferents from the latersl
ligaments; 9= afferents from the tendon organs;

10~ control processor. -

The mechanoreceptors have been studied in theAcosto—
vertebral joints (Godwin-Austin, 1967, 1969, 1969a) and in the

knee joint (Andrew and Dodt, 1953; Boyd and Roberts, 1953;

Eklund and |Skoglund, 19603 Gardner, 4194li, 1948; Skoiﬁnd, 1956)

of the cat and found to be essentially of two types: the Ruffini~
like receptors of the slow z2dapting type and fast edapting
-receptors sensitive cnly to fthe rate of change of their stretching.
These receptors are located in the 1igéments and monitor all the
parameters which define %he degrees of freedom ofrthe joint:

angular or gliding movements of the joint, pulling away of the



articular surfaces, etec,, are monitored by'receptors in the
ligaments which tend to be stretched by thé movement; com-
pression stresses on the joint are monitored by the receptors

in the capsular ligaments of the synovial Joint, ligaments which
tend to be stretched by the increase of the pressure on the

synovial fluid.

It has been suggested(Hammond et al., 1956) that the

functional role of the stretch-reflex-servo, both in the control
of posture and in the dynamic control of the respiratofy move-
ments (Corda et al., 1965) consists in supplying a length follow
up servo locop which compensates for the loading of the system.
According to this concept; the centre which éommands the stretch-
“reflex assemblage feeds simultaneously the intrafusal fibres with
- a conveniently scaled version of the excitation applied to the
aésociated motor units; - if, because of lozding effects, the
-shortening which results for both intra &nd extra fusal fibres
is not the same, the muscle spindle reccplor firing rhythm will
alter accordingly.and cause the 'a-7 linkage proéessor’.to intro~-
duce an extra component to adjust the muscle tension developed by
the motor unit.

We sec, therefore, that the information passed on by the

controlling centre to thie assemblage expressed length changes of

jol}
]
o
c‘-.-

] 4 a 1, vz [ 4 i, ° {‘1 - hal l'!'V\‘: al »y
the distance between attachment pointe of the metor tnitc an

muscle tension, an entity which plays a role of a dependent

) (* . .
variable' ), The same conclusion is, of course, perfectly correct

- Sz

) .
(*)Muscle tension is directly monitored by the_tendgn organs in

series with the muscle Tibres and whose output plays a role

of negative feedback to avoid excessive muscle contraction.



for the joint-control assemblage of figure 2.11, where the role

of the linear length is played by the angular length of rotation.
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2.5 — SUMHMARY AND DISCUSSION

In the present chapiter the pressure-volume approach to
the study of the respiratory mechanics and the data available on
the proprioceptive control of respiration are reviewed very
briefly.

> The pressure-volume approach is pfesented in such a way
as to emphasize its inadequacy for the mechanical analysis of the
mechanics of the external respiratory apparatus. Thus, the simple
device of figure 2.1(a) is introduced as an exampie of a system i
with only two degrees of freedom: the pressurs, which is constant
. everywhere in the chamber of the cylinder, and the volume of this
~ same chamber which, because the cross-sectional area of the
.cylinder is constant, is proportional to the displacement of the
biston and, therefore, defines in a unique way the position of
all the moving parts which drive the piston or are driven by it.
Provided, then, that the kinematicsAof the mechanisms associated
with the piston are known, the specification of the values of the
pressure and volume of the gas inside the chamber is enough to
\define completely the state of such a machine from both the

thermodynamical and mechanical points of view,

8

The situaﬁion with regard to the external respiratory
apparatus is, of course, quite different: the pressure inside the
t chamber! varies from point to point and the volume does not
correspond to a unique configuration or shape of that 'chamber'.
The simple kinematic relationships which can be postulated for

the machine of figure 2.1(a) and with which the instantaneous



‘positions of all the coumponent parts can be deduced from.that

of the pistor, have absolutely no counterpart in the mechanicsv
of the external respiratofy apparatus., Thus, the movements of
the component structures of this apparatus, the distribution anua
control of the muscular tensions throughout them are, amongst
others, questions with a fundamental bearing on the mechanical
definition of the respiratory act which are beyond the scope of
the concéptual package embodied in the pressure-volume analysis.
Tﬁe introduction of the concept of a unique passi?e or relaxed
characteristic (Rahn et al., 19&6) represents a tentative to
complement this type of analysis with a jerfectly well defined
kinematic framework similar to that described above in connection
with figure 2.1(a). The movements of the respiratory structure,
however, are not uniquely determined but are a result of the
nervous control of thelr respective muscles, contrcl which inte-
grates requirements of postural and other natures and which can,
therefore, present lerge variations. That this is so is borne
out by the dependence of the relaxation pressure -characteristic
on posture (Rahn et al., 1946), the variability of the muscular
contraction patterns producing the same relaxation characteristic
(Delhez et al., 1963), the variability of the dynamic contour
produced in successive breathing cyecles (Petit et al., 1960;

Agostoni and Torri, 1967) and, finally, by the fact that the rib

cage cannot maintain an elevated position or its completely convex

shape, under the transthoracic pressure, without the intercostal
muscles being active (Alexander, 1929). Thus, by posctulating a
'pessive' relaxation characteristic, the pressure-volume analysis

ignores the sophisticated control mechanisms of which this

e ——-—— N I S T G



characteristic, as well as the apparatus dynamical behaviour, are
the end product. This fact constitutes the single most important
reason why this type of approach has been incapable of supplying the
framework on which the neurophysiological study of the respiratory
apparatus could be integrated and interpreted. New approaches,'
capable of tackling simultaneously the kinematic, kinetlc,
structural and control facets of the overall problem have %to be
introduced.

Finally, it should be pointed out that although the
pressure-volume analysis cannot be successfully used for the
study of the mechaniecs of the external fespiratory apparatus,
its role in the clinical applications of respiratory mechanies,
where after all it originated, will continue to be of cerucial

'importance.
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CHAPTER 3.0
ELEMENTS OF THE DESCRIPTIVE ANATONY OF THE RESPIRATORY APPARATUS

3.4 = INTRODUCTION

In the previous chapters it was explained why it has
been decided to approach the study of the mechanics of respiration
from a mechanisms point of view and how, therefore, we need é
detailed characterization of the functional elements involved in

the breathing process; this chapter is intended o provide the

minimum of anatomical data which is necessary to define with

.reasonable clarity the 'machine' we pretend te model. The inform-
ation here presented is based on the avsilable lwerature(*) and
has been organized by articulating tegether those aspects wﬁich
are relevant to our work; the results obtained not only are not
easily accessible in the referred sources but aiso represent the
foundations on which a complete quantitative specification,
similar to what is done in machine design, could esventually be
built for the respirateory mochine. Drawings and diagrams, which
represent already a measure of quantification, were used whenever

possible; with few exceptions, duly acknowledged, these diagrams

Q!

Booth, 1948; Bourdelle and Bressou, 1953%; Bourdell, Bregssou and
Florentin. 1947; Boyd et al.,, 1956; Bradley, 1967; Chavean et -
al., 1903; Cook, 1965: Davison, 1947; Foust and Getty, 1947;
Gamgee and Law, 1862; Gray's Anatomy, 195L; Greenblatt, 195L;
Harrison, 1952; Hyman, 1942; Jayne, 1898; Jouffroy et al.,
1968; Leach; 1961; Miller, 4952; Reichard et al., 19245 Romer,
1955; Sisson and Grossman, 1945; Taylor, 1959; Taylor and
Weber, 1951,
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are original ahd have been checked as well as possible on |
animals kindly made available to us by Dr. T.A. Sears at the
Institute of Neurology, Queen's Square, London, ¥.C.1. The
reason for our involvement in this type of effori resides pre-
cisely in the nonexistence in the published literature of the
kind of detailed illuvstration we considered necessary for the
mechanical characterization of the respiratory machine.

From a mechanisms point of view the respiratory
apparatus represents a reciprocating air pump with a bellows-—
like action. This pump, illustrated in figure 3.2, consists of
a chawmber, the thoracic cavity, limited.by the vertebral'column,ﬁ‘
the anterior part of the rib cage and the diaphragm. Inside the
chamber the alr is contained in two bag~like organs, the lﬁngs,
connected in parallel and in communication with the atmosphere
fhrough the trachea and the upper airways. The motive power is
“applied to the walls of the chamber and causes their geometry,
and therefore the volume they encompass, to change ip order to
produce the desired air flow. For purposes of dnaiomical
characterization the respiratory apparatus is here considered as
being divided into Internzl Apparatus and External Apparatus,

The first of these divisions consists of all the respiratory con~
. tents of the thoracic cavity and the upper alrways and is dealt
with in the firsf section; the second corresponds to the thoracic
and diaphragmatic—-abdominal walls which are describzd in section
‘two in terms of their wusculabure. Finally, seciion three
summarises the basic Information relative o the imnervation of

the total respiratory apparastus.
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3.2,1 ~ Introduction

This section defines the main anatomical features cf the
organs which form what we have called the Internal Respiratory
Apparatus and whose function is teo merform the oxygenation of the
blood. Froﬁ a purely mechanical point of view, however, this
s&stem interests us only in so far as it represents the main
load the respiratory musculature has to over-come and this fact

is therefore reflected in the material presented in this section.-

'3.0.2 - The mediastinum

The thoracic cavity is divided along its sagittal plane
into two sub~-chambers, one for each lung; the septum between
these sub-chambers, called the mediastinum, lodges the oesophagus, -
the trachea, the heart and its associated great vessels, some
nerve and lymphatic filaments and plexuses and, also loose fibrous-
connective tissue., The lateral surface of the mediastinum 1s de-
fined on both sides by a serous membrane which extenas from the
sternum to the . costovertebral joints and from the diaphragm to
the apex of the chambers; these membranes constitute the
mediastinal part of the left and right parietal pleurae which
line completely the inner surface Jf the respectlive thoracic suﬁ-
chambers. At the vertex of the thorax the mediastinum is con-
" tinuous with the deep cervical fascia ~ a fibro-areplar tissue

which embeds the viscerac, muscles and vessels of the neck - and



forms the two apexes in Which the chambers end cranially. This
region of the mediastinum is strengthened by the inclusion of
the rools nf some muscles, e.g., the sternohyoideus, the sterno-
thyreoideus, the longus colli and the scaleni and by a local
hardening of the cervical fasciae in order to withstand the
pressures which are developed inside the chambers. The other
boundaries of the mediastinum ere the sternum, the vertebral
column and the central area of the diaphragm,

The mediastinum is widest in its centre-caudal region
where the heart is located., The heart itself is contained in a
double walled bag, the pericardium, whose fibrous externgl wall.
is so related to the other structures in the mediastinum and the
sternum that it enjoys a firh suspension inside the thoracic
cavity. Firstly, the fibrous pericardium iz continued cranially
ih the outer céating of the great vessels with which it thoro-
fore forms a common sleeving system; secondly, it is attached
to the fleshy part of the diaphragm,the strong coronary and tri-
angular ligaments and to the sterhum by the two sternopericardial
ligaments, looser fibrous structures which are connected one (the
superior) near the sternochondral articulation of the first ribs
and the other (the inferior) near the sternal insertion of the

Giephragm; and, finally, the pericardium is continuous with the

§

tigsue in the mediastinum bto whose structures and

general fib

+3
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boundaries it is thereby related.
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34243 = The pleurae

The pleurae are serous membranes which line the inner
surfgce of the thoracic cgvities and the outer surface of the
lungs; in each cavity the pleura which lines the inner surface
of the cavity - par;etal pleura — is continuous with the plevra -
the visceral or pulmonary pleura - which covers the respective
lung. 1t is normal practicé to consider the parietal pleura as
made up of three parts named according to the area of the chamber
they cover: the medlastinal pleura 1im;ts the lateral surface o?
the mediastinum, the costal pleura placed over the rib cage and
the diaphragmatic pleura over the hemidiaphiregm which forms the
caudal wall of the chamber. Approximately at the level of the
atria of the heart the mediastinagl pleura ~f either chamber
ldevelops a lateral expansion which ensleeves the root of the lung
and continues tc become the visceral pleura of the lung inside
the cavity. Both parietal and viscersl pleurae originate from
the same mesothelial membrane which, in the embryo, lines the
primordizl pleural cavity; the lungs, sprouting from its root
on the medial or mediastinal wall of this cavity, grow to i1l
completely the pleural cavity pushing its outer surface into
intimate contact with the inner lining of the original cavity.
Once in contact, the two pleurae become an active~-membrane systiem
fil;ed with a very thin layer of gas-free pleural liquid; this
‘s&stem constitutes a perfect mechanical transmission between the
chamber walls and the lung surface because, not only does it
provide a tight non-elastic coupling, but it also allows the
surface-sliding, demanded by the lung as it adapts to the changes

in the geometiry of the chamber, to take Place in frictionless
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Fig. 3.1 Respiratory airways of the cat.

1 -~ mouth cavity; 2-nasal cavity, 3-pharynx; 4-tarynx; 5-epiglotlis,
6~hyoid bone; 7-thyroid cartilage; 8- cricoid cartilage; 9~ trachea,

10-cesophagus; 11-primary bronchi, 12-secondary bronchi; 13-tertiary
bronchi ; 14-left tung. ‘
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conditions. This intimate relationship between the parietal

and the visceral pleurae .is interrupted in.a few regions of the
thoracic cavity, where one of them folds together with eXclusion
of the other: the fissures between pulmonary lobes, for instance,
are lined by folds in the visceral pleura, in which the opposite
surfaces of qontiguous lobes create the mechanical coupling des-—
cribed above. Another example occurs at the line of reflection
‘between the costal and diaphragmatic parts of the parietal pleura:
thislline is located so far back with respect to the rim of the
lung (figure 3,2) that those two prarts of the pleura come into 3
contact for an appreciable extent all eround the costal wall,

This contact area, called the .'disphragmetic recess', provides

the room into which the rim of the lung moves when ﬁigher in-
spiratory volumes are needed, i,e., when the diaphragm moves back,
ﬁinally, a similar situation oceurs along the line of reflesction

between the costal and the mediastinal parts of the parietal

%]

leura, giving rise ito the ‘'costo-mediastinal recessi.
1Y

3e 2.4 = The airways

The lungs are in communication with the outside atmosphere
via o system of chambers snd airducts which, not only carry the
airito fand_fffbm the alveoli, where the oxygen-carbon dioxide
'gas exchange takes place, but 5180 participate in the mechanical
performance of the respiratory pump, both directly and through

auxiliary functions. The main components of this airway system,

as‘represented diagrammatically in figure 3,2, are the mouth and



~70~

nasal cavities, _. the phnarynx, the larynx, the bronchi and the
bronchioles; the last two designations refer to groups of

gsimilar elements which, together with the trachea and the larynx
constitute the éonductive zone of what is known as the respirai-
ory tree (Weibel, 1964); the bronchioles are followed peripherally
by the alveolar ducts and sacs: which are already part of the lung
parenchyma.

The air may be taken in either through the mouth or
through the nostrils because their respective cavities constitute
parallel pathways with respect to the pharynx. However, the
nasal cavities are specifically designéd for this role: their
shape is such that the air flow is disturbed and eddies are
‘generated which force the air against the walls where a mucous
membrane lining promotes its purification and corrects its temper-
.éture and humidity, The pharynx is common %o the respiratory
tract and to the digestive tube and constitutes the area where
the food and air pathwa&s cross: from the mouth to the ocsophagus
and froum the nasal cavities to the larynx. The larynx is the
entrance to the tracheo - bronchial tree, which it supplies with
both an anchoring point and an isolating valve system, and con-
sists of a framework of articulated cartilages and the associated
musculabture for 1ts attachment to the siructures of the neck and
head, The main sftructural element of the larynx is the cricoid
cartilage, a strong ring on whose caudal border the trachea is
attached and which provides an érticulated support for the thyroid
cartilage and the two arytenoid cartilages (Taylor and Weber,
1951); the thyrcid and the arytenoid cartilages supply a basis

for the attachment of the thyroarythenoid museles (the true and
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false vocal cords), the ventricul&r and vocal mucous membrane
folds with which they form the glottis or larynx opening. Thanks

to its muscles, the glottis can be shut completely and thue block

the airflow through the larynx; this action is necessary whenever

the intrathoracic or intra-— abdominal pfessures have to be raised
as in defecation, ﬁomitiﬁg, coughing, etc. The aryﬁhenoid
cartilages constitutes also the point of articulation for the
epiglottis cartilage, the organ whose function is to shield the
glottis during swallowing.

The muscles which relate the laryax to the surrounding
structures are relayed to it via a bone- the hyoid bone-~ itselr
connected to the larynx cartilages by muscles and ligaments. The
larynx muscles originate as follows: the mylohyoideus and the
‘geniohyoideus muscles from the mandible, the digastric muscle from
the mandible and the occipital bone and; finally, the sterns-—
hyoideus muscle from @he first costal cartilage. An exception to
the sbove rule is tﬁe sternothyroideus muscle which connects the
thyroid cartilage and the first costal cartilage.

The trachea is a thin-walled fibromuscular tube which
connects the larynx to the lungs: at the approximate level of the
atria of the heart, the trachea bifurcstes into the ﬁwo primary
‘broachi, one for each of the two lungs. Once inside the lungs,
the primary bronchi gencrate the secondary or lobar bronchi
(figure 3.1), one for each lung lobe, which in turn divide again
into the third generation bronchi and so on, for something like ~
fifteen generations. This division process, in which each branch
generates two or more daughter branches of smaller size (in dia-

meter and length), is accompanied by a graduzal change in the
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‘structure of the walls of the branches which eventuslly leads

to the terminal elements or bronchioles. The walls of the
trachea and of the primary bronchi consist of three concentric
sleeves which are, starting from the outside, the fibrous-
cartiiagenous membrane, the sub- mucous membrane and the mucous
memorane, in this order, The mucous membrane or mucosa consists
of a mucus-secreting epithelium supported by the respective
basement— membrane which, in turn, is further strengthened by a
highly irrigated fibrous membrane called the 'tunica propria',
The mucous membrane is continuous all the way from the larynx
right up to the bronchiocles. The fibro- cartilasgeneous membrane,
on the outside of the wall, is made of longitudinal bundles of
'elastic and collageneous fibres in which cartilageneous elements
'gnd transverse bands of smooth muscle fibrus are embeddéd. Finally.

the mucous membrane, made of loocse elastic fibres, constitutes a

c

mechanical isolator between the two previous layers.

If we follow the respiratory tree from the trachea
towards its periphery we will witness the following changes in
the elements of the fibro- cartilagenous membrsne: the caftilage,‘
which up to the level of the primary bronchi have the shape of in-
complete circular rings disposed parallel] ' to each other along
‘the Venﬁral face, gradually change their shape and become smgller,
disappearing completely by the time the bronchioles are reached.
Tbe muscle bundles, initially 1qcated between and attached to the
Eips of the cartilages, became progressively more independent of
the cartilages and revealing more clearly their organizaticn in

helical bands of increasing pitch. The fibrous tissue itself

changes by hecoming increasingly thinner and by developing a



growing number of fibrous connections with the innerlying

mucous— membrane; when the primary bronchioles are reached,

these connections rapidly grow stronger and extend to the
.entire cross- section of the fibrous cartilagenous membrane
whose end is thus brought about by its.fusion into the mucous
membrane of the bronchioles.

The bronchioles, which carry the branching process for
a few generations more, represent the stage in the peripheral

evolution of the bronchial airways at which the fibro-- cartilagen-

s

ousg! | membrane ceases to be present in the wall of the airaucts;wmq
Another very lmportant change alsp takes place at this level:
the bronchi are mcchanically isolated by a sheath of loose
connective tissue - the peribrenchium - inside which they are
free to alter their dimensions, both diameter and lengthwise,
without disturbing fthe surrpunding lung tissue; the peribronchium,
however, does not extend to the bronchioles, whose walls are,
instead, firmly anchored in the pulmonary parenchyma. It is
therefore reasonable to adopt, as we have done in this section,
a mechanical point of view and consider the bronchi as being
external to the lungs and the bronchioles aé the peripherél
attachment zone for the conductive respirstory tree; the
‘ attachment at the other end is provided by the trachea through
tions to the larynx, the mediastinum and the perie-

The conductive respiratory tree is subjected to long-
itudinal traction Torces which arise from the elastlie recoil of

- the lung tissue and, in dynamic conditions, from fluid friction

losses slong its length. These Torces, which are more pronounced
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Fig. 32 Respiratory apparatus of the cat.



at the base and lower costal surfaces of tﬁe lungs, tend to
draw the respiratory tree. in a ventro-caudal direction (Mescham,
1951) and to pull it cut of the apical lobes, thus helping to
‘equalise ' | the degree of inflation shroughout the lung; the
bronchisl musculature, thanks to 1ts helical cenfiguration, is
also able to peinfbrce this effect by contracting sslectively

throughout the respiratiory tree,

Fig. 3.2 Respiratory apparatus of the cat.

Cross—-sections: (a) through a frontal plane; (b) in a
sagittal plane and in vertical planes at the level

(c% of the fourth thoracic vertebra and (d) the ninth
thoracic vertebra.

1- thyroid cartilage; 2- cricoid cartilage; 3~ trachea;
‘h- sternomastoideus m,; 5— sternohyoideus and sterno-
thyreoideus m.; 6- logus colli m.; 7(a)~- anterior sterno-
pericardial ligament; 7(b)— posterior sternopericardial
ligaments; 8~ superior vena cava; 9~ subclavian artery;
10~ innominate artery; 11— acria vein; 12— pulmonary
artery; 13- pulmonary veins; 14- azygos vein; 15- vena
cava caudalis; 16- heart; 47— diaphragm; 18~ oesophagus;
19- root of the left lung; 20(a,b,c,d)- right lung:
aplcal, cardiac, diaphragmatic and intermediate lobes,
respectively; 21(a,b5— left lung: apical and diaphragmatic’
lobes; 22- pericardium; 23—~ mediastinum; 24~ costomedia-~
stinal recess; 25~ costodiaphragmatic recess; 26~ thymus
gland.

3.245 = The lungs

) - The lungs have already been referred to as the two large
organs which £ill the respiraﬁory cavities. When inflsted, both
lungs are rohghly coniecal in shape with a rounded vertex or apex
at the cranial end and a concave, semilunar basis which Ffits the

dome of the respective hemi- diasphragm. The lungs are divided



by deep fissures into lobes, three in the left lung and four in
the right lung which are called, according to‘their relative
position, aond respectively, the apical, the cardiac, the dia-
phragmatic ard the intermediate lobes; the last one, which‘ohly
exists in the right lung, is located bétween the diaphragmatic
lobes of.the two lungs, the heart and the diaphragm. The lungs
are related to the inner surface of the respective respiratory
cavity through the hydraulic coupling described in the previous
section which, not only keeps them from collapsing under the
elastic stresses developed in their own tissue, but allows the
tangential sliding of their surface with respect to that of the
cavities to take place. This freedom of movement is particularly
important on the costal and diaphragmetic surfaces of the lung
'where the walls of the éavity underga the greatest geometric
changes during respiration; together with the division in lobes,
it confers to the lung a great fluidity of movement in filling
the respective cavity. The mediastinal surface of the lung is'
connected to the heart and the trachea by a short, roughly
triangular bridge called the root of .the lung; the roots of the
two lungs are approximately aligned with each other, one on cach
8ids of the heart at the level of the respective atrium, The

‘root of the lung contains the structures by which each lung

communicates with the rest of iLhe body: the bronchus for the

(<)

inlet and outlet of air, the pulmonary artery which brings in the

blood to be aerated; the pulmonary veins %o carrj the venous

blood back to the heart and .the bronchial artery for the [perfusion |
of the lung tissues: 1t alsc contains lymph vessels and glsnds,

nerve plexuvses and areolar tissue.



The air and blood conduits) entering through the root of
the lung, branch out in the manner described for the bronchial
tree and end up in the alveoli and in the capillaries, respectively
The bronchioles undergo a few generations of branching until they
gradually fuse with the surrounding lung tissue and some alveoll
start appear;ng onn their walls, a stage in which they are called
respiratory bronchioles. Then, they branch.out into several
ramificationsy; each terminated by a small chamber, which are
called alveolar ducts and alveolar sacs s respectively, and which
consititute the true respiratory zone of the respiratory tree.
The walls of the alveolar ducts and sacs are completely wade up
of sma;l pocket—-like chambers - the alveoll - stacked together
side by side and opening into the common air space. The number
of alveolli reaches a few tens of millions and they account for
ébout fifty per cent of the total lung volume (Weibel, 1963);
their distribution around the respiratory tree is such that their
distances to the root of the lung show a well peaked unimodal
distribution (Ross, 1953). The walls of the alveoili are an
integral part of the pulmonary parenchyma whose elaborate fibrous
framework is responsiblie for keeping them open and inflated, as
well as providing support o the profuse capillary network
embedded in them, The alveolar mass is kept from collapsing

cbien of the visceral pleura, which is adherent

Q)
o}

by the combined
to the cavity walls, and the tracheo- bronchial tree, which is
’anchored along the mediastinum and through its attachment to the
larynx. Thé vascular system of the lungs, i.e., the pulmonary
veins and arteries and the bronchiegl arteries, undergoes a

similer branching process following very closely the bronchial
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ramifications. ILike the bronchi, they’are‘mechanically isolatea
from the lung parenchyma by a sheath of loose connective tissue
which is continuous with the peribvzonchium but which, in this
case, is present right up to the aiteriolec feeding the cap-

illaries in the,alveolar walls. The vascular network is under

the same stretching forces as the respiratory tree and contributes
a parallel elastic component towards the equilibrium with those

forces.



3.3 ~ THE RESPIRATORY MUSCULATURE

3 3.1 - Introducfion

The purpose of this section is to characterize the
anatomicazl elements which provide the mechanical power reguired
by the respiratory machine and which constitute the respiratory
musculaﬁure. This musculature is organisedix&atwo systems, one
made up by the muscles of the air passages and the other by the
external respiratory musculature, both of which are in tumn
divided into two further groups: the tracheo-bronchial system and -
the upper airway system in the first case and the primary and
, secondar& respiratory muscle system in the latter case.

.The tracheo-bronchial system consists of the smoo th
inveluntary muscles of the tracheal and bronchial walls'which
have been briefly described in the previous section and which are
responsible for the aétive constrictiou.énd patency of the
respiratory tree; the upper airway system comprises the striated
voluntary muscles of the larynx which have also been referred %o
in section 3.2.‘ These two groups of muscles play a very limited
role.in our mpdel of the respiratory system and, for that reason,
no further effort is made to characterize them in greater detsil.

The external primary respiratory muscles, all of the
striated voluntary type, are charscterized by being primarily
involved in the movements of respiration and they constitute the
main subject of this section. Ofher muscles; such as for instance
the superficisl muscles of the trunk and th¢ neck and the muscles
responsible for the attachment of the froné limbs, also alffect the

performance of the respiratory apparatus by conditioning its
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Fig. 3-3
Skeleton qf the cat

1~ Lumbar vertebrae. 2-thoracic vertebrae, 3 -—cervical vertebrae;
4~ atias vertebra, 5—coxal bones, 6-ribs; 7-xiphoid process of the

sternum, 8—sternum, 9-humerus ; 10— clavicle; 11— scapula, f2-lamboidal
crest; 13- basioccipital bone
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boundary load conditions and by participating more or less
pronouncedly in the powering of the breathing movements in
forced of impaired respiration. Theée muscles, the secondary
external respiratory muscles; have however a limited role in ’
guiet respiration and for that reason are noi taken into account
in our model of the respiratory machine; they will be briefly
considered in chapter 5. in connection with the analysis of the
structural functions they are mainly concerned withe

The'body of the animal is built around a framework of
bone‘and cartilageneous structure, the skcleton, on which the
muscles are attached. The central structure element in this
framework is, as figure 3.3 shows, the vertebral column which
extends all the way from the base of the ékull to the pelviec
_bones and the tir of the tail and consists of the caudal, sacral
{sacrum), lumbar,; thoracic and cervical vertebrase. The vertebral
column dominates the two parts of the body which interest our
model of the Pespirétory ventilator: +the ihoracic and the-
abdominal cavities. The first of the two is entirely delimited
by the rib cage formed by the column, thé ribs, their'cartilages
and the sternum. The ribs, thirteen in number on either side,
are thin arched bones which articulate dorsally with the vertebral
column and are connected by rqunded bars of hyaline cartilage to

. - v - S
the sternum v ok

ternum. ominal caviity is definsd b ne abdomingl .

muscles stretching from the caudal border of the rib cage to the
coxal bones (figures 3.3 and 3%.5) and the vertebral column., The
two cavities, thoracic and abdominal, are contiguous with each

other and form an overall body cavity which resembles an ellipsoid

of revolution.
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Fig. 3-4
Exploded view of a costo-vertebral articulation

1-Rib; 2-shaft of therib, 3—angle. 4 —head, 5-tubercle; 6—neck, 7-thoracic
vertebra, 8- cenfrum, 9-tlransverse process, 10- spinous process, 11-posterior
articutar process.

Fig.3-5
‘Coxal bones .

1~ Body of the pubis; 2-spine of pubis; 3— ilium, 4-anterior superior spine,
5—crest of ilium; 6-acetabulum, 7-surface for attachment of spinal muscles,
8-cross-section of lhe sacrum., 9-symphysis pubis; 10-pectineal line; 11-pubic tubercle
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The diagram of figure 3.6 shows some cross- sections
through the walls of the body cavity at four different levels;
the numbers indicate the bony, aporczurotic and muscular elements
in the wall vwhich are crossed, in the ssme order, by the line
.where the numbers are attached., These cross— sections show
clearly how the vertebra; column 1is associated with a powerful
muséular mass which maXkes it the foundation of the structural
stability of the animal's body. Cross—sections (d) and (e)
through fthe thoracic end of the body cavity, show the rib cage
surrdﬁnded by a ccmplex system of musc;es most of which, as we
shall be showing later, are concerned with the attachment of the
upper limbs; cross-sections (b) and (c) make clear the absence
" of bone structures, other than the vertecbral column, in the walls
of the abdominal cavity whose shape is therefore determined by the
.réaction to the muscular constraint of the abdominal wviscerae.

The muscles of.the rib cage are inserted between ribs or
between the ribs and the column or the sternum, and tend to be
short; the muscles of the abdominal wall, having to cover larger
spans, are related to their boundaries by several fibro- tendinous
structures, the most important of which are the following'(Gray*s
Anatomy, 1954):

1. The lumbodorsalis fascia, shown in figure 3.6(23), is a
dense fibrous membrane stretching from the back of the neck to
the sacrum and the iliacucrest and covering the deep muscles of
‘the back of the trunk. In the thoracic region, it consists of a
thin fibrous sheet extending from the spines of the thoraciec
vertebrae to the angles of the ribs and covering the deep muscles

of the column. In the lumbar region, the lumbodorsalis fascia



2316 4311110 12 14 23 . 101112 4 14 23

16 307 2(a) 2(2) 13 23 18 17

1613 8 27

1 1‘3 918‘}7 25

l/‘

—

11518 25

Fig.36 Superficial muscles of the cat (a) and wall cross sections at the

level of . (b) fifth lumbar, (c) second lumbar, (d) thirteenth thoracic
and (e) sixth thoracic vertebrae.
1- Intercostals (intimi, internus and externus) muscles; 2~diaphragm m.;2a-crura; 3-rectus
abdominis m; 4 -transversus abdominis m.; 5-obliquus abdominis internus m.; 6~obliquus
abd. externus m.; 7-scalenus m., 8—levator costae m.; 9~serratus posterior superior m,
10-psoas minor m.; 11-psoas major m.; 12-quodratus lumborum m.; 13-iliocostalis muscle:
14 -erector spinae m.; 15—serratus anterior m., 16=longissimus dorsi m.; 17-spinotrapezius m,
18-tatissimus dorsi m.; 19 -xiphihumeratis m.; 20-pectoralis major m.; 21-pectoralis minorm.,
22-sheath of the transversus abdominis m.,; 23-lumbodorsalis fascia ; 24-aponeurosis of the
obliquus abdominis externus m,, 25-pannicutus dorsi, 26-fifth rib,’ 27- sixth rib; 28-eleventh rib
29-twelth rib, 30-thirteenth pib, 31-fifth lumbar vertebra; 32-sternum.
(Partially adapted from &ourdelle and Bressou 1953) '



-85

splits medially into three parallel layers which cover separately
the quadratus lumborum and the sacrospinalis muscles snd which are
reuni ted along the ventral border of the fasciz to constituie the
aponeurotic insertion of the flat muscles of the abdomen; these
layers of the lumbodorsal fascia have separate insertioans on the
spinous and transversc processes of the lumbar and sacral
vertebrae, the iliac crest and the caudal border of the thirteenth
rib. '

2. The inguinal ligament is a thick ligamentous band which
streéches from the anterior superior i;iéc spine to the pubic
tubercle pectineal line - figure 3,7 ~ and is formed conjointly
. by the aponeurosisz of the three abdominal muscles and the psoac—
| iliacus muscular complex.
| e The linea 2lba is a btendinous band which stretches from
.tﬁe Xiphold process of the sternum to the symphisis pubis in the
pelvic bones and represents the result of the fusion of the ventral

aponeurosis of. the three abdominal muscles.

3¢3.2 ~ Anatomical characterization of the primary
respiratory muscles

The primary respiratéry muscles not only supply the
breathing apparatus with the mechanical power it needs but
,actually constitute one of the main components of its walls.
‘These muscles, ss shown in table 3.1 and figures 3.7 and 3.8,
are organized in three layers, which are common to both the
thoracic and the abdominal compartments. and will be described

according to this layout; the vertebral column, which 1is not a



TABLE 3.2:

PRIMARY RESPIRATORY MUSCLES

]
% Region " Inner Layer Intermediate Layer Outer Layer
i -
i Transversus thoracis: Intercostales interni Scaleni
: 1. Intercostaies intimi Intercostales externi Serratus posterior inferior
| Thorax 2, Subcostales Transversus cosbtarum Serratus posterior superior
3, Sternocostales Levatores costarum
Diaphragm
Transversus abdominis Recztus abdominis Obliquus avdominis externus
Abdomen Retractor costac ultimae Obliquus abdominis internus
Quadratus lumdorum
Vertebral Iliocostalis lumborum
| Tliocostalis thoracis

Column

Longissimus thoracis
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compartment, is also included in table 3.1 because some of 1ts.
associated muscles are attached ‘to the ribs and therefore affect
directly the movements of the rib cage. We will now summarize
the main anatomical reatures of the muscles in each layer; the
numbeis in brackets after the name of a muscle refer, respect-
ively, to figure 3.7 for the muscles of the inner layer and %o

figure 3.8 for those of the intermediate and outer layers.

The muscles in the inner layep are the following

(figure 3.7):

- Transversus Thoracis(2): this is the collective
.designation of three groups of muscles which are attached to the
inner surface of the thoracic cavity, one on the venitrzl side~-
the sternocostales- and two on the dorsal side - the inter-
costales intimi and the subcostales-. The intercostales intimi
" muscles are locatéd in the intercostal spaces midway between the
column and the sternum; ventrally to the éngle of the rib and
continuous to the corresponding subcostales muscles. The muscle
fibizs are attached to the facing borders of contiguous ribs and
are parallel to the fibres of the internal intercostal muscle,
i.e.; moving awaey frowm the sternum in the cranio— caudal direct-
ion; the fibres of these muscles predominate mostly in the last
’intercostal spaces. The subcbstales muscles are usually reduced
to a few fasciculi mostly in the posterior part of the thorax.

Their fibres originate in the inner surface of the angle of the

ribs and have {the same direction as those of the intercostales



interni from which they are only distinguishable for the fact

that they can bridge two or more intercostal spaces. The sterno-
costales muscles form a roughly triangular plane of muscular and
tendinous fibres which originate from the<aponeurosis covering

the inner surface of the sterntm, the xiphoid process and the
sternal end of the last costal cartilages and which insets in

the inner surface of the costal cartilzge by five or six diverging
digitations up to the level of the costochondréi_.joints; at the
‘caudal end and on both sides of the #iphoid process, the posterior
fibrés of the sternucostales interdigitate with the transversus
ébdominis muscles which, in that regioﬁ, penetrates inside the

thoracic cavity.

The Diaphragm(5) is a thin musculo-tendinous membrane

. which separates the thoracic and the abdominal compartments one

‘from the other., It possesses in the centfal region a strong
aponeurotic structure, called the. !'ceniral tendon'; which has a
roughly circular.centre area continued into a narrower strip up

to the vertical column. The muscle fibres radiate peripherzlly
from the central tendon and terminate, first, by two chort fleshy
strips on the inner surface of the xiphoid process and then,
following on either side, by a series of digitations which insert,
all around the abdomen and up to the edges of the dorsal portion
of the central tendon, on the inner surface of the cartilages and
shafts of the last five ribs. In the lumbar region the diaphragm
is constituted by four thick bundles of fibres originating medially
from the lower surface of the central tendon; +the two central snd
bigger ones converge into two tendinous piilars, or cruraec, for

the attachment to the longitudinal ligaments of the vertebral
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column at the level of the second to the fourth lumbar vertebrae;
the two smaller bundles are located one on each side of the pre-
vious ones and are attached laterally to the same ligament Ly a

smaller pillar.

The Transversus Abdominis muscle (7) is a thin flat

muscle whose fibres run transversely across the side walls of

the abdomen from the inguinal and the lumbodorsalis fascia to a
ventral aponeurosis which is continuous with the linea alba. This
ventral sponeurosis starts at the pubis wia the conjoint tendon,
formed together with the aponeurosis of the obliguus internus and .
then blends longi%tudinally with the sheath of the rectus abdominis
muscle on the same side. The lumbodorsalis fascia, on the dorsal
side, relates the transversus abdominis successively to the iliac
crest, the transverse processes of the lumbar vertebrae and to

the inner surface of the thirteenth rib and of the last six rib-
cartilages, where the transvefsus abdominis interdigitates with

the diaphragm and the sternocostales.

The Retractor Costae Ultima muscle(8) originates in the

transverse processes of the first four lumbar vertebrae and in-
serts in the caudal border of the last rib lying internally to the

transversus abdominis muscle (Jouffroy et al., 1968).

The Quadratus Lumborum muscle(9) starts caudally from the

anterior inferior spine of the ilium and the iliolumbar ligament
and its fibres, placed longitudinsily along the column, insert in
the successive lumbar transverse processes and in the head of the

last rib or ribs.
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Fig. 3.7 - Muscles of the trunk: (a) inside and (b) outside

Fig.
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surfaces of the inner layer of the trunk muscles.
In both cases, the ventral, lateral and dorsal
walls are shown, respectively, at the left, centre
and right of the page.

1~ intercostales interni m.; 2- transversus thoracis

m. ; 5= transversus costarum m.; 4- levatores costarum
m. § 5- diaphragm m.; 6~ crurae of the diaphragm;

7— transversus abdominis m.; 8~ retractor costae

ultima m,; 9- quadratus lumborum wm.; 10~ psoas minor
m. 3 11~ psoas major m.; 12—~ longus colli m.; 13-~ ilumbo~-
dorsalis fascia; 14~ aponeurosis of the rectus abdominis
muscle; 15~ fasc1a of the transversus abdominis muscle;
16—~ inguinal ligament; 17- tendon of the diaphragm;

18-~ linea alba.

Muscles of the trunk: (a) intermediate and (b) outer
layer of the trunk muscles. In both cases, the
ventral, lateval and dorsal walls are shown, respect-
ively, at the left, centre and right of the page.

1- intercostales m.; 2- rectus abdominis m.;

B obllquusabdwnuuq internus m.; 4- scalenus primae
costae me: H- scalenl transcostalis m.; 6-serratus
posterior superior m.; 7- serratus posterior inferior
m, 3 8- guadratus lumborum m.; 9- obliquus abdominis
cxterrus m.; 10— iliocostalis lumborum m,; 11—~ ilio~
costalis thoracis m,; 12—~ longissimus thoracis m. ;

13~ stcrnomastoideus m. ; 14~ splenius m.; 15~ serratus
anterior m.; 16— lumbodorsalis fascia; 17— aponeurosis
of the rectus abdominis muscle; 18~ linea alba.
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The muscles of the intermediste laver arc the follow-

ing (Figure 3.8):

e Intercostales muscles(q1) constitute the main motor

element of the rib cage and are organised in two parallel Jayers
which lodge in the twelve intercostal spaces. In each laycr,
the muscle fibres, strongly intermingled with tendinous fibres,
are attached to'the facing borders of contiguous ribs with which
they make approximately the same angle throughout the rib cage.
These two layers are identified according to their position

relatively to the ribs as two different muscles:

The Intercostales Interni. which constitute the inner

‘1ayer, cover each intercostal space from the sternum to the angle
‘of the ribs; from there onwards and up to the costotransverse
ligament, they are replacedbe an aponeurotic layer called the
posterior intercostal membrane. The fibres in this layer
originate from the floor of the costal groove of each rib and

its corrésponding cartilage, and stretch obligquely in a dorso=

- caudal direction towards its insertion in the upper border of

the next rib.

The Intercostales Externi muscles constitute the outer

layer and cover the intercostal space from the tubercle of the
r;b to the costo-chondral joint, where they are continued up to
’the sternum by an aponeurotic layer called the anterior inter-
cogtal membrane. The fibres of these muscles make an angle of
about 100° with the corresponding fibres in the intercostsal

interni and are stretched between the lower border of one rib and



the upper border of the rib which follows it caudally.

The Transversus‘Costang@ nuscles tfigure 3.7(3)) con-
stituted by & pair of short superficial digitations, originates
in the first rib near the insertion of the scalenus primae costae
mﬁscle and inserts in the cartilages of the two following ribs
and the faccia of the rectus abdominis on the cranial end of the

sternum,

The Levatores Costarum muscles (figure 2.7(L)), one per

eachAintercostal space, are strong musculo-terdinous bundles which
originate in the transverse processes {rom thg last cervical up

to the thirtieenth thoracic vertebrse and stretch down and cbliguely
to reach. the nearest rib at the rear. The insertion takes place
.along the front edge and outer surface.of this rib between the
‘ﬁubercle and the angle, and covers g length which increascs
cranio-caudally. The fibres of these muscles have the same

orientation as those of the intercostales externi.

The Recti Abdominis muscles{2) are two long and narrow

Strips of muscular fibres, one on each sidc of the linea alba

and divided trensversally into three or four segments by tendinous
bands, which originate by two large and flat tendons Trom the
tubercle of the pubis and are inserted by an aponeurotic strip in
the first and sécond costal cartilage and the sternum, and are
inserted in the first costal cartilage by a2 thin avoneurotic

gtrip and in the sternal end of the second to the seventh rib
cartilages. These muscles are enclosed in a sheaith which blends
with thé iinea alba and is formed from the'aponeurosis of the

three lateral abdominal muscles: the external wall of this sheath,



continuous from the pubis to the thorax, is formed primarily
from the aponeurosis of the obliguus externus muscle while its
internal wall derives basically frcin the aponeurosis of the
transversus abdominis muscle: the aponeurcosis of the obliquus
abdominis internus muscle contributes to the external wall over
g third of the length of the sheath at its caudal end and con-
tributes to the internal wall over the rest of the length of the
sheath. '

‘The Obliguus Abdeminus Internus muscle(3) is a thin

layer of muscular fibres strongly mixed with tendinous elements, -
which lie obligquely almost gt right angles to the fibres of the
transversus abdominis muscle. The fibres of this muscle originate
in the lﬁmbodorsalis fascia, the iliac crest, the inguinal liga-—
ment and, via the conjuint tendon, from the pubis; ffom these
origins the fibres move ventro—-cranially to blend with the sheath
of the rectus gbdominis muscle via an aponeurosis which becomes
broader as it progresses towards its area of attachment in the
last rib-cartilages which still insert in the sternum. The
muscle fibres originating from the cranial esnd of the lumbo-
doPsalis fesscia, on the other hand, go to insert by semitendinous
digitations in the exteinal surface of the posterior border of
the last ribs in close continuity with the fibres of the serratus

posterior inferior muscle.

The musclesg of the outer laver are the following

(figure 3,8):



- The Scaleni muscles consist of the following two
groups: the scalenus primae costae(ly) arises from the transverse
processes of the last fthree or four cervical vertebrae in the
form_of a Tew digitations which are then inserted in the front
edge of the first rib. The second group, the scalenus trans—
costalis originates from the transverse processes of all cervical
vertebrae and then divides into two branches, one which is in~-
serted near the angle of the second_and the third rib, and
another which is inserted in the last four ribs from the fourth
to the ninth.

The Serratus Posterior Inferior muscle(?) consists of

four quadrilateral digitations originsting from the spines nf the
first lumbar vertebrae and their interspinous ligaments and in-
serting slightly beyond the angles of the last four ribs on their

posterior and dorsal surfaces.

The Serratus Posterior Superior muscle(6) is a thin guad-

rilateral muscle originating from the median raphe which extends
from the spinous processes of the second cervical vertebra to
that of the tenth thoracic vertebrae and inserting by fleshy
digitations on the cranial and dorsal surfaces of the first nine

ribs ventrad of their angles.

The Obliguus Abdominis Extcrnus{S) is the strongest of

all the three flat abdominal muscles and its fibres run in a
’direction approximately perpendicular to those of the obliquus
internus muscle, 1t originates from the last ten ribs by as
many fleshy digitations which are aligned dbliquely in the cdorso-

caudal direction and alternate with the similar digitations of
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of the rib where it originated; the last four bundles insert

on the transverse process of the seventh cervical vertebra.

The Tongissimus Thoracis muscle(13) separates (Jouffroy

et.al.,; 1968) from the Erector Spinae jusi before the thoracic
region and conﬁinues up to the base of the neck, graduslly
becoming thinner as it progresses. It is possible to distinguish
two typés of fibres in this muscle: the fibres in the outside
layer originate mostly from the common tendon and insert into

the branial edge of the region between the tubercle and the angle
of all the ribs - with the exception of the last - and the trans—
verse process of the seventh cervical vertebra; the other group
of fibres, placed medially with respect fo the previous ones, are
attached'in the lumbar region to the transverse and accessory
processes of the lumbas vertebrae and the middle layer of the
lumbar fascia, and are inserted cranially by rounded tendons in
the transverse processes of all the thoracic vertebrae. The
longissimus thoracis is the principai extensor of the columm and
forms, together with the longissimus cervicis and the longissimus
capitié muscles, the intermediate and the largest of the three

columns in which the sacro-spinalis muscle can be divided.

FPige, 3.9-Diagrarmmzatic representation of the muscles of the
vertebral column which have costal insertions.
1— Iliocostalis lumborum m,; 2- iliocostalis thoracis m.
5— longissimus thoracis m.: 4— ribs; 5- ilium,
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34 — INFERVATION OF “HE RESPIRATORY APPARATUS

3.4e1 = Introduction

This section deals with the main features of the nervous
cifcuitry associated-with the respiratory apparatus,.

The vertebrate| nervous system is divided into central
nefvous system and peripheral nervous system., The central nervous
system is constituted (figure 3.10) by the spinal cord or medulls
spinalis (6) lodged in the vertebral colunn and the brain, located
| in the cranial cavitv, which includes the medulla oblongata (L),
the pons Varolii (2), the midbrain, the diencephalon, the cere-
bellum (5) and the cerebral hemispheres (1). The peripheral
nervous system consists of the cerebro-spinal and of the autonomic
nervous systems. Tﬁe first of these systems is msde up by the
twelve pairs of cranial nerves arising from the brain and by the
spinal nerves which originéte in the spinal cord and are organised
in eight cervical, thirteen thoracic, seven lumbar and seven or
eight cauwdal nerve pairs; each pair of the spinal nerves arises
from the respective segment of the spinal cord and leaves the
vertebral canal through‘the corresponding pcir of interveritebral
Poramina{figure 3.10(b)). The cranial nerves are named as follows:
loifactory, optic, oculomotor, irochlear, trigeminal, abducens,

facial, acoustic, glossopharyngeal; vagus, accessory and hypo-

glossal, The first of these nerves arises from the[difé&%éfi’ﬁulb;jF

the second, third and fourth, which innervate the eye and its

nusculature, from the diencephalon and the mid brain;/the fifth

from the pons, the seventh from the trapezoidal body which
connccts the pons to the medulla oblongata and the sixth,; eighth,

ninth, tenth, eleventh snd twelfth from the medulla oblbngata.

i
i
4
3

e a e s e e &



-1 00~

12

10

i ’ /{ o : 1
[L 1 (b)

15

L2

14

Fig. 3-10 Effent innervation of the respiratory muscles : (a) spinal nerves, (b) typical
distribution of the terminations of a thoracic nerve.
Spinal nerves: C-cervical, CO-caudal, T-thoracic:L-iumbar; P-phrenic; S-sacral.
1-cerebral hemisphere ;, 2-pons; 3-trapezium, 4- medulla oblongata : 5-cerebellum;
é-spinal cord ; 7-posterior root;, 8-anterior root, 9-sympathetic ganglion, 10-anterior
brimary ramus; 11-posterior primary ramus, 12-lateral cutaneous branch;
13- ventral cutaneous branch, 14 - vertebra ; 15- sternum.
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Figure 3.11 represents a disgrammatic view of the cross
-section through one of the segments of the spinal cord showing
the ventral and the dorsal roots of the respective spinal nerve,
‘The ventral root contains mainly efferent or motor fibres which
are the axons of the nerve cells whose bodies are locatcd in the
anterior column of grey matter on the same side of the cord; the
dorsal root contains afferent nerve fibres connzcting the recept-
ors in the muscles to the spinal cord and whose bodies are located
in the.dorsal ganglion.

The autonomic peripheral system consists of the nerve
pathways which supply éhe involuntary effectors (smooth muscles
and@ glands) in the viscerae and blood vessels, which are respons-
ible for.the autonomic maintenance of the internal body environ-
ment (homeostasis). In these pathways the fibres which innervate
.he automabtic effectors are generally unmyelinated and have their
cell beodies located outside the central nervous system in special

ganglia; the nervous motor discharges are relayed to them by

myelinated (preganglionic) fibres, which originated from cell
bodies situated in the central nervous system., This arrangement
contrasts with that of fhe skeletal muscle innervation where the
latter type of cells go all the way from the central nervous
system o the motor-juncitions in the muscles. The autonomic

thetic and parasympathctic

w

s&stem can be further divided in gymp
systems whose action on the muscies is of antagonistic character.
Tﬂc preganglionic fibres ot the sympathetic system come out of the
spinal corl in the anterior primary roots of the thoracic and upper
.lumbar spinal nerves and enter the ganglia of the two sympathetic

ganglionar chains or trunks (figure 3.11(141)), one on either

\
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(a)

(b)

Fig. 3:11 Insertion of the spinal nerves : (a) segmental organization of the spinal cord;
(d) diagrammatic cross-section through a cord segment

1= white nervous matter, 2-grey matter | 3+ ventral nerve root, 4-dorsal
herve root; §-dorsal ganglien; 6-posterior spinal nerve ramus;

7-=anterior spinal nerve ramus; 8-white ramus communicantes,

8~grey ramus communicantes ) 10-sympathetic ganglion, 11-sympathetic
chain or trunk, 12- visceral nerve ramus,
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side of the vertebral column, by the white rami communicantes
(figure 3.41(8)); the post ganglionic fibres return to the
spinal nerves by the grey rami communicantes and also form nerve
filaments which travel to the thoracic and abdominal viscerae‘and
blood vessels (figure 3.11(12)). Generally speaking, euch pre-
ganglionic fibre is related to a large number of postganglionic
cells and, as a result, the discharges of the sympathetic system
tend to be diffusely distributed. The parasympathetic pre-
génglionic Tibres leave the central nervous system as part of

the third (oculomotor), the seventh (faciel), the ninth (glosso-
pharyngeal), the tenth (vagus) and the eleventh (accessory)
cranial nerves and ﬁf the second, third and fourth sacral nerves;
the corresponding ganglia, unlike'their’sympathetic counterparts, -

are located in or are very close to the structures they innervate.

3442 ~ Innervation of the primary respirstory muscles

The primary respiratory muscles are innervated by the
anterior primary rami of the spinal nerves. As table 3.2 shows,
the intercostales, the transversus thoracis and the itransversus

costsrum muscles are innervated exclusively by the thoracic

s

horacic innervation are the levaitores

ct

_nerves. Also with sxclusive
costarum and the serrati posterior muscles which will be shown in

4a later chapter to be closely related to the costovertebral joints
end therefcre to the movements of the rib cage. The three abdominal
muscles have mixed thoraco-lumbar innervatiorn which in the case of

the obliquus abdominis externus has still a very extensive thor-

acic comporent. The retractuor costae ultimae and the guadratus
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TABLE 3.2: INNERVATION OF THE PRIMARY RESPIRATORY MUSCLRES BY THE SPINAL NERVES

ANTERIOR PRIMARY RAMI
{USCLES Cervical Thoracic ' Lumbar
1 2] 3l u| 5t 6|78 1) 2 3 ul5| 6] 7| 8] olro]1]12]13[1] 2 3[u] 5 6]
Transversus Thoracils sl op o] o} e g oeq o] o o] of
Diaphragm N o e o} e} o o
Transversus Abdominis SO TR I N R I ’ g
Retractor Costae Ultimae ‘ of o
SJuadratus Lumborum °le
Intercosiales ol o} | o ol o] o o] @ .i N
Transversus Costarum ' » . ]
Levatores Costarum sl o] o] ol sl ol e} o el o o} o]
Rectus Abdominis o] o] ol o] olele}e
Obligquus Abdominis Internus _ of olelele
Scaleni L A A AL L B
Serrstus Posterior Inferior X sl oo o] o] o] e | o »
Serratus Posterior Superior o o} o]
Obliquus Abdominis Externus sl o] el ] e e e e o] o] ofefe]e

=170 |-
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lumborum muscles are innervated by the Tirst lumbar nerves.

The scaleni and the diaphragm have cervical innervation; the
latter is fed by the left and right phrenic nerves, each of which
Aresulﬁ from the confluence of three small nerve branches derived

respectively from the fifth, sixth and seventh primary rami of

o ]

the cervical nerves: |

— . i

éﬁf;"——fvg‘ The iliocestalis lumborum, the iliocostslis thoracis

| and the longissim:s thorscis muscles, like all the deep musecles
of the back are innervated by the posterior rami (figure 3.10(14))’
of the primary Spinéi nePVes;” the same is alse ftrue with respect
to the levatores costarum (Fujita, 1965; Morrison, 41954) which. |
therefore, also belong'to the dorsal musculature of the trunk.
B It is alseo of interest to consider the innervation of
the secondary respiratory muscles. The sternomastoideus, a flat
musecle placed obliquély on the side of the neck between the
anterior surface'of the manubrium sterni snd the posterior sur-
face of the occipital and temporal bones and which assisté the
action of the scaleni ﬁuscleé iﬁ forced respiration, is innervated
by the anterior ramus of the first cervical nerve and by the
eleventh cranial nerve (spinal accessory nerve) which is formed

erve

L3 -
root from

by the conflucnce of 2
the medulla oblongata with rootlets derived from the first five
or six segments of the spinal cord.

The musecles responsible for the attachment of the front
limbs (section 5.2;3) are innervated as follows: the serratus

anterior muscle by the posterior thoracic nerve vhich originates
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from the ventral famus of tHe seventh cervical spinal nerve;

the latissimus dorsi, the xiphihumerclis, the pectoralis major,
the pectoralis minor and the pectoantibrachialis muscle by the
~anterior thoraéic nervé and, for the first muscle, the caudal
sﬁbscapular nerve, both of which belong to the brachial plexus

of nerves formed from the ventral rami of the fifth, sixth,
sevenﬁh and eighth cervical and first thoracic spinal nerves;
.the occipitoscapularis and the levator scapulae venfralis by

the ventral rami of the third and fourth cervical spinal herves;
finally, the clavotrapezius, the acromiotraﬁezius and the spiro-
trapézius muscles are innervated by the spinal accessory nerve
snd by the anterior.rami of the first four cervical spinal nerves
and the~rhomboideus muscle by the anterior rami of the‘first fbur

thoracic spinal nerves.

3.4+3 = Innervation of the lungs and Pesﬁiratory alrwvays

The lungs are innervated both by sympaﬁhetic fibres
originating in the upper thoracic ganglia and by vagal péra-
sympathetic fibresg which feed ganglia in the anterior and post-
erior pulmonary plexuses situated at the root of the lung. From
these plexuscs both types of postganglionic fibres are distributed

he bronchi through-

h
o

to the smooth muscles of the blcod vessels an
out the lungs. In the brondhi, the parasympathetic innervation
promotes the contraction ofzthe muscles and produces bronchial
éonstription'and shortening,!whereas the sympéthetic innervation
has the opposite effect and results in bronchial dilation. The
trachea is innervated by the vagi and its recurrent laryngeal

nerve branches and by Tibres from the sympathetic trunks and a
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similar control of the traéheal musculature is achieved. The
sensory receptors in the lungs and the tracheo-bronchial tree
include (Widdicombe, 196l) subepithelial receptors responsihle
for the cough reflex, stretch receptors in the smocth musculature
and in-the walls of the alveolar ducts,‘atria and alvecli, chemo-
receptors etc. and their afferent nerve fibres run in the vagi
~nerves. - The reflexes mediated by these receptors together with
the reflexes from the hesrt and the systemic circﬁlation are the
chief determinants (Aviado et al., 1955) of the mode in whica the

respiratory act. takes place..
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5«5 - SUMMARY AND DISCUSSION

In this chapter the anatomy of the main structures in
the respiratory apparatus has been briefly reviewed, Only
struétﬁres which have a direct bearing on its mechanical per-
formance have been considered. ‘

- The information presented here is essentially qualitative
in nature and constitutes the bare minimum necessary to the under-
standing of the movements and force relationships which occur
during respiration. These data Would; however, be insufficient
for the development of rigorous models of the structures in the
respiratory apparatds. Such meodels need azcurate gquantitative
information which to the best of our knowledge is still ﬁotr
aVaiiable; they also need a higher degree of detail particularly
'with respect to muscle innervation and this, again, is still nnt
available. We must conclude, therefore, that a large amount of
work has to be done in this area before truly realistic models
of the respiratory apparatus can be devised. In thne following
chapter a contribution is made to the guantitative characterization
of these structures, namely thc ribs and rib cage, the diaphragm

and the abdomen,



CRAPTER 4.0

‘EXPERIMENTAL CHARACTERIZATION OF THE KINEMATICS OF THE EYTERNAL
RESPIRATORY APPARATUS

Le1 = INTRODUCTION

The movements perfofmed by the external respiratory
apparatus during the breathing preccess are, like all biclogical
phenomena, of a very complex nature and very difficult to quantify.
’ In particular, these movements are not completely determined by
:,geometric or kinematiic cecnstraints and, therefore, their study will
have to resort to more evolved conceptis such as those developed for
the design ol compléx man-made structures and systemg., Neverthe~
less, the dgtailed knowledge of the displacements undertaken by
the structures which constitute the external respiratory apparatus
aﬁriﬁg the respiratory act. is still essential to any realistic
analysis of the mechanics. of breathing. The material presented in
this chapter is intended ag a contribution towzrds this end.

The central problem of an experimental stﬁdy of this
nature consists in defining with adequate accuracy the movements
of threc-dimensional structures, most of which are hidden under-
neath the skin of the animai. The final solution for such problem
.may prove to be some fo?m of X-ray sﬁgreo cinephotography capable
el séﬁisfying the requirements cutlincd above. As shall be des-—
cribed in chapter 6.0, however, we made use of a different method
ﬁﬁich, although not as accurate as some modern methods of stereo~
photogrammetry, produced results of quite sufficient quality to
enable us to quentify the movements of the respiratory apparatus.

In this technigue the skin over the fthorax and most of the abdomen

©
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on one side of the body of the moved and small
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reflective markers are glued to the exposed structures. The
anlinal is fixed to a surgical table in g prone position with
its vertebral column firmly maintained in an almost horizontal
configuration; this table is equippea with two mirrors, onc
above 6he animal and the other below, which provide two lateral
images of the body. A 16 mm cine~camera, previously aligned
~with the perpendicular to the centre of the frane on which the
mirrors are mounted, is used to photograph the breathing move-
ménts, the film thus produced being processed frame by frame;
for each frame, the three space coordinates of each individual
marker are gbtained by combining the frontal and mirror inmages
of that marker accofding to the basic laws of geometric optics.
Once the coordinates of the markers are known, three orthogonal
projections of the complete set of markers in the frame are
éfoduced, and in them, the rib cage and the exposed zbdcmingl
surface are 'fitted' with. the help of the additional information

supplied by X-rays and measurements on the animal and its dead

e}

carcass. - We have found that the positions of the individual
markers cgn be defined within a sphere 0.5 mm in diameter
‘centred at the base of the marker. This precision is consistent
with the fact that the 1ocaiization of the ribs with respect to

the markers has to be done by approximate interpolation.
. i

or

The data presented in this chapicr arc based on results
obtained from experiments performed on four cats and spread over
é”period of almost two years during which both the experimental
technique end the numerical processing of the photographic data

were developed and brounght %o an acceptable level of accuracy and .

efficiency. A totsl of over sixty film frames, chosen on an



average basis of three 'spontancous respiration' and two
'‘artificial respiration' breathing cycles per film and five
frames in each breathing cycle, were fully prdcessed in the last
three_films made. In order to give an idea of the amount of
effort.that such a task represents, we point out that there are
about 300 marker positions in each frame which are digitized and
processed to provide the basic framework for ths three orthogonal
projections on which the ribs and abdominal surface are to be
'fitted' (cf. section 6.,3.3); this operation, performed on a
drawing'board and by working simultaneously with the three pro-
Jections of the markers and of the structures which are being
'Pitted', is extrcmeiy time consuming. Once the desired structures
of the trunk are drawn, a collection of 45 points is implénted on
each of the three projections of all the thirteen ribs and of five
ébdominal transversal cross—sections: the coordinates of these
points are digitized - again, manually -~ to supply the data with
which certain 1engthé and distances are computed and checked
against thelr values measured on the living animal and on its
dead carcass. If the errors found in these checks are larger
than the accepted maximum value, the shapes of the 'fitted!
structures are retouched acéordingly and new marker puints im-

planted on them, digitized and rechecked. The need for these
{

[44]

checks and consequent correcticns comes from the fzet that ther

is no automatic way of locating the structures of the trunk with

fesPect to the markers and only by simultaneous interpolation on
the three orthogonal projections can this work be done.
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.The checking procedure outlined above reduces the errors due
to the interpolation and tends to uniformise them for all the
frames of the same film sequence,
Therc are at least two reasons why so many frames had

to be ﬁrocessed duriné the course of our investigations., First

of all, it was our purpose to characterize the respiratory move-
ments of the énaesthetized cat in terms of changes in the shape
and configuration of the recpiratory structures which, although
aﬁparently not very large, have a great significance in the dis-
tribution of stresses throughout those structures. And, as it

is very difficult to assess the amount by which three-dimensional
bodies differ in shépe unless their three-orthogonal projections
are drawn, it became necessary to process as many frames in as
many breathing cycles as the means at our disposal permitted.
éécondly, the development of our method of sterecphotography
involved the processing of an appreciable number of film frames,
many of which turned out to be»of inferior quality; indeed, only
the last two films were considered good enough and our results are
baséd on them. We must emphasise, once again, that it was our aim
to characterize the changes in the shape of‘the resplratory
structures with the maximum accuracy sllowed by our experimental
method. Thisg is the kipd of information which is ﬁecessary for
the study of tbé respirafory movements in terms of stress analysis.
However, when faced with the problem of reporting these results in
fﬁis thesls, we came to the conclusion that the most sensible way
of concentrating these data was to draw composite diagrams in
which the extreme configurations and a fsw .of the intermediate

configurations taken by the main structures during the respiratory
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cycle, are shown together. In this way the character and amp—
litude of the shape changes which occur during the respiratory
cycle are presented in the most suggestive way; we also found
that it would be purposcless to try to show the evolution of the
movements over several periods because the chénges which take
Place are very small in comparison with those which occur within
a single cyclé.

It should in principle have been possible to apply our
fechnique of photogrammetry to a greater variety of experimental
conditions but, unfortunately, we were unable to do that because
of time limitations. -Indeed, in its present form our technigue
is extremely time cansuming and, consequently, its application
will not become a fully practical proposition unless computer
confrolled methods of three-dimensional interpolation, similar
tc those used in conventional stereophotogrammetry. are 1ntvo—
duced. For the numerical processing and curve draw1ng we used
the London University CDC 6600 computer in conjunction with a
Calcomp incremental plotter and the IBM 1800 computer in the
Engineering in Medicine Laboratory of Imperial College together
with an analog XY recorder.

Finally we point oui that, due to technical difficulties,
only half of the anima% is photographed. This implies that the
animal must be placed in a straight peosition and that the symmetry
of the movements must be guaranteed. We did our best to satisfy
'tﬁese conditions but had no means of making absolutely sure that
they were fully observed, We may. however, aécept that they were
achieved in so far as the general kinematic behaviour is concerned,
but position errors of this nature will influence adversely the

computation of the gbsolute chest and shdominal velumes.
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L,2 - KINEMATICS OF THE BREATHING PROCESS

L.2.1 = Introduction

The structures in whose movements we are interested are
the rib cage, the abdominal walls and the abdominal contents.
Unfortunately enly the walls of the rib cage and abdomen are shown
in the films and, therefore, we have to deduce the movements‘of
the other structures by indirect means. The movements of the rib
cage ére obtained by drawing the ribs with respect to markers on
them as described in the introduction. The movements of the
diaphragm and abdomlnal contenﬁs are analysed from still X-ray
photographs taken in a position which is perpendicular to the
side of the animal and to its backbone along the sagittal plane.
at different instants in the respiratory cycle. The data thus
obtained are insufficient to define accurately the movements of
these organs because the X-rays were not taken simultaneously
and, therefore, do not provide the two projections which are needed’
for their exact location in space; nevertheless, the X-rays giv§
a very good idea of the displacements which take place and allow
an approximete estimation of their magnitude.

Figure L.1 represenﬁs variations in the oesophageal
pressure and in the tidal volume which took place during the
filming of the spontaneous breathing movements, The Cilm of this
sequencelWas processed at every sixth frame for several of the
respiratory cycles including the third one which represents a
deeper breath. The breathing period corresponds approximately
to 33 film frames, i.e., to 33/16 seconds. In figure 4.2 the

volume encompassed by the rib cage is represented together with
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Fig. 4-1
Time course of the esophageal pressure and the tidal volume during the filming
of the spontaneous breathing movements In the anesthetized animal.
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Fig. 4-.2

Time evolution of the volume limited by the rib cage, as computed from
successive film frames, and its approximate relationship to the tidal
volume (broken line), The markers above the time axis indicate the
relative location of the frames of the film which wepe processed for this
computation and the three circles represent the frames used in Figs.4+4
and 4-5 to illustrate the spontaneous respiratory movements.
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the total tidal volume and thus allowing the assessment of the
approximate contribution.of the diaphragm; this contribution
seems to be about half that of the rib cage and displays faster
time constants, Unfortunateiy, we are not able to compute the
volume of the rib cage with sufficient accuracy to make the
results above something more than a rough estimate of the volume
changes which take place., We would like to poiat out, however,
that apart from being a convenient way of specifying the overall
ﬁerformance of the breathing process, the rib cage volume has a
very limited kinematic significance, because it is not relatéd
in a unique manner to the displacements of the structures to which
it corresponds. ‘

A1l the drawings in this section, with the exception of

the X-ray tracings, are represented in a 1/1-scale.

L.2.2 - The spontanecus respiratory cycle

In order to characterize kinematically the spontanecus
respiratory process in the anaesthetized animal we make use of
the data. obtsined from a 16 mm cine-film and still X--ray photo-

graphs, which are summarized in figures L.3 to L.6, Figures L.3

. T e -~ =Y 3 mveem $eTm o m T m bmanm Tt man St ¥wmen does an e o E = >
L.y compare the views of the lateral and ventral surfaces of
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tpe thorax and gbdomen in the extreme positions of pesk inflation
'and deflation as they occur in the third breathing cycle of
figure L.1; this eycle represents a 'deep breath' and therefore
enhances the relative displacements of the structures of the

respiratory apparatus. The study of these drawings leads to the
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following conclusions:

| 1= .The rib movement responsible for the inflation of
the cage consists of a rotation upwards and forwards which in-
creases the transverse dimension of the chest all along its
length. This movement of the ribs is accompanied by a displace-
ment of the sternum in a caudal direcition and an opening of the
'elbow' angles of the rib cartilages. This behaviour of the rib
cage elements'is certainly not an aptifact due to the mutilations
to which the animal has been subjected because the same movements
are just as pronounced in an intact, although anaesthetized,
animgl we examined. ‘

2- The insﬁiratory movements have grestest amplitude in
the region of the rib cage limited by the 4th and 10th ribs,
diminishing gradually on both sides towarde its cranial and caudal
éhds‘

3= In this respiratory mode, inflation seems to be an
essentially thoracic phenomenon with the gbdomen playing a part

of a driven compartment. When the cage inflates, the abdomen is

also inflsted at its lower cranial end region a5 a result of both
the slight rise of the rib~cartilages in the area and, also, of

the pressure exerted on the viscerae by the diaphragm (cfe figure
4L.9). 1In its central region, however, the abdomen moves in an
opposite direction as shown clearly by the 25 and 30 wmm level con-
tours in figure 4.3, which in peak inflation advance into the chest
region and drop dovmwards in the dorsal region of tﬁc abdomen,

Pigures .5 and L.6 consist, respectively, of vertical

and horizontal cross-sections along planes which, as shown in
figure 4.2, are perpendicular to the median plane of the body.

These cross~sections refer to three £ilm frames 1, 2 and 3, equally
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spaced. in the respiratory cycle, whose relative pesition is

shown in figure 4.2 by the three numbered circles. The cross-
section of figure 4.5 shows that - -the dorsal and ventral regions

of the walls of both tﬁe thoféx and abdomen undergo displace-
ments in the same direction throughout}the respiratory cycle;

the lateral fegion o’ these wells, however, displays movements

in the opposite direction so that when the cage inflates the
abdomen deflates and vice-~versa. This effect, which has already
Eeen described in connection with figure 4.3, suggests the
possibility that the volume encompassed by the abdomen will tend‘
to stay approzimately constant throughout the entire breathing
period. Indeed, the shape of the abdominal cross-section (cf.
figure 4.5~ D,R,F) is such that the abdominal walls are practically
unable to resist inward transverse forces cceting normally to their

tions,; therefore, they will be

o

Jateral surfaces. In these cond

«

sucked in whenever the abdominal pressure in their immediate
neighbourhood deéreases as a resultof,for instance, the movements
forced on the viscerae by the rib cage and the diaphragm. This
response of thellateral abdominal walls could, thus, supply a
mechanism capable of keeping the abdominal pressure — and with
it fhe abdominal volume -~ approximately constant. We have, in
fact, been unable to dgtect any significant departure from the

b T

ne velume ol that part of the

(*)

sbdomen considered in the film frames we digitized¢ »Our result

figure of 3560 cc we compubed for &

must be taken with caution both because we only have access to
about 2/3% of the total abdominal volume and because of the limited

precigion of our method for evaluation of that volume.

Figures 4.7 to L4.10 are tracings of X-ray plates of the

ffﬂThe_abdoﬁinal volume we computed is that of the eylinder limited|

cranially by the edge of the rib cage and by the most caudad markers|
in the photographs. |




-119-

. X

=¥

" Fig. 43

Spontanecus breathing! comparison between the lateral views of the positions of
peak Infiation (solid line) and peak deftation (broken tine), A AG.D,E and F represent
the levels at which the vertical croas=-seations of Fig.4-8 are taken.
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Fig. 4-4

Spontaneous breathing: comparison between the ventral views of the
positions of peak inflation (solid line) and peak deflation (broken line).
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F Ig f 4'5
Spontaneous breathing eycle’ vertical cross-sections taken at the levels A,B,C,
D,EandF (Fig.4'3), The three lines of different thickness in each cross-section
nrepresents one of the three equidistant instants in the breathing cycle illustrated
by the circles in Fig. 4.2; the thickest line corresponds to rmme 1, the next to
frame 2 and the thinnest line to frame 3.
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Fig. 4-6

Spontaneous breathing cycte: horizontal half cross-section by a plane
normal to the sagittal plane of the animal and located 10 mm below
the X-X axis shown in Fig. 42. The three sections, designated 12 and 3
refer to the same frames as those in Fig. 4-5.
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peak inflation and deflation positions taken looking at the side-
and the top of the animal along directions which are approximately
orthogonal. These drawings show quite clearly the movements per-
formed by the internal organs during the breathing process, move-
ments for which the diaphragm bears most of the responsibility.
The main muscular masses of the diaphragm are the crurae, which
connect the céntral tendon to the vertebral column; their power-
ful contraction displaces (cf. figure L4.9) in the caudal direction
both the pleura and the viscerae on'their abdominal side, an action
" in which they of course are seconded by the contraction of the
remaining peripheral fibres (cfy figure 4.10). This contraction‘)
of the diaphragm forces the viscerae in a caudo-ventral directicn
and in this way causes the bulging in the lowcr cranial region of
fhe abdomen; at the same time, the downward movement of the
viscerae would tend to cause a deprcssion in the central region
of the abdomen and brings about an inward movement of the lateral
abdominal walls in this area.

The considerations just made;iseem therefore to indicate
that the distribulion of abdominal pressures as well as the
abdominal volume are both kept essentially constant throughout
the cycle. We would iike to point out in tﬁis connection that
the volume of the abdomen is apprcciably larger than that of the
thorax, and consequentl&, the changes which the rib cage and the
diaphfagm force upon it represent a much smaller fraction of the
total volume; this means Sherefore that, although the abdomen
expericnces quite large changes in shape during the respiratorﬁ

cycle, the actual alterations in its volume needed to accommodate
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Fig. 4.7

Spontaneous breathing cycle: tracing taken from the X-ray representing a tide view
of the position of the trunk in peak inflation (inspiration). Only the ribs on the
frontal side of the animal have been drawn.

1. Heart; 2.Liver; 3 Kidneys: 4 Intestines.
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Fig. 4-8

Spontaneous breathing cycle : tracing taken from the X-ray plate representing a
side view of the position of the trunk in peak deflation (expiration),
1. Heart, 2. Liver, 3 Kidneys, 4. Intestines.
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Fig. 4-9

Spontaneous breathing cycle : comparison between the main features

of the side X~-ray views of the positions of the trunk in peak inflation
(wo==- ) and peak deflation (—) .

1. Heart; 2.Lliver; 3. Kidneys.
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(b)

Fig. 4-10

Spontaneous breathing cycle: tracings of the X-ray plates representing the top
views of the positions »f (a) peak deflation and (p) peak inflation.
1. Heart , 2. Diaphragm, 3 Scapula,; 4.10th rib.
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the tidal volume changes, are most likely of quite secondary

importance,

h.2.3 — Comparison between spontaneous and artificial
ventilation

in order to increase our understanding of the mechanical
properties of the external respiratory epparatus and, in particul-
ar, to relate them to the concepts of the prossure-volume anslysis
we performed experiments in which the snimal was paralysed by

Flaxedil and artificially ventilated according to the regime

AN
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shown in figure L.41.
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tidal volume

Fige U4.11 - Tidal volume waveform in the experiment of
artificial ventilation.

The most impogtant conclusions to be drawn from these
experiments seems to be the recognition that the artificial
ventilation corresponds to a quite distinct respiratory mode.
This result = is understandable if we consider the mechanical
complexity of the structures which take part in the respiratory
act, and most imporitant of all, thst thelr movements result not

only from geometricsl and structural constraints but also frcm
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Fig. 412
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Comparison between spontaneous and artificial ventilation: lateral views
of the positions of peak inflation for naturai (solid lines) and artificial

(broken lines) respiration. A B C D E and F represent the levels at which
the vertical cross -sections of Fig 4.13 are taken,
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Fig. 4-13

Comparison between spontaneous and artifial ventilation: vertical cross-sections
at the levels A, B,C, 0, E and F shown in Fig. 4-12: The cross-sections which are
represented are those which correspond to spontaneous peak inflation (====) and

peak deflation (=~==) and to artificial respiration both in peak inflation ~=-=)
and defilation (- }.

t
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Fig. 414

Gompurison betweeh spohtaneous and artificial ventitation: harizontal
tross=séctioh by a plane normal to the sagittal planeof the ahimal and
located 10 mm below the X-X aXis shown in Fig. #12. The cross-sections
showh here obey the same convention as ih Fig. 413,
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Artificial respiration; tracing taken from an X-ray plate which represents a
side view of the trunk positionin peak inflation (inspiration).

1. Heart, 2. Liver, 3. Kidneys; 4. Intestines.
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Artificial respiration: tracing from an X-ray plate of the side view of the

trunk position in peak deflation (expiraticn).

1. Heart, 2. Liver; 3. Kidneys; 4. Intestines.
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Fig. 4-17

Artificial respiration: comparison between the positions of peak
deflation ( ) and inflation (=== =) as shown in side views of
the trunk. )

1 Heart, 2.Liver; 3. Kidneys.
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Fig.4-18

Comparison between spontaneous and artifial ventilation: tracing of the
X-ray plates of the side views of the trunk for the position of peak inflation
in spontaneous (=) and forced (~=—= =) yentilation.
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Fig. 4-19

Artificial respiration: tracings taken from X-ray plates representing the top views
of the trunk positions in {a) peak inflation and (b) peak deflation.

1. Heart; 2 Diaphragm, 3. Scapula; 4 10th rib.
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the way in which the active contraction of the muscular masses
takes place. The drawings of figures 4.12 to L.1L show side
views and cross—-sections of the trunk for its peak inspiratory
and expiratory positions. These drawings illustrate how the
blockage of the so-cazlled 'tonic! muscular activity in the
muscles of the trunk allows the weight of the viscerae to de-
form the rib cage and the abdomen, increasing their antero-
posterior dimensions and decreasing their transverse dimensions;
this effect forces ths trunk into é configuration which is com-
pletely dintinct from those occurring in spontaneous breathing.
As far as jour computation of the thoracic and abdominai-
volumes could reveai, no detectable difference exists in their
values for the position of peak expiration in spontaneous and
artificial respiration. However, when the lungs are artificialily
inflated with an incremeﬁt in the volume of air of similar
magnitude to the natural tidal volume, the increase of the
thoracic volume is only slightly above one half of that whicl
takes place in spontaneous respiration. This finding seems %o
be in sgreement with the information contained in figures L.17,
be18 and 4.19 whicn show a much more pronounced displacement of
the diaphragm during srtificial inspiration; naturally, the
larger surface area of the abdomen combined possibly with a
Inrger passive compliance of ife wall and a certain degree of
compression of the air contained inside its viscerae, mskes the
: diaphragm easier to move under the pressure of the incoming air
than the walls of the 1rib cage whose structures are harder to
deform. Figure 11.19(a) shows that even in expiration the

position of the diaphragm is already more receded in artifiecial
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than in natural respiration; this is due to the lowering of

the position of the abdominal contents which pull the diaphragm ..
down. A further feature of the artificial ventilation is the
irregular shape the diaphragm takes as a result of the irregular
distribution of resistance presented by the abdominal viscerae
(cf. figure L.19(b)).

It should be emphasized that although the changes in
the trunk configuration which occur as a result of the blockage
of the 'tonie' muscular activity (cf. figures L.12 to L.14) are
not large in absolute terms, they are enormous compared with the \
length changes ~ of the order of tenths of a millimetre -~ on
which the mechanoreceptors operate, This is particularly true
in the region of the costalcartilages where, apparently, the
intercostal spacing wideﬁs to the full extent allowed by the
connective tissue in parallel with the passive muscle fibres,

It should further be noticed that the Jloads applied to the
respiratory apparatds in our experiments are not likely fo cause
particularly large deformations. as they consist of the reasonably
light weight of the viscerae and the ballooning effect of the
pumped air; 1if, for instance, a negative pressure had been pro-
duced in the lungs,; it is quite likely that the parasternal

region of the cage would have been sucked in (Alexander, 1929;
Cetrdngolos 1930; Joly and Vineent, 1937) and the overall

distortion of the trunk shape would be much more spectacular.



lje 3 = ADDITIONAL CHARACTZRIZATION OF THE RIB CAGE

1. 3.1 - Introduction

In thisAsection we present further data on those
characteristics of the rib cage components which affecﬁ their
mechanical performance. We start by 1istiﬁg typicalrvalues of
the length of the ribs and associated cartilages, information
which is necessary in the procedure for 'fitting' the rib cage
to the set of experimental markers; we,'next,‘give values of
thq direction cosines of the ideal axes of rotation of the costo—
vertebral joints and show the approximate %rajectories described
by the tips of the ribs in a breasthing cycle, together with thoss
which they would deseribe if the costovertebral joints werec
purely rotational arcund the axes defined ahove, This is
followed by the planifications or rectifications of the lateral
walls of the rib cage and the implant in them of the direction
of a set of intercostal muscle fibres, thc measurement of their
approximate lengths and length variations and,; also, the areas of
the intercostal spaces. Finally, we make an estimation of the
relative value of the inertia forces which are developed in the
structures of the rib cage and enguire if they can be neglected

by comparison with those due to the transmural pressure.

Lh.3.2 - Length of the ribs and rib-cartilages

Table 4.4 and Tigure L4.20 give the average values of

the lengths of the ribs and associafed cartilages as measured
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in four cats. The ribs are here considered as beginning at the
point whereithe imaginary axis of rotation.of the"coStoéertebral
Joint intercepts the surface of the rib tubercle (cf. figure

3.4) and as ending at the costochendral jeint:; the rib-cartil-
age starts at this Joint and ends at the sterno-chondral Jjoint.
The precision with which the lengths of the ribs apd curtilages
can be measured is greatly impaired by the curvature of these
elements and by the difficulty of defining accurately their
extremities; as a result, the values given in table 4.1 are
defined with an accuracy not greater than plus or minus 1 wn.
Within these limitations, however, the lengths given here apply
closely to all four animals in which measurements were made; the
individual deviations from the average values is greatest Tor the
last ribs but even there only of the order of X 4.5 to 2.0 mm
éhd 80, comparsable to the precision with which the lenzthe are
defined. |

Table 4.1 — Typical length of the ribs and rib-cartilages
in adult cats.

Rib n® |Rib length | Cartilage length | Total rib and i
cartilage length
(mm) (nm) ' (mm?
4 22 . 19 U1
2 26 21 L7
3 31 2l 55
b 37 28 6
5 Ly 33 . 77
6 50 39 89
.7 56 L5 101
8 60 53 113 y
9 63. . 61 120
10 62 70 132 .
11 59 57 116
12 53 L2 .95
13 L6 26 72
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Fig. 4-20

Typical lengths of the ribs (o—o) and of the rib-cartilages (e—e)
in adult cats.
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Fig. 4-21

Typical values of the angles Y (o—o ) and § ( e——e ) which define
the ideal axes of rotation of the costo-vertebral joints, expressed in the
intrinsic axes of the vertebrae. The axes 0-x and O~y arechosen 30
as to make acute angle with the corresponding axes in Fig. 4-3 and with
0-x, as the diagram shows,lying along the axis of longtitudinal symmetry
of the vertebra,
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L,3.3 - The movements of the pribs

The angle values given in %table 4.2, which have the
same meaning as in figure L.21, deline the direction of the
ideal axes of rotation around which the costovertebral Jjoints
would articulate if they had the nature of pure axiasl rotations;
once the angles ¢ and ¥ are known, the direction cosines are
obtained by the following formulse: A
. tane

n ~
n . tany
(

1
m o 1
n 1 + tan2¢ 4+ tan<¥ ) ° (L.4) .

B

where the direction cosines 1, m and n refer to the angles made
by the axes with O0X, O0Y and 0Z, respeclively. These angles,
measured according to the method described in chapter 6.0, areé

expressed in fthe intrinsic reference frame of axcs, shown in

X}

figure .21, in which the X-axis is the longitudinal axis of

Table 4.2 - Definition of the angles ¢; and ¥; , expressed in
the intrinsic gystem nf re%erence axes, of the
ideal axes of rotation of the costo~vertebral .

Jjoints,

Rib (°) (°) Rib (°) (°)
no n®

1 2.0 7.0 8 28.5 34.0

2 8.0 14.0 9 30.5 36.0

i 3 12.0 19.0 10 22.5 375

L 16.0 23.0 11 3. 0 38.5

5 19.5 26&5 '12 35:0 3900 !
6 22.5 29.5 13 35.5 38.0

7 26.0 32,0

symmnetry of the vertebra and the Z—axis is defined by the

&
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centres of the two coslove ptebral joints. ‘The knowledge of
the values of these angles together with the knowledge of the
orientation of each vertebra with respect to an overall system
of referenﬁe axes (cf.‘figure h-3), makes possible the computation
of the trajectories which the ¢ips of ﬁhe ribs would describe if
the costovergebral joints were purely rotational around the axes
described above. The wethod for such computation is described
in Appendix A.3 and it was used to obtain the circular traject-
ories shown in figure U.22 which correspond to an orientation
of the individual vertebrae with respect to the overall X- and
Y-axes (figure L.22) as defined in table L. 3.
Table u 3 - Angles, measured in fthe clockwise direction, the
X- and Y-axes of the intrinsic system of reference
‘0f each vertebra have to rotate in order to become
parallel to their counterparits in the overall system

of reference of figure L.22; the Z-axis is parallel
in 21l the systems of axes.

Costo- Orientation Costo- Orientation
~vertebral angle -vertebral angle

joint (0) joint (9)

1 29.0 8 5.0

2 25.5 9. Te5

3 20.5 10 12.0

b 15,9 14 20.0

5 11.0 12 27.0

6 7.0 13 30.0

7 5.0

The first costovertebral joint is the only one which can

be reasonably described by the simple axial rotation model; in

all the other double jointed rivs, from the 2nd to the 10th, the
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' (b)

(a)

Fig. 4-22

Movement of the tips of the ribs in spentaneous breathing:

(a) lateral view and (b) view from underneath in the direction which corresponds
to maximum lateral dimensions of the loops described by the tip of the ribs.

The arrows in both views indjcate the trajectories which the tips would describe,

starting at the peak deflation position, if the movement of the ribs was one of
pure rotation around the axes defined in Table 4-2,



articulation between the %ubercle of the rib and the vertebral
transverse process becomesgradually more opened, or flattened,
to allow an increasing amount of sliding of the surfaces in
contact; in the last three ribs, the articulation with the
transverse process is completely absent‘giving the Joint a much
greater freedom of movement. However, in spite of these depart-
ures from a simple axial- rota%ion model shown by the costo-
vertebral joints, the movement of the ribs does not, for small
~amplitudes, differ exaggeratedly from what it would be in the

| ideal case, as figure I.22 shows; the agreement between the two
types of trajectories means that the analysis of the kinematic
properties ol the rib cage may be based, at least in a preliminary

Phase, on the model of purely axial costo-veriebral articulations.

b.3.h ~ Rectification of the rib cage surface

‘The rib cage is 2 hollow structure whose thickness is
small compared with its other dimensions and, therefore, Whiqp
responds to applied leads in a shell~like manner, i.e.. by means
of a stress-strain field Which'can be considered, in a first
approximation, as indepenéent of the thickness of the cage walls;
this field can thérefore be described as a function only of two co-
ordinétes defined over the rib cage surface, in which it exists,

A %ery'convenient way of presenting data on this stress-strain

b3

field will therefore be to map it on the rectified surface of
the rib cage. The rectification of the rib.cage is also a very
useful toel for the study of the geometric changes which the

applisd forces cause in the wall structures; these deformations



are very difficult. to anélyse by other methods and are essential
to the computation of the stress distribution. We understand by
rectification or planification of a three~dimensional surface the
plane ares which is obtained when the éurface is ecut open and
forced to adapt to a plane surface. This operation is straight-
forward for single-curvature surfaces, such as cylinders and
cones, but for surfaces of double curvature it involves its
Ereaking-Up inte sectors small enough to be treated approximately
as a single curvature surface element. To perform the rectirfic~
ation of the rib cage surface we utilise the method described in
Appendix A.2 which deals separately with each intercestal space ~
in order to allow for the double curvature of their surface;
figufes L,23 %o 4.25 were obtained by this method. As we see,
the rectified intercostal segments fit each other very nicely
'ihdicating that the cage is almost a ruled surface as a result

of the predominance of the curvature around its longitudinal
axis. Figure L.23 compares the rectified cage surface in peak
inflation and deflation and reveals clearly the changes which
occur in the shepes of the cartilages and intercostal spaces.
FPigures L.2L and L.25 show the orientation of the fibres in both

sets of intercostal muscles for the end positions of inspiration)

cycle. The orientation of the muscle fibres in the intercostal
spaces was obtained by the method descfibed in section 6.2.4 for
-a set of approximately eguidistant fibres; once the abtachment
points of these fibres on the ribks and rib-cartilages are known
for one position of the cage, their position for other configur—
ations of the cage is easily obtained by locating the attachment

points on the ribs of the corresponding rectified surfoce. This
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Fig. 4-23

Spontaneous breathing: comparison of the rectified surface of therib

cage in peak deflation (. ) and peak inflation (=== ).
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Fig. 4-24

Spontaneous breathing ( peak infiation) : orientation of the fibres
in the intercostal musciles on the rectified surface of the rib cage.
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Fig. 4-25

Spontaneous breathing (peak deflation). orientation of the fibres in

the intercostal muscles on the rectified surface of the rib cage.,
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is the way in which the fibres drawn in figures L.2L and 5.25
are related. The length of these fibres was then read from the
drawings and plotted in figures L4.26 and L.27, for the internal
and external intercostal muscles, resyectively; these data are
organised in twelve graphs, one per each intercostal space, each
including the lengths of the corresponding set of fibres for the
positions of end inflation and end deflation.

As can be seen in Tigure 4L.26, the fibres of the internal
intercostal muscles present a peak in the length value in the
region of the ‘'elbow' of the costalcartilsge; also, only the
muscle fibres in this region show 2 measurable difference in
length at the two extreme inflation and deflation conligurations
of the spontaneous respiratory cycle. The length of {he fibres
of the external intercostal muascles, on the other hand and as
éhown in figure L.27, show a much less pronounced 'elbow' peak and
seem to suffer no changes in length throughout the respiratory

cycle. , :
' This 1s a very surprising result as one would expect the

stretch~reflex servo assemblages to be operative everywhere in

the rib cage and their operation depends on changes in the lengths
of the ih%ercostal fibres. The Tirst explanation for this un-
expected finding to occur to us is the possibility that the
length>changes which take place are just too small to be detected
within the accuracy of our method. We must; howevar, realise that
the lines drawn in figures 4.2l and 4.25 represent the projection
of the chosen muscle fibres on the external surface of the rib
cage and, for that reason; the above results refer strictly %o
distances between points on adjacent ribs and not necessarily to
the length of thé fibres inserted between those points. In order

to check what happens to the fibre length, account must be taken
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Fig. 4:26
Length of the internal intercostal muscle fibres in peak deflation ( ) and inflation (-=---~ ).

Abcissae: order numbers which designate the position of the respective fibres as represented in
Figs, 4.24 and 4.25 from whose top the numbering starts. Ordinates. length of the fibres in
mitlimetres. The numbers inside the graphs designate the intercostal space to which it refers.
In graph number 8, the length of the fibres in artificial respiration, for both peaks of inflation
{~===~) and deflation (=), js aiso shown for comparison.
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inflation (-----), Abcissae and ordinates as in Fig. 4.28. Also, in graph B

the length of the last fibres for peak deflation (===es) and inflation (= ----) in
artificial respiration is shown for comparison
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Length of the external intercostal muscle fibres in peak 'deflat‘ion( ) and



of the '‘sagging' whichi the transmural preséure may induce on the
intercostal spaces, a matter which will be .taken up in section
4. 3. 5.

The Tact that the changes in the length of the fibres
due to the spontaneous breathing movements, if they occur, are
for the most part toe small to be detect d in our data, does not
also mean that large changes cannot be forced on them without
disturbing unduly the shape of the rib cage. To illustrate this
point we have drawn in graph number eight of both figures l.26
and 4.27 the length distribution of fthe same fibres under con-
ditions of artificlal ventilation; only the last fibres are con-
sidered beczuse only they show appreciabie departures from th
lengths in spontaneoﬁs breathing, vut these ienglh changes must be
consldered as quite significant.

Figures L4.28 and L.29 compare the rectifications of the

\3

cage for the peak inflation and deflation positiocns in artificilal
respiration with, respectively, the configurations of the pesk in-
flation and deflation in spontaneous breathing. Theszs drawings
show that in artificial ventilation the ribs are wmore rotateq
towards the vertebral column than in spontancous breathing and
that the elbows of the cartilages are more pronounced. This
effect, as has already been said, is caused by the weight of the
abdominal viscerae and the absence of tonic musuclar activity.
Figures L 28 and L.29 show also that the configurations taken up
by the ecage in artificial respiration are gquite diff'erent from
those which oceur in spontaneous breathing., It may, of course,
be‘possible to achieve greater agreement between the two types

of ventilation by generating the desired tidal volume at higher

i
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Fig: 4-28
Rectified rib cage surface: comparison between peak deflation in spontaneous
respiration ( ) and peak inflation (===} and peak deflation (===----- )

in artificial respiration.
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Fig. 4-29

Rectified rib cdge surface: comparison between peak infiation in spontaneous
respiration ( ) and peak inflation (e=—————) and peak deflation (-----~- )
in artificial respiration.




air pressures; this method, however, would certainly bring
about an even greater disturbance cf the configurations sf the
diaphragm and the other abdomingl walls.

Pipally, figures L.28 and L.29 show that changes in
shape and dimensions of the intercostal spaces between the peaks
of inspiration and of expiration are larger than in 3ponﬁaneous
respiration. It also shows again the fhcf, pointed out in
section 4.3.2, that the changes in the configuration of the rib
cage brought about by the application of Flaxedil are very large
when measured in terms of the length changes which the respective

mechanoreceptors need to operate on.

Le3.5 - The sagging of the surfzce of the intercostal
spaces

So far we have not taken into account the sagging which
the transmural press&re may tend to cause on the surface of {he
intercostal spaces and, therefore, we considered not the true
surface of the rib cage but the envelope surface which can be
defined as resting on; and tangent ﬁo, the external face of the

ribs and rib-cartilages. As a consequence of this fact, the area

of the rectified surface is smaller than the surface of the cage
and sméller are also the lengths of the muscle fibres measured on
the rectified surface. Unfortunately, the surface of the inter~
costal muscles is only visible in the animal preparation utilized
in our experimenis over a narrow strip of the cage surface above
the insertion of the obliquus.abdominis externus; in thié region,

the sagging of the inlercostal surfaces in phase with the trans-
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mural pressure is weli marked and, alﬁhougﬁ no exact meagure-
ment of its magnitude was attempted, we estimate its value at
a few tenths of a millimetre. 'the diagram of figure L. 30
represents an intercostal muscle fibre and the cross-—section
of the ribs at the attachment points; for small values of the
sags the shape of the fibre may be approximated by a pérabola

(Rektorys, 1969) whose eguation, referred to its lowest

Yy
SRR S
Q‘\_ */’S @ x
A=t

Fige Ue30 — The effect of sagging on the total length of an
infercostal muscle fibre: d- distance hefiwecen
attachment points on the ribs; s~ fibre sag at
its centre.

point A, is:

y = l.s. (x/3)° ‘ (L.2)

where g8 is the value of the sag at the éentre of the fibre and
d the straightline distance between the two attachument @oint..

The actual length of the fibre, d,, is computed from (4.2) to be:

————

ha=L“& V1+(Wﬁ@2+(®@ﬂzﬁwmmlumﬂﬂ (L. 3)

and from this expression we deduce that, for s typical fibre

length of 10 mm, a sag of 0.3 mm results in aulength increase of

0. 48 mm,



The importance of this effect becomes clear when we
consider the results of the previous section in which, apparently,
no change in the length of the muscle fibres was detected in the
costal regiorns during respiration.

It was then pointed out that, strictly speaking; the
observations only indicated that the distances between fixed
points on adjacent ribs remained essentislly constant and that
changes in the length of the muscle fibres could still ocenr, in
particular as a result of sagging in the infercostal space sur-
faces under the transmural pressure. This fact raises s most
interesting possibility, namely, that the length changes due to
this sagging may constitute the very way in which the transmural
pressure, and with 1%t the load it reprecents for the'cage stroct-
ures, may be monitored and comnensated for. The principle of
such a mechenism would then be as follows: when the sagging
increases the length of the muscle spindles in the intercostal
muscles, the associated position control system reacts and con-
tracts the muscles it subserves, building the tension in them to
the level necessary (o resist the load. This mechanism would
obviously apply to all the intercostal spsces and would be
integrated in such a way as to avoid excessive lccal responses;

such over-responses would be fell as an additional load by the

some Lorm of inhibitory action. A mechanism of the type just
outlined would operate nerfectly under normal physiological con-
ditions when fthe load on the rib is essentially associated with
negative transmurel pressures; it would also operate well when

positive transmural pressures causcd ballooning of the cage walls,
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although this situation would tend to bring about the contract-~
ion of the muscles which are wrapped around the cage, namely
those concerned with the suspension of the front limbs, the

rectus and oblique abdominal muscles and the serrati musecles.

: h.B.E-- Area of the rib cage surface
Table L.l contains the areas of the intercostal spsces
for the two configurations shown in figure L.23. These areas are
computed by adding up the areas of the plane triangular facets ‘
which are used to approximate the surface of the intercostal
spaces (cf. figures A2.% and A2.2). The values of the areas

Table L. Ik - Approximate value, in square centimetres, of the
areas ol the intercestal spaces in sponbaneous

respiration
Space Phase Space Phase
ng 1 nd
Expiration| Inspiration Expiration| Inspiration

1 h.63 L.56 7 11.07 11,20

2 5.15 5.11 3 -10.95 1107

> 6. 39 6. 37 9 10. 77 10. 82

L 7. 84 8.13 10 8.63 8.70

5 8.08 8.39 14 7. 3L 7. 35

6 10. 89 11.09 12 6. 35 6. 33

thus calculated, are smaller than those which correspond to the
real envelcpe surface (i.e., with no sagging taken into account)
of the rib cége, but the error can be always made sufficiently
small by increasing the number of facets used to approximate the

surface.
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As can be seen in table L.l, the changes in the values
of the intervcostal space areas during the respiratory cycle are
very small when wmeasured on their nrojections on the cage envelope
surface. |

The tota1~pPojected avea of the cage as given above
varies betwecen 196 and 198 cm2, respecitively in pesk expiration
and peak inspiration, and therefore remains gpproximately con-
stant throughout the respiratory cycle as one would expect from
the near constancy of the width eof the intercostal spaces. The
configuration of ihe cage, on the other hand, alters noticeably
as shown in figure 4.3 and L.l; these changes are, however, pro-
duced mainly by changes in the shaﬁe cf the costalcartilages -
where, as we have ssen, the largest changes in the fibre length
take place -~ and without appreciable alteration of the total
area of each intercostal space.

It is of some interest to notice that at the peak
inspiratorﬁ transmural pressure of 30g/cm2 this area corresponds
to a total compression force on the cage of 5.94 kg. definitely

larger than ithe total weight of animal.

Le3.,7 = Inertia forces developed in the rib cage
movemen ts

- Figure .31 represents the displacements and the
accelerations in the movement of the tip of the 8th rib referred,
as in figure L4.22, to its position in peak deflation. This point
is situated in the region of the cage where the largest respiratory

movements occur and it may, therefore, be used for the csitimation



of the inertia forces which are developed in the rib cage. For
this purpose, we assume that the vectorisl acceleration a sepplies
to all the points of the rib and we consider it loaded by a
weight of 30 g of bone, muscle and other tissues; in this way
e make sure that the calculatcd value of the inertia forces
exceeds its real value, The peak inertia force of the loaded
rib is thus ogtained br multiplying the mass which corresponds
to the 30g weight by the value of the acceleration 8 = 3 cm/sec?:

I.F. =30 . 3 / 980 = 0.09g (Lo k)
where 980 cm_/sec2 is the acceleration of gravity.

In order to acquire an idea of the relative importauce
of these forces we compute the value of the transverse forces
developed by the peak transmural pressure over an area of the
same orﬁer ¢f magnitude as that of the intercostal spaces on
either side of the rib (11 em2), Thus, if we use the value of
.30 g/cm2 given in figure L.1, we obfain the foliowing total
fransverse force en the rib: '

T.F. = 30 . 11 = 330 g (Lo 5)
which is four orders of magnitude larger than (L.L). It should
also be noted that the largest values of the acceleration a occur
during the inspiratory phase, i.ec. they coincide with the pressure
pulse of figure L.1. Similar results can be shown to hold for the
structures of the abdominzl compartment. I% is thervefore legitimatce
to conclude that we can neglect the contribution of the inertia
fdrces in the study of the dynamics of the external respiratory
apparatus and can treat the corresponding movements as a success-—
ion of conveniently spaced still frames, each of which is studied

as a static problem in structural analysis.
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Fig. 4-31

Displacements and accelerations in a full period of the movement of the tip

of the 8th rib referred to its position in peak deflation. X, % z,X%, ¥, and Z
represent the components of the displacements and accelerations,
respectively, expressed in the reference frame of axes of Fig.4-22;

a .,/(3?)"0{9)’4 3% is the amplitude of the instantaneous vectorial acceleration.



Lh.ly - SUMMARY AND DISCUSSION

The experimental work reported in this chapter was
undertaken as an attempt to clarify thé nature of the movements
performed by the various structures of the external respiratory
apparatus during the breathing process. and it led to the foliowing
main results:

1= The rib cage and the diaphragm are the basic driving
csmponents in the inspiratory movementé of spontaneous breathing
for the animal posture and conditions of the experiment. The
abdomen seems to behave as a driven compartment whqse nich larger
volume remains comparatively unchanged throughout the respiratory
cycle, However, the fact that the abdomen appears to follow
passively the shape changes imposed on it by the rib cage snd the
'diaphragm could be misleading because the asbdominal muscles may be
contributing to the respiratory drive by becoming more active
during the expiratory phase, a possihility that we did not check,

2- The gpplication of Flaxedil brings about a change in
the shape of the trunk. This change is due to the faet that the
ribs and the rib cartilages cén no longer maintain an elevated
position under the weight of the abdominal viscerae, weight which
is transmitted to them by the abdominal muscles. This, therefore,
shows the fuﬁctional importance of the 'tonic' or non-phasic act-
ivity of the muscles responsible for the structural stability of
the. thorax,

3= For small awmplitudes, the movement of the ribs may be
treated as glimple axial roftations around the costo~vertebfal

Jjoints. The corresponding axes of rotation are such that, in
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ingpiration, the ribs move simultaneously fdrward and upwards

and, consequently, the cartilages have to open their elbow

angle in order to increase the lengtli of the new cross—sectional
perimeter. Another important consegueuce of thislopening of the
elbow angle is the fact that the cartilages assume a chape better
suited to resigt the transmural pressure which should act on them
as a compression along their longitudinal axes.

L- The changes in length of the intercostal muscle fibres

';in the costal region are., when measured on their projeciions on
’the envelope surface of the rib cage, generally too small to be
noticeable in the data we have., Those fibres do, however, undergo

a certain amount of sagging under the action of the transmural
pressure and, thus, suffer increases in length of the order of a

Tew tenths of a millimetre. This sasgging effect could therefore

be.the vehicle Tor the control sysftem which is responsible for

the grading of the muscle tension distribution throughout the rib

cage surface under load.

5~ The length changes in the intercostal muscles are very

small compared with their total lengths; the same is also true

for the other muscles associated with the rib eage such as the

levatores costarum and the serratus anterior posterior, Thisg

means, therefore, that in the modelling of the mechanics of the

s

ib cage w

may treat the muscles as constant~length devices, a

o

characteristic which considerably simplifies their transfer funct-
ibn. Inscfar as the muscle spindles are concerned, these findings
regarding length changes are in agreement with data obtaihed
elsewhere (Matthews and Stein, 1969) which showed that in the

range of frequencies occurring in quiet respirstion, the primary



endings have a linear response and their maximom sensitivity for

length changes up to about a tenth of a mllllmetre

(6~ The costalcartilages in the parasternal repion are)

helinternallintercostalmuscle fibres radiating from the|

‘supported by th
lchondrosternal joint and this accounts for the respiratory activity

i§f:£§§§§:ii§i§§;}Elsewhere in the care,; their contribution to
inspiration mzay be thought of as resulting from existence of
stresses whose dircction does not coincide with that of the
external intercostal wmuscles and, therefore, have to be balanced
by vector%al composition of forces; the occurrence of such non-
aligned stresses is extremely likely in =z structure like the »ril
cage when performing such heavy work - for instance, the total
compression on the cage surfacc is, using the values of peak
pressure and gres 7lven in the previsus sectiona. of the order
b6 kg, i.es about two times fthe full welght of the enimul.

IxXperience has, indeed, shown that the intewnal intercosial musales

7— The action of the diaphragm is primarily determined
(cf. figure 4.9) by the contraction of the muscles which connect
the central tendon to the vertebral column - the crurac - and to
which they transmit most of the load re prerented by the displacement

of the abdomingl viscerae; the contraction of the peripheral
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which includes the overceming of the transdiaphragmatic pressure.
An interesting particular of the peripheral regions of the dia-

phragmatic ¢ome is that they contract into o shape which, in cross

St

1 (ef, Tigure 4.10 regembles very closely thot of a
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'catenary of conatant astrength' (Rektorys, 1969) which is the
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shape taken, under its own Weighﬁg by a perfecﬁly flexible and
inelastic cable, when suspended freely in the air, if its cross-—
section is made to vary along its length so es to guarantee a
cons tant value of stress everywhere, The implications of this
analogy are that the cross-section and the relative extenéion
of the muscular and aponeurotic components irn the diaphragm have
evolved to a solution of approximate equal stress at every point
under load. )

8- The contents of the abdominal compartment constifnte
a sort of 'fluid' because of their capability to undergo wass
movements. However, the density, viscosity and character of this
‘fluid‘ vary from region to region, conferring it an essentially
heterogeneous and anisotropic nature. The viscerae in contact
with the diaphregm in particular, have limited mobility and there-
fofe tend to be deformed by movements of the diaphregm (cf. figuré
L.18)and to influence very msrkedly the shape changes in the crenisl
region of the abdomen.

0= The inertis forces which develop in the structures of
the external respiratory apparatus can be ignored because they are
very much smaller than the normal loads which are applied Go itf*l
The Linetic study of the movements of the external respiratory
apparatus cén thus be performed through the analysis of a
sucecession of still configuratbtions for which the equilibriuvm of
the applied forces and internal stresses can be studied by the
meﬁhoés of Structural Analysis. Once these forces are computed
Tor each configuration,; their evolution in time is cbtained by a

<1 ;
guLLanic

3

1e "animation' of the individual resulits; in the same way

in whiech the snimation of the geowetrical configurations

(*)(The forces due toltheviscous dumping in the muscles have not been|
{Eggééggpedukﬁéipecause we _have only dealt with the forces acting|
lon_the ribs.|
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reconstitutes the movements of the respiratory apparstus.

10~ Although we hsve not actually meésured the time
constants of the response of the 'stretch~reflex servo assemblage'
of the respirstory muscles to changes in muscle iength, we can in
view of the contraction times of these muscles (Andersen énd Sears,
196L) and the time constants of the primary afferent.fibres in the
muscle spindles (Crowe and Matthews, 196li) assume With-confidence
that it is smaller than one tenth of a second. But, if this is
so, 1t follows that the neuro-muscular system which is responsible
for the structural stability of the respiratory apparatus is able
to correct for variations in the load which are at least ten times
faster than the respiratory frequency. We may therefore conclude
that, although the respiratory slow modulation of the neuro-~
muscular activity in the respiratory apparatus is the most obvious
ahd apparently sll-dominant, in true fact the most significant
component of that sctivity - the one ﬁhich reflects the response
to structural requirements — will have to be found in the fast
changing signals which accompany that meodulation.

14= As it has been pointed out in section 4. 3.2 and
b.3.l4, the silencing of the respirsteory muscles leads to shape
changes in the structures of the respiratory apparatus which are,
generally speaking, very large in cemparison with thé length
changes for which the stretchreceptors are most sensitive
(Matthews and Stein, 1969). This fact is very important in so
far as it strongly suggests that the control of the respiratory
muscles is such that they tend to keep the structures in the
system stabilized in the central region of the range of displace-

ments which their passive constraints allew them. 1In other words,



it seems reasonable to think that these muscles are integrated
in a position control servo system in which the crossed feedback
between antagonistic musele units brings in the necessary pover
to keep the subserved structure in g stabilized position. Further-
more, the respiratory muscles are able to’pefform in this manner
even under the influence of very large loads. As we have pointed
.?out already in-section e 3,2, the loads applied to the respiratory
apparatus in our experiments were not very adequate to show the
jextent in which the stability of ite shape depends on the co-
ordinated contraction of the respiratory muscles, Indéed, the
weight of the viscerae - typically 0.3 kg. - represents a quite
small load as compared fer instance fo that.due to the inspiraztory
transmural pressure (cf. section L.5.3); also, the wethod of
artificial positive pressure respiraftion which was used tends to
Salloon the chest wall against the resistance of its passive
connective and muscular tissues and, ﬁhus, preserves the stability
of the shape. The situzstion would change radically if negative
pressure was created in the lungs as illustrated by experiments
of multiple intercostal neurectomy {(Alexander, 4929; Cetréngglo,
193%0; Joly and Vincent, 1937) in which the gnterior parasternal
‘region of the paralysed side of the cage sinks in paradoxically.
These wore radical changes point out the fact that, apparently,
the mechanism which keeps the structures 'centred! gt their middle
passife position, is also quite adequate to assist those structures
ihdresisting the loads applied to thems This conclusion, however,
implies that the nervous system which controls these muscles hés

means of distributing the muscular activiiy -throughoui the entire

system ir such a way as to avoid the occurrence anywhere of unduly
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large stresses or bending or twisting momenﬁs which would very
easily tend to occur in such complex structures; in other words,
one is led to imagine that if excecsive work is demanded from the
muscles anywhere in the system, this excessive demand is capable
of influencing the muscular acbivity in other parbts of the system
and that this influence is consistent with the proper load res-
ponse of the same systen. Pinally, the respiratory apparatus
must accommodate large deflectlons, éuch as those associated with
;trunk rotation or flexions. which bring about large departuies
from the above meniioned 'centred! positions without impsiring the
load fesponse of the system. '

The facts listed above, therefore, sugpest that the nervous
system control of the muscle activity in the respiratory apparatus
resembies closely the way in which industrial process~control plants
.>are integrated by their central computer; this compuber works vut,
according to a certain strategy and tée data produced by the sensors
distributed in the plant, the commands which are issued to the
effector units and thus- creates a harmonious and efficient over—

all system.



CHAPTER 5.0

FUNCTIONAL ELEMENTS FOR THE MODELLING OF THE MECHANICAL PROPERTILES
OF EXTERNAL RESPIRATORY AFPFARATUS

Bet1— INTRODUCTION

The purpose of this chapter is to proceed further with
'the qualitative or semi~quantitative analysis of the mechanical
properties of the structures which constitute the respiratory
apparatus; the results of the previous chapter are now combined
with other anatomical data snd interpreted in terms of their
implications on the functional integration of the different
. structures in the respiratory apparatus. The conclusions which
are thus reached, not only clarify many details of the performance
of the external respiratory apparatus, but also constitute g
reasonably complete framework in which its realistic modelling
can be achieved. We shall continue to assume the vertebrai
column and the cocecyx as fixed in space and constituting the
baslc reference framework for the mcvements of the respiratory
apparatus; this of course means that no flexibn or bending. of the
column is considered. Also, only omall deformations of the other
structures, in particular of the abdominal walls, will be taken
into consideration.

This chapter is organised as follows: the rib cage is
analysed in comnnection with 1ts participation in the maintenance
oL the postural stability of the trunk and the suspension of the

front limbs; the role played by the articulsitionc in the cage

e

e
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both in conditioning the relative movements of the supporting
elements and as an integral part of the control mechanism which
supervises the movements and configuration of the cage.is con~-
sidered next. We then analyse the pariicipation of the inter—
costal muscles in the response of the cage to loads and in prevent-
ing bending of the costalcartilages and ribs, and follow it with
the study of the mode of action of the structures which constitute
the boundaries of the rib cage. The participation of the abdominal
éompartment in the mechanics of respiration is considered in terms
of the mechanisms involved in the stabilizebion of the caudal rim
and of the overall configuration of the rib cage and in terms ol
the role played by the abdominal viscerae as mediators of the
action of the abdominal muscles and the diaphragm.

We end this chapter with the analysis of the fundamental
pfinciples on which the modelling of the mechanical properties of

the external respiratory apparatus could be performed.
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5.2 = STRUCTURAL ORGANIZATION OF THE RIB CAGE

5. 2.1 = Introduction

The rib cage 1is an integral part of the axial skeleton
and, therefore, directly involved in the structural integration
and stability -of the body. Also, and like the vertebral column,
it must be so articulated as to allow the flexion and rotation
movements of the trunk and, finally, it must be capabie ol
permitting the breathing nmuxﬁuvfes which depend on changes of
the chest volume. Although we do not intend to tackle the pro-
blem of the mechanicdl performance of the rib cage in such
géneral terms, and are only concerned with its respiratery function,
the requifements outlined above still have to be considered because
of the extent in which they condition the rib cage design. In this
section we will try to bring together some facts and relationships
which are essentigl for the anal&sis of the mechanical properties
of the rib cage. We start by considering the general problem of
the structural integration of the animal's body and the contribution
of the rib cage to this function and continué with a brief account
of the system by which the front limbs are attached to the thorax.
Poth of these functions give rise to loading of the rib cage and,
therefore, exert a strong influence on the size and organization
ol its structures. We consider next the articulation between the
bone and cartilageneous structures which make up the cage; these
articulations constitute functional assemblages which perform the
double role of connecting %together the supporting structures and
of providing a system of displacement monitors which, together

with the muscle's own mechanoreceptors generate the afferent
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data on which the integrative muscular control is based. The
osseous—cartilagenous framework of the rib cage consists of four
types of structures, namely, the thoracic part of the vertebral
column, the rins, the cestalcartilages and the sternum, itself
made up by the sternebrae, the wanubrium and the xiphoid process;
conscquently, five different types of joints, respectively called
vertebral, costovertebral, costochondral, chondrosternal and
sternal, are involved in the assemblage of this framework. The
. vertebral joints, comprising the cartilagenous Jjoint between the
Aveftebral bodies sud the synovial Jjoints between the vertebral
arches, will not be considered in detail because im our model of
the respiratory system the vertebral column is assumed fixed and
rigid. The costovertebral joints include the costotransverse and
the COStOcathulaP Joints and will be analysed in some detail to
_llustrate the main Ieaturcs of vhe Jjoint control assemblage. The
remaining types of Jjoint, which are simpler than the previous ones, °

will be described summarily.

5.2.2 = The posbural stability of the trunk

The postural stability of the vertebral column, the main
structural element of the trunk, is achieved by means of 2 system
of shért{and long muscles which connect the vertebrae With gach
other and the bone sbructures such as the coxal bones and the ribs
(Gray's Anatomy, 1954). The shor% muscles of the column, although
they help in its movements and in stabilizing it against buckling.
have as their main function to guarantee the cohesion of the

vertebrae. The most important short muscles are the following:
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the interspinalis - stretching between the spines of contiguous
vertebrae ~ , intertransverslli - between the btransverse processes
-~ and the rotatores - rconnected bebtween the transverse process of
a verbtebra and the laminae of the vertebra which preceeds it
cranially - .

The ;ong muscles of the column are the ones responsible
for the bending of the column laterally (flexion), for rotating
it and for extending it (as a result of increasing its radius of
. curvature), Besides the iliocostalis and longissimus thoracis
deécribed in section 3.3.2, the most important of these long
muscles are the following: the longissimus cervicis and the
‘longissimus capitas - between the transverse precesses of the
anterior thoracic and the posterior cervical vertebrae -~ , the
SPinalis and the semispinalis - from the apines and from the
transverse process, respectively., of one vertebra to the spine
of another vertebra situated several vertebral spaces away
cranially = and the wmultifidus -~ a system of independent muscuiar
faseiculi, varying in length from one to five intervertebral
spaces, and attached to the mammillary processes of the vertebrae
in the lumbar region and to the transverse processes in the
cervical region.

All the long muscles, however, lie on the dorsal side of
the vertebral column énd their contraction tends, as figure
5.1(5) shows, to open the dorsal angle; they are, therefore,
Qery effective in resisting all dorsoc-ventral bending stresses
which tend to reduce that angle but are most ineffectual for
stresses in bthe opposite direclion. The latter stresses are

resisted by the combined action of the thoracic cage, the scaleni,
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Fig. 51 Diagrammatic representation of : {a) the muscles of the
trunk which act in the sagittal plane and (b) main
musciles responsible for the stability of the trunk.

1- Serratus posterior inferior m.. 2-serratus posterior superior m;

3—transversus abdominis and obliquus abdominis muscles; 4-rectus
abdominis m.; S5-scalenus m.; §— muscles of the column; 7-psoas minor

and quadratus lumborum muscles ;| 8~longus colli muscle ; 9-abdominal

viscerae,
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the sternomastoideus and the rectus abdominis‘muscles and the
pelvic bones (Gray, 19LlL; Slipjer, 1946). The pelvis itself is
joined to the vertebral column through the sacroiliac joint, =a
very powerful coupling which virtually locks the two structures
to each other,

The trunk is a three dimensional structure and therefore
has to be stabilized also with regard to the lateral bending.
Again, the rib cage together with the abdominal muscles - the
transversus, the obliqui, the retractor costae ultimae and the
quadratus lumborum - constitute a well levered and potent postural
stabilizer; the forward attachment of the obliquus externus “
muscle on the shafts of the anterior ribs, as shown in figure
3. 8(b), reflects the very adaptation of this musecle to such a
role, The diagram of figure 5.1(b) highlights the important part
" played by the thoracic cage in the structural stability of the
trunk and, indeed, it is only in so far as the rib cage itself is
suf ficiently stable and firm that tﬁe abdominal muscles are at all
able to perform a useful role.(*)

The rib cage is the second largest bone structure in the
body and the achievement of its proper functioning constitutes a
feat of engineering just as remarkable as that which the vertebral
column représents. The rib cage is held firm by the combined‘

powerful action of the intercostal muscles, abdominal muscles and

s ) .
( )The external obliquus is not represented explicitly in figure
5.1(b) in order to avoid complicating this diagram excessively.



the shell effect produced by its shape; in'normal conditions,
this mechanism is quite enough %o guarantee. the adequate per-
formance of the rib cage functions. When the demsnds on thé
contribution of the cage to the stabkility of the body increase,
the animal is able to resort to the foliowing measures:

1- the compression of the abdominal viscerae in order
to stabilize éhe caudal boundary of the cage as shown in figure
5.1(a);

2=~ the mobilization of the muscles overlaying the rib
| cage such as the serrati posterior muscles and the muscles which

connect the front limbs to the trunk, in order to guarantee that

the shape of the rib is not disturbed by the extra load;

,3" the contraction of the scaleni and the sterno-
mastoideus muscles, in conjunction with the asbdominsl muscles,
to neutralize the asymmetrical loads which would bend the vertebral
column laterally.

Finally, the attachment of the rib cage to the vertebral
column must, of course, be such that the two structures are firmly
connected together and behave as a single body, a result which is
achieved by the combined action of the deep muséles of the béﬁk,
the levatores costarum, the serrati posterior and the obliguus

abdominis externus muscles. This point will be further analysed

in section 5.2.L.

5.2¢3 = The attachment of the front limbs to the trunk
walls

The diagrams of figure 5.2 and 5.3 illustrate the

erganisation of fthe muscles responsible for the atbtachment of
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(c)

(b)

Fig. 52 Deep muscles involved in the attachment of the front
limbs to the trunk wall: (a) perspective view, (b side view
and (c) model of the insertion of these muscles.
1-Serratus anterior m. ;2-rhomboideus m,; 3~ occipitoscapularis m.;

4 ~xiphihumeralis m., 5-pectoralis minor m., 6 - pectoralis majorm.,
7-latissimus dorsi m., 8~levator scapulae dorsalis m, 9~ levator
scapulae ventralis m.; 10~ scapula; 11—-humerus )
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12

Fig.5-3 3uperficial muscles involved in the attatchment
of the front limbs to the trunk wall :(a) side view
and (b) ventral view. ‘

1-Clavotrapezius m.; 2-acromliotrapezius m.; 3—spinotrapezius m.;
4-lumbodorsalis fascia; 5~-clavicle ; 6~triceps brachi m.

7=latissimus dorsi m., 8-pectoralis major m.; 9-pecteralis minor m.;
10—~ xiphlhumeralis m.; 11—pectoantibrachialis m.; 12~rectus abdominis m,;
13~ obliquus abdominis externus m.; 14 -sternomastoideus ; 1§-sternohyoideus.

{ Partly adapted from Davison, 1947)
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the front limbs to the thorax. The disgrams (b) and (c) in
figure 5.2 show how the cranial end of the thorax can be thought
of as being suspended from the scapulae (10) by the levator
scapulae dorsalis muscle (8), which is attached to the last
cervical vertebrae, and the serratus anterior muscle (4) which
originates from the sides of the Tfirst ten ribs. In order to
make this suspension stuble, the scapulae are drawn towards the
median saggltal plane of the body by two sets of muscles: the
rhomboideus (2) and, opérating via the humerus (41), the

' xiphihumeralis (4) and the pectorales (5,6) muscles; the effects
of the contraction of these muscles is a compression of the

cranial end or the thorax. The main load applied by the front

limbs to the rib cage consists of the tangential reactions at
the point where the serratus anterior muscle attaches on the rib
shaft and thus, as these attachments are directly opposed by those

of the obliquus externus muscle, the weight of the animal on its
front legs is converted into a compression of the abdominal and

thoracic compartments.

5.2.11 — The costovertebral articulations

The costovertebral srticulation contains two separate
components, namely. the cosftocapitular articulation and the costo-
transverse articulation. The thirteen costovertebral articulations
on the left side of the vertebral column are shown in figure 5.L in
order Go clarifly the relative position of the ribs and the articular
surfaces; Tfigure 5.4 also shows that the last three ribs only have

the costocapitular component which articulates the head of the rib
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cut in direction A

cut in direction B

Fig. 6-5 Diagrammatic representation of the articular surfaces and ligaments
of the 5th. costovertebral joint.
1-rib; 2-capsular ligament of the capsular joint; 3~radiate ligament ;
4-intra-articular ligament ; 8-capsular ligament of the costo-transverse
Joint; 6-superior costotransverse ligament, 7-inferior costotransverse
ligament; 8-lateral costotransverse ligament; cross-section along the
direction A of :- 9- rib tubercle; 10-transverse process of the vertebra.
cross-section along the direction B of:- 11-head of the rib, 12-vertebral
body.
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with_the body of a single vertebra instead of two which is the
case faf-ﬁhe first ten ribs.

| In figure 5,5 the fifth costovertebral articulation is
represented in more detall by means of several diagrams; the
structures represented in these diagrams will be referred to, in
the description which follows, by the same numbers used to
designate them in figure 5, 5.

The costocagpitular articulation has a rotatory character
and coﬁsists'of two synovial joints, one on each side of the head
of.the rib and connecting it to the bodies of the adjacent
vertebrae; the ligaments assoclated with this articulation are
the capsular ligamznt (2) of each synovial Jjoint, the intra-
articular ligament (4), which connects the head of the rib (11)
to the intervertebral disc (13) and separates the two synovial
joints, and the rsdiate ligament (3) comnecting the head to the
bodies (12) of the two vertebrae and the intervertebral disc.

The costotrénsverse articulation, between the tubercle
of the rib and the transverse process of the vertebra, is of the
gliding type. Ité ligaments are the capsular ligaments (5), the
superior costobtransverse ligament (6) connecting the neck of the
rib to the transverse process of the vertebra immediately cranial

to the rib, the inferior costotransverse ligament (7) which connects’

0]
2}
0
]
H,
cr

the back of the neck of the ribk with the transvorsc proc
vertebra with which the rib articulates and, finally, the lateral
costotransverse ligament (8) between the tubercle of the rib and

the transverse process of the vertebra.
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Fig. 5:6 Muscle -vector diagram for the 5" costo - vertebral
articulation: (a)side, (b) front, (c) top and (d) under views
of the fifth thoracic vertebra and associated ribs.
1-angle of the rib; 2 —body of the vertebra, 3—transverse process of the vertebra;
mi-iliocostalis tumborum, iliocostalis thoracis and longissimus thoracis muscles;

m2 - levatores costae m.; m3-serratus posterior superior m.; m4-obliquus
abdominis externus m.



With the exception of the last three ribs, the move-
ments of these articulations are limited and can be approximated
ﬁo a rotation around an axis passing throdgh the head and tubecrcle
of the rib, as was shown in section k. 3.3.

The nature of the movements which-an articulation is
capable of performing as well as its capability to héndle loads
is determined mainly by the shape of its articular surfaces and
the ligaments and muscles associated with it (Clark, 1958). The
ligaments are band-like structures composed essentially of
collageneous fibres and, therefore, they are pliable and flexible
while at the same time having a high Young's modulus; with these
characteristics, the ligaments do not interiere with the movements
of the joint unless they are stretched to their full length in
which case they effectively resist any furtl.er movement; the
ligaments, however, are not intended to work under proiovnged
tensional stress and are eqguipped with mechanoreceptors which
bring about the action of the muscles which antagonise the sourcc
of tension. This mechanism, already described in sectionle.u.3,
plays a crucial role in the stabilizstion of the Jjoint.

Articulations are fundamentally designed to resist com-—
pressive forces and; therefore, they have to be assisted by a set
of muscles which introduce compensatory forces and transform the
loading rcgime inbto one of a cowpressive character, In the case
of the costovertebral articulation this muscular system, illustrated
ih figure 5.6, consiste of four groups of muscles: mq— the 1ilio-
costalis lumborum, iliccostalis thoracis and the longissimus
thoracis muscles; mo=- the levatores costarﬁm muscles; mz— the

serratus posterior muscle; mu~ the obliguus abdominis externus



mugele, The first two groups of muscles react to loads directed
tangentially to the rib cage in either direqtion, whereas the
serratus muscle. in conjunction with the obliguus, takes care of
loads which terd to pull apart the two surfaces of the Joint.
These four lines of muscular contréction together with the re-
action of the articular surfaces, are able to accommodate all the
loads which che articulation is likely to be subjected to during
the animal's life, Figure 5.6 alsc shows that the system con-

stituted by my s M and m3 would not be sble, alone, to compensate

2
gfor losads operating 2:rong the action line of the serratus muscle
and‘tending to rotate the ribs around an axis normal to the plane
of the rib and pasging through the costrotransverse joint; .this
is, indee@, an effect that the serratus muscle itself tends ﬁo
create when it contracés. 'The stability of the articulation with
regard to these Qislocating moments is obtained through the sction
of the obliguus exteranus muscle whose contraction forces the tip
cf the rib to rotate inwards thus introducing a compensatery
moment, |

The diagram of the figure 5.7 represents an idealised
version of that of the figure 5.6 in which the Jjoints have becn
replaced by spherical rotulae with darkened éectors corregponding
to the surfaces of contact with the fLransverse process and the
bodies of the ﬁwb ribs; the conical surfaces represent the
ligamentous structures which hold the Jjoints together. This
diagram showe mcre clearly the role played by the obliguus muscle
in stabilising ihe cosiovertebral articulation which can then be
firmly pushed sgainst its articular surfaces. by the serratus

-

mugele, It shotld be noted that the moment of each of the muscles
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Fig. 5.7 ~ The costo-vertebral articulatioi.R1, RZ and R3-
reactive forces due to the surfaces of the vertebral
Joints. ILines of action of the muscles: mq- ilio-
costalis lumborum, i1liocostalis thoracis and longissimus
thoracis muscles; m2- levatores costarum muscles; m3-
serratus posterior muscle; mi~ obliguus obdominis
externus muscle,

fepresented in figures 5.6 and 5.7 with respect to the main
rotation axis AA of the articulation is so small, because the
ﬁuscle acts either téo close to the axis or parallel to it. that
it can be neglected in comparison with the powerful driving
moments developed by the intercostal muscles.

The model of articulation we have described depends so
much on the rigorous equilibrium of the muscular actions that it
would not be able to work at all without the coordinating action

of gn elgbor

sy

ted contrel oystem similar to that descrived in
section 2.44.3., It is reasonable to assume that the basic task
6f’this control system is to maintain all the ligaments of the
joint relatively free of tensile stresses; if this is so, then

the system reacts similarly to slight movements of the joint which-

ever their direction and it is only for geometrical ressons that a



much greater amplitude is possible for angular displacements
around the main axis of rotation.

Fipally, we remark that a similar mechanism of load
compensation must operate for the articulation of the last three
rib pairs. This articulation differs from that of the first rib
in that the head of the rib only articulates Witﬁ"one vertebra;
the costotransverse joint is much looser and the serratus posterior
inferior replaces the serratus postgerior superior and draws the rib
in a caudal direction towards the column; this type of Joint
articulation allows the rib a much gréater freedom of movement
which makes che rib a sort of mechanical adaptor bétween the rib
cage and the abdomen and at the same time reduces its importance
as element in coupling between the rib cage and the vertebral

columne.

5.2. 5.~ The othecr articulations ol the rib cage

In this section all the other types of articulations of
the rib cage are described briefly; all these types, although
they range from synarthroses to diarthroses, can be shown to
participate of a dynamic muscﬁlar control along similar lines to

those described feor the costovertebral Joints.

[¢4]

The costochondral joints are synarthroses or fixed Joints
médé up by the ends of the rib‘and associated cartilage, ends
which fit together and are maintained in position by the continuity
of the periosfteum and the perichondrium, Tn the case of these

joints, as in the case of the joints which follow, only the inter-



costal muscles are direclly attached to the members of the joint;
the other muscles necessary for their stability are atiached else-
where in the rib cage and act indirectly con the joint.

The first nine costalcartilasges articulate with the
sternum by the diarthrodial or synovial chondrosternal joints.
The first pair of these joints is located on the dorsal side of
the manubrium and have a common capsule., The reuaining pairs are
located on the sides of the sternum, between the sternebrae, and
their axis of rotation is approximately perpendicular to the
longitudinal axis of the sternum. The nintih cartilage is also
firmly/united to the xiphoid process by the chondro-xiphoid
ligament. The cariilages of the last four ribs, on the other hand,
do not articulate with the sternum; instead, each of them, with
the exception of the thirteenth, is loosely bound by fibrous tissue

it in the cranisl direction.

6]

to the cartilage which precede
Finally, the sternebrae articulate with each other by
means of cartilage, forming a synchondrosis which is kept together

by an envelope of fibrous tissue.
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be5 = FUNCTIONAL PROPERTIES OF THE RIB CACGE
STRUCTURES

Fe 3.1 =~ Introduction

From a structural point of view, the importance of the
rib cage is only second to that of the vertebral column with vhich
it shares many of its functional characteristics. In both cases
bone and cartilageneous structures are integrated by muscular and
aponeurotic masses which both constrain and power their relative
movements; this system, in which huge reserves of muscular power '
are connected to supporting structures charascterised by very
limited freedom of movement and a low breaking strength, is only
possible thanks to a complex control apparatus. The freedom of
moyement of the supporting structures is limited both by ‘their own
geomebry and that of the commeon joints. In figure 5.8, two planar
kinematic chains, one resulting from the other by adding to it |
three more of the basic Lhree-linkage elements, illustrate how the
increase in the complexify of a mechanism reduces the amount of
its free movements. VAlthough the rib cage is a three-dimensional

structure, the fact that it possesses thirteen ribs together with

(b)

Fig. 5.8 - Freedom of movement in planar kinematic chains made up of
3-bar linkage elements connected together: (a) four ele-
ment chain; (b) seven element chain formed by adding three
more elemenis Lo the previous chain. * The two positions of
Ehi chaing shown are the extreme positions which they can

ake.
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the interconnecting tissues means that almost any amount of
movement from the rest or centre position will cause the

cartilages to bend; this is g delicate situation in view of

the amount of muscular power potentially available in the cage
musculature. Indeed, when properly functioning the cat's rib

cage is a remarkably strong device a< can be appreciated from the
fact that the total muscle peak force associated with it : amounts

to something like 78kg, a figure computed on the basis of an
average 3 kg intercostal muscles peak force (ef. section 5.3.2).
Granted that the muscles are not suppesed to tetanize simultaneously
and thaf the muscle force is deployed over a large area of bone and
carﬁilage, the poscibility st6ill exists of bending stresses being
produced which are dangerously close to the breaking point of the
material the structures in the caée are made ofl,

-
stal

The nature of the stresses to which the ribs znd ¢

(o]

14
cartilages are subjected may be sppreciated by taking advantage of
the fact that. in vesult of the direct adapltive response of the
cancellous tissue to tensile and COmpressive stimulus (Laux, 1930;

Clark, 1958), the muscles and ligaments exert a plastic action on

{a) (h) ic)

Fig. 5.9 ~ Three orthogonal views of the fourth left rib: (a)
front (b) side and (c¢) back views,



the shape of the supporiting structures to Wﬁich they are attached;
the amplitude of the stresses may also be assessed by éssuming
that the bone or cartilagenous tisste tends to develop in such a
way as to achieve, for the predominant loads it resists, a state
of approximately constant stress throughout the entire mass of the
structure, Thg shape of the typical rib shown in figure 5.S can
thus be interpreted zs Tollows: the cross—section of the rib agbove
its neck is widest in a direction perpendicular to the longitudinal
;axis of the thorax, creating a shape which guarantees a large con-—-
‘tact area in the costovertebral joint and at the same time allows
it to rotate ecasily; the lateral surfaces in the neck of the fib
provide the room needed for the attachment of the levatores costarum,
iliocostalis lumborum, iliocostalis thoracis and longissimus thoracis
muscles. Below its angle, the rib twisté in order to align with the
sufface of the cage the iargest axig of its elliptical cross—section;
this orientation, Whiéh is also shared by the costal cartilage,
means that in this ares the stfesses due to the wall muascles are
far larger than those due to transmural forces. This point is of
great importance and means that the ribs and cartilages work .
fundamentally as struts, i.e., in compression; the bending
moments vhich necessarily tend to arise are eliminated by the
combined action of the intercostal muscles, the muscles overlying
the cage and the ‘'shell' effect which the convexity of the cage
shape creates.

' In this section we analyse the conditions in which the
supporting structures in the cage are loaded, the role played by
the intercostal muscles in compensating for the in-plane components

of the bending momen ts and the mechanisms which power the respiratory



rib movements. We follow this analysis with the study of the bound-
aries of the rib cage in order to establish the prineciples
on which the modelling of the functicnal properties of the rib

cage will be attempted.

5.3.2 - Loading regime of the rib~ costalcartilage
elements }

We have referred in section 2.3.2 to the linkage
mechanism devised by Hamberger to explain the action of the
intercostal muscles in powering the respiratory mevements of
the rib cagz; we also desecribed summarily how the diagonal
orientation of the muscle fibres creates a net moment which forces
the system %o rotate in the desired direction., We are now going
to analyse the application of this principle to the real rib cage
structures. In figure 5.10 we show an intercostal space and two
linkage systems, one with rigid bars and the other with half rigid,
half flexible bars in order to approximate‘more closely the real
situation. The purpose of this diagram is to highlight the fact
that the Hamberger's model implies the rigidity of all the links
in the respective mechanism. Indeed., if some of the bars in the
linkage do not withstand the bending moments created by the contract-
ion of the muscle fibres, the structure will deform and no consistent
net rotation will take place., This situation is illustrated in the
diagram of figuré 5.10(b) where the thin rods correspond to the
costalcartilages of figure 5.10(a).

The mechanical characteristics of ﬁhe material which

constitutes the ribs and the carfilages can be obtained from tsbhles
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(a) (b) (c)

Fig.5-10 Application of the Hamberger's model to the intercostal space structural
system ; (a) reql intercostal space; (b) flexible-barlinkage mechanism,
(c) Hamberger's rigid bar model. The solid lines represent the final
position of the linkage after contraction of the muscies and the broken
lines represent its initial position. 1-rib or rigid bar,; 2-cartilage or
flexible bar, 3-sternum; 4-internal intercostal muscle fibre.

Fig.511 Bending of asimply supported uniform beam under a uniformly distributed
load. x-distance measured from the origin at the left support
Y - beam deflection.



5.1 and 5.2, In table 5.1 the values of the ultimate strength,
i.e., the value of the load at which the rupture of the material
occurs, is given for bone, tendon and costal cartilage in a wet
and unembalmed state and for three types of stress, Table 5,2
gives the elastic coefficient or Young's modulus of the same
materials under compressive and tensile stresses,

In order to use these tables to characterise the ribs,
we have to take into account that they consist of an external
lgyer of compact bone a few tenths of a millimetre thick, surround-
ing & core of spongy substance whose contribution to the strength
of thé rib is negligible. We may now compare the mechanical
properties of the ribs and cartilages by considering the idealized
experiment of figure 5.14 in which a rod of uniform cross-section,
and resting on simple supports at its end, is subjected to a uni-
fdrmly distributed load; in the case of the cartilagenous material .
the cross—section is a circle whereas in the caée of the rib the
¢ross—section is an annulvus with the same outer diameter and
about 0,3 mm thick. The maximum déflection of the rod, at its

centre, is given by (Prescott, 1961):

5.W.1u 1
Ymex = T38; B (5.1)

where & is the Young's modulus of the material, I is the polar
moment of inertia of the cross-section of the reod, w the load
density and 1 the length of the rod, sll expressed in the same
syétem of units. Hxpression 5.1 applies to both cases provided
that E has the correspondirg value from the table 5.2 and I is

taken as beingz (Meriam, 1959):
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Table 5.1: Ultimate strength for compressive, tensile and
shear stresses of wet bone, cartilage and tendon.

Material Origin Stress Strength Author
(kg/mm?)
Compression 16
compact Human Tension 10 Evans,1957;
BONE Shear 6 Ibuki,q190La
A
Compression 1.0 Endo and
Coff?l . Pig Tension 0.5 Takigawa,1953
CARTILAGE Shear 0.6 Ibuki,4964b
limb r : Benedict
Human Tension
TERDON a ? et al.,1969

Table 5.2: Young's modulus for compressive and tensile stresses
of wet bone, cartilage and tendon. :

Young's
Material Origin Stress Medulus Author
(kg/mm?2)
compact Human Compression 1600 Dempster and
BONE e Tension 1000 Liddicoat,1952
costal Pig Compression 8 Endo and _
CARTILAGHE Tension 2 Takigawa,1953%"
1imb . T . 105 ' Benedict
] sl .
TENDON aman ensian et al.,1969
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cart, (5’2)

and

I, = (7/2). (Rh-rk) (5.3)

with R and r representing respectively the outer and inner radius
of the cross—sections. In these conditions, and taking R = 0.75 mm,

the ratio of the maximum deflection in the two cases is:

(ymax)carb/<ymax)rib = 1080‘(O°32%g°0u) = 109 (5. 1)

In practice, the external dimensions of the average cross—
section of.a rib arec larger than those of the respective costal~-
cartilage and, therefore, the ratio given in 5.4 means that the
rib may be treated, in comparison with the cartilage, as being
perfectly.rigid thus meking the model of figure 5.,10(b) a good’
approximation to the structures of the intercostal space.

It is difficult to determine exactly the deflection which
the cartilages in figure 5.10(a) suffer under the loading produced
. by the contraction of the inbtercostzl muscles because of the com~
plex structure formed by the combination of the rib and the
cartilage, but a rough estimation may be ob‘*ained by the foileing
~considerations: 1f we assume that the intercostales are able fo
develop a maximum tension of 0.1 kg/mm2 of physiological cross-—
section (Fenn, 1963) and that the effective (*) thickness of the
internal and external layers is 0.5 mm, and the length of the
intercostal space is 90 mm, then the total load in the inter-

costal space will have an absolute maximum of about:

(*)The tension due to the two intercestal layers has to be combined
vectorially.



Pypx = 01 +. 0.5 = S0 = 4.5 kg : (5.5)

which is larger than the total weight of the animal., If this

type of loading was allowed, the intercostal space would collapse
as shown in figure 5.10{b). In fact, even a load density as small
as one thousandth of that which produces PﬁAX would cause a peak

deflection, of about 4 mm in the 4O mm length of the costal-

"max? .
cartilage defined in figuve 5.11; vhis deflection would already
bring the two ribs into contact and higher load would increase

the deformation of tHe structure and scon lead to the rupture of

the cartilages.

The considerstion above lead us to consider the possibility
that the intercostal muscle fibres behave as 'stayst' with the wmain
role of guaranteeing the rib- costalcartilage elements are maintaine
free from bending moments and resist the loading by pure compress-—
ion., This cooperation between the muscies and the supporting
structures in the body corresponds to a general principle (Pauwels,
194L8) whereby the latter are made to work essentially in compress-
lon, flexure being carefully avoided by the introduction of
balancing loads by the associated muscles. The need for this
functional policy stems from the fact that bending of the struct-
ures tends to create high local values of stress which could easily
reach the rupture level, In order to illustrate this amplifying
effect of bending, we consider again the uniforim beam of cartil—
agenous material and of circular cross-section defined in connect-
ion with figure 5.11. The maximum bending moment occurs at Lhe

centre and its value is given by (Prescott, 1961):

M., = Ml ﬂ, (54 6)



The bending of the beam stretches its lower pav% and
compresses the upper part. If we assume that the shape of the
beam in the region of weximum bending moment can be approximated
by an arc of circle, the maximum stress on the outermost fibres

of the material and on both sides will be given by (Wang, 1953):

T - P.’IGR ‘ (5' 7)

where, as before, R is the radius of the cross-section and I its
moment of inertia. Combining relationships 5.6 and 5.2, we get
for the maximum stress the follewing value:

T = (wol) o ——1 (5.8)

12,56 RO

The first factor in the sbove expressicn, wl, represents the total
load applied to the beam and T the tension, compressive above and
tensile below, which it produces in the outermost fibres of the
beam in the half length cross section. We see, therefore, that
the rupture value of T will be recached for a load wl which is
1/12.56 35 times smaller than it would be if the same load was
a straight compression or tension;in the case of our example this
factor has a value of 12,

The ratio between the maximum sllowable load in pure corm-
pression (or tension) and the maximum allowable load in bending
depends on the geometry of the cross-section and the exact con-
Qitions of loading but, in general, it is sufficiently high to
represent a serious deterioration in the performance of the

structures subjected to bending.
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5. 3.3 = The intercostal muscles integration of the
supporting structures of the cage

The basic conclusion of th= previous secition is that the
supporting elements in the cage must work in an essentially com— .
pressive mode which is achieved and maintained by the action of
the intercostal muscles. This conclusion, reached by considering
the very low resistance to bending of the costalcartilages, poses
three guestions which we will now try to clarify. }The first of
these questions refers to the ability of the intercostal muscles
to remove the bending moments which may arise. Figure 5.12
illustrates the planar version of a costalcartilage segment
‘hanging' from the adjacent cartilages by the intercostal muscle
fibres. ’For the sake of argument, we assume that the outside
cartilages are held firmly in position. Due to the curved shape
of the cartilage segment, the compression lozd P applied at its
end will tend to increase the bending angle and, consequently, to
stretch the muscle fibres in the intercostal space 2 and to relax
those in space 1; however, if we assume that the mechanoreceptior
control loop has sufficient gain., the muséle spindles on side 2
will bring the degree of activity of the respective muscle fibres
to the level required to produce the component Fm’ shown in the
diagram, which brings the cartilage back to i%s original position.
We may therefore postulate the formal existence of a servo system(*j

which keeps the cartilage 'floating' on the border of the inter-

(*) The existence of such servo system has been deduced zalready
from neurophysiological considerations as pointed cut in
section 2.4, 3.



-0 01 -

Ne )

(a) P

Fig. 5.12 - Action of the intercostal muscles: (a) planar re-
presentation of a length of costal cartilage supported
from the adjacent costalcsrtilages by the intercostal
muscles. The segment is represented in two positiens,
before (solid lines) and after (interrupted lines) the
application of a compression force P to its end. (b)
free~body diagram defining the equilibrium of forces
in an elementary sector of the cartilage., P- compress—
ion force; Py, and Py~ vertical and horizontal compon-
ents of P; Py equilibrium tension developed by the
muscles,

costal spaces. This servo system will contain st least| twelve |
basic units = one for each intercostal space - subjected to an
overall control which avoids the possibility of the system becom-
ing unstable. This instabilify would arise if, for any reason,
one of the intercostal spaces became too aétive, in which case the
other spaces would also have %o increase their activity in order
to try to balance the loads transmitted to them; this reaction
would then force the first space to increase fufther its activity
and the process would grow until the system‘had run completely
away to aﬁ extreme position of some kind. Obviecusly this type of
behaviour would be completely unsatisfactory and must be prevented
by the introduction of a dominating central control which compares
‘the responses cof all the intercostal spaces and avoids the kind of

'competitive' reaction outlined above.
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The application of the model of figure 5.412 to the
first and last intefcostal spaces leads to the following con-
élusions:

1~ the last rib and costalcartilages which form the
caudal boundary of the csge will depend on the abdominal muscles
to supply the.counterpart for the action of the intercostal
muscles in the twelfth space. Indeed, without this abdominal
firm support, the lower end of the rib cage, right up to the ninth
. rib, would collapse, i,e,. the ribs would come close together;

2-~ the first rib and cartilage are sufficiently short an@
thick to withstand the tension developed by the muscles in all the
intercostal spsces, which are connected inlcascade; to them, and to
which they constitute the anchorage; the first rib and cartilage

can be helped in this role by the scalenus primae costae and the

4]

sternomastnideus muscles but these muscles are not generally very
active in quiet respiration (Raper et =21., 1966);
B

subjected to compression then their shape will make them transmit

[N

£ the rib-costalcartilage elements are essentisglly

to the sternum a system of reactions whose net resultant will tend
to force it forward and outwards, a thrust which is balianced by
the rectus abdominis muscle zs shown in figure 5.13. Thc other
abdominal muscles, the retractor costae ultimae and the serrstus
posterior inferior, scting on the ribs, also contribute to this
action. |

L- This system of muscle tensions and reactions means

that the entire trunk wall is in a state of stress whose intensity



Fig. 5.13 ~ Reaction of the ribs on the sternum and their com-
pensation by the rectus abdominis muscle.
1= vertebral column; 2- rib cage; 3~ rectus
abdominis muscle.
varies from a minimum guaranteed by the 'tonic' muscular activity,
to peaks; such as those occurring in inspiration; it also means
that this 'tonic' éctivity, instead of being Jjust the result of
spontaneous random stimulation of the muscles, does 1n fact
correspond to the nerﬁous control solution of a sophisticated
structural problem, a fact which is borne out by the large de-
formation suffered under Flaxedil by the animals in our experiments,
A second question we want to answer refers to the
possibility of the intercostal muscles being able to. alone,
prevent the bending of the rib-costalcartilage elements of the
rib cage. The answer to this question is thgt, for small deform-—
ations, they certainly are. Although figure 5.12 shows only what

happens when the rib-cartilagenous clemenl stays in the surface



defined by the two adjacent intercostal spaces, 1t is not
difficult to see that if the deformation causes the element
to bulge awsy from that surface over a short length, the in-
creased activity of the fibres from both intercostal spaces in
that area will tend to eliminate the bulge. This mechanism,
however, becomes inadecquate for large deformations which affect
extensive areas of the cage; in this case, the animal resorts
to the musecles which overlie the cage, a point which we will
take up again in section 5.3.L. A

Pinally, the third Question associated with the conclus-—
ions of the previous section refers to mechanism which is reSpons—\
ible for the compressive end loads on the rib elements. The most
important.physiological loads, such as those due to the inspiratory
transmural pressure and those transmitted by the Tront limbs, are
aﬁ?lied to the cage as an approximately uniform compressive wvressure

nomal to the surface of the cage; these pressures are represented

O

in figure 5.14(a) as acting on the cross-ssction of the thorax. In
figure 5.14(b) a sector of the cross-section is isolated to show
the 'wedge' effect which it produces under the action of the
external pressure; this effect results from the decreasing peri-
me tral dimensions of the cross-section as seen in the inward dir-
ection. Finally, figure 5.14(c) shows the free-body diagram wahich

- N - -
secitcr of the

describes the eguilibrium of the forces to which th

4]

cross—section is subjected, again illustrating how siresses along
& direction normal to the cross-section of the cage are generated

from pressures whichh are normal to the surface of the cage.
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(a) (b) fc)

Fig. 5.1L - Genesis of the compressive force in the supporting
structures of the rib cage: (a) cross-section
(b) 'wedge' effect vhich transforms normal pressures
into compression, illustrated by isolating an element
of the cross—section.

5¢3.4 = The inspiratory elevation of the ribs

The movements of the rib cage described in chapter L.O
consist of a displacement forward and upwards of the shaft of
the ribs and of the costaicartilages. We are now going Lo invest-
igate how this movement is produced in terms of the muscles which
power them. The first point which we will try to clarify is
whether the driving mechanism in figure 5.10(c} could be respénsible
for this movement of the ribs. As we have seen, the intercostal

(*)

muscles are perfectly capavle of maintaining the costal cartil-
ages free from bending moments and therefore behaving as perfectly
rigid struts; in so far as this assessment is correct, then, the

mechanism of figure 5.10(c¢) is a correct description of the way in

*)

In the parasternal region of the first seven intercostal spaces
the external intercostal muscles are absent and their role is
largely performed by the sternocostales muscles,
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which the intercostal muscles operate. The fact that the inter-
costal spaces are three-dimensional rather than planar structures,
leads of course to more complex movements than those implied in
figure 5.10(&), as we have seen for instance in section L.2.2
lwhere it was shown that, when the ribs elevate in inspiration,

the sternum moves caudally instead of cranially. This movement

is apparently in contradiction with the principle of Hamberger's
model, but this contradiction is removed by noticing that the
rotation axes of the sternal joints, which in figure 5.10(c¢) are
perpendicular to the medién plane of the mochanism, are parallel
to this plane in figure 5.10(a). In this way, therefore, the
backward movement of the sternum is perfectly compatible with the
Tforward movement of the rib; furthermore, the action of the inter-—
costales does not preclude a certain amountvof deformation of
édstalcartilages as necessary to adjust to the deformed geometry

of the cage.

\

Other muscles of the trunk also have fibres orientated

G

in the right direction; these muscles are, for instance, the
levatores costarum, the serratus posterior superior, the sterno-
mastoideus and the scaleni. The levatores costarum arc very
closely related to the external intercostal muscles aud share
some of their driving function; however, the fact that they con—'
tribute with an off~plane component in the direction of the
costotransverse joints suggests, as we already pointed out in
section 5.2,l, that they play an important role in the stabiliz-—
ation of these joints. The serratus muscles act at an angle

with respect to the cage surface so that their contraction tends

to 1ift the ribs; and they are antagonistic (ef. figure 3,8) of



the serratus posterior inferior, the obliguus abdominilis externus,
the iliocostalis 1umb5rum and longissimus thorscis. We may there-
fore conclude that, apart from any contribution to the forward
drive of the ribs, they pafticipate in two very important lfunct-
‘ions: the stabilization of the costovertebral joints and the
protegtion of Fhe cage agalinst deformation under excessive loads.
Both of these functions will be analysed in the next section.

The scaleni and the sternomastoideus do not usually participaté,
;in any substantlal measure, in the inspiratory activity. v

The reverse movement of the rib cage, corresponding to

the displacement of the ribs dovn and backwards, is performed by
the‘contracﬁion of the internal intercostal muscles assisted by

the abdominal muscles, the retractor costae ultimae and the

.serratus posterior inferior.

5¢%.5 = Boundaries of the rib cage: cranial edge

The muscles attached to the cranisl -edge of the rib cage
are the rectus, the transversus costarum, the scaleni and the
‘sternomastoideus, The rectus pliays the very important function
ol compensating for the combined thrust of the costal cartilages

in order o defime Tfirmly the position of the Tfirst rib. The

-y

transversus is attached to the first rib and to the sternum to
ﬁhich it transfers the pulls due to the insertion of the neck
muscles; it also shares the respira tory function of the external
intercostal muscles in the Tirst twe spaces, The scaleni and the

sternomastoideus muscles are disposed in such a way that their



contraction will tend to raise the frontal end of the rib cage
and, therefore, to c&ntribute to the inspiratory pfocess;
éxcept in hyperpnea; hnwever, the activity of these muscles iz
usually very moderate (Campbell, 41958; Campbellvet al. s 1970;
Raper et al., 1966).

5.3.6 ~ Boundaries of the rib cage: caudal edge

The caudal edge of the rib cage is formed by the thirteenth
rib, the tenth to thirteenth costal cartilages and the xiphoid '
process, On this boundary the following structures are attached:

1- The transversus abdominis muscle: on the inner
;urfaces of the thirteenth rib and of the tenth to thirteenth
cértilages {ef. figure 5.15).

2—- The diaphragm: with the same iﬁsertions &as the previous
muscle and, 1in addition, a median attachment to the inner surface
of the xiphoid process.

3= The obliguus abdominis internus muscle: attached to
the posterior border of the last rib and the penultimate costal-
cartilage.

L~ The retractor costae ultimae: attached to thelinferior

cf. figure 5.15).

~- bk N 4 and T
order of the last vib

~~

’ -5~ The last digitation of the serratus posterior inferior:
élso related to the last rib on whose posterior border and outer
surface it inserts, _

| 6 The linea alba which ccnnects the xiphoid process to

the'symphisis pubis.
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Fig. 5-15 Diagrammatic view of the central region of the trunk showing the
inner abdominal muscular tayer and level contours referred to the
median plane of the body. 1-diaphragm ; 2-transversus abdominis
muscle; 3-xiphoid process; 4-retractor costae ultimae muscle.
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7- The aponeurosis of the transversus abdominis muscle:
in continuity with the xiphoid process, the linea élba and the
sternal end of the tenth costal cartilage.

With the exception of the diaphragm, all the muscles
listed above should have a similar action, namely; to contribute
to the creation, all around the edge of the rib cage, of a pull
in a cranio-caudal direction which would ctabilise the lower
intercostal spaces by preventing the respective costalcartilages
from bending under the tensions developed by the intercostal
muscles. The contraction of the diaphragm, on the other hénd,
produces a pull which is also tangent to the boundary surface all
around its periphery but which tends to pull it in a cranial rsther
than caudal, direction. The first fémily of boundary muscles would
then have to develop forces of sufficient magnitude to immobilize
Ehé caudal rim of the cage against the combined action of the
diaphragm and the intercostal muscles. This response of the
boundary muscles should achieve eguilibrium for the tangential
forces along the caudal edge of the rib cage; the stabilisation
of this edge sgainst transverse forces is very likely to be achieved
thanks to the support provided by the abdominal viscerae in part-
icular the liver against which both the abdominal wall and the
lbwer edge of the cage rest (ecf. figure 4.15 and u.46).

The retractor costae ultimae and the scrratus posterior
muscles are inserted on the first two or three lumbar vertebrae,
thé first_muscle inserting on their tranSVersé process and the
second on their spines and on the associated supra-spinous
ligament, Consequently; the action of these two muscles is
that of drawing the last rib back énd upwards, tending to bring

1t closer to the vertebral column. The zabclominal components of



the boundary muscles, on the other hand, do not have such firm
points of attachment‘and their contraction simply tends to re-
duce the abdominasl volume and, consequently, the compression of
the abdomingl viscerae is the essential vehicle for the action.

of these muscles on the caudal boundary of the rib cage. Under
normal conditions, the amount of compression of the abdominal
contents is very small bul, because of the shape and firmness of
these contents, in particular of the liver, this level of com~
pression is qﬁite enough to allow the abdominal muscles to perform
their part in the stabilisation of the trunk,

If the boundary muscles have such an imporftant role in
the stabilisation of the caudal periphery ol the rib cage, a close
control linkage mast exist between Ehe sensory recepltors in this
yegion and the contraction of the associated boundary muscles. The

iyr e

existence of this linkage has been established by means of positiv

]

pressure breathing experiments (Bishop, 196L) which showed that the
explratory response of the abdomingl muscles wss elicited only when
the cervical vagal nerve, the spinal cord abovc the I1 segment and
the dorsal roots on either side of the T8 to- the L3 segments were
simultaneously intact; the coexistence of these two pathways
suggests that this type of control of the abdominal musecles is
issued at higher level but takes into account the efferent flow

of both vagal origin and cosbtal origin. To the best ol our knowledge,
the way in which the sensory information is originated in the
Soundary intercostal spaces has not, so far, been investigated;

the foregoing remarks, however, suggest that it could be taken

from the output of the stretch receptors in these spaces. Indeed,

a deficiency in the response of the boundary muscles would allow

the last ribs and costalcartilages &to move forward under the



combined action of the diaphragm and the intercostal muscles, a
movement which would bring about s narrowing and eventual collapse
of the respective intercostal spaces; this situation can there-
fore be monitored by the associsted mechanoreceptors. Simultan-
eously, the failure of the caudal edge cf the cage to provide the.
firm support needed by the diaphragrm, would impalilr the ability of
this muscle to oppose the lung recoil and the transmural pressure
and would, therefore, be revealed in the output of the lung sensory
receptors which participate in ths control of the contraction of
the boundary muscles.

The positive pwessure brewthlng experiment is well suited j
for the analysis of this type of interplay between the boundary
structures because 1t exaggerates the movements which take place
ip normal exXpiratory conditions: the rib cage is forced to come
further down than it normally dces in order to squeeze the air
put of the pressurised lungs and this movement will tend to com-
press the peripherallintercostal spaces; this effect must then
be orposed by a nmore Vigorous pull on the boundary periphery.

In. conclusion, the caudal boundary of the rib cage will
be considered as being subjected to -purely tongentiasl reactions
which are largely parallel to the longitudinal avis of the animal
and whose amplitude is continually adjusted to the level of over-
all load uvn the rib cage by a control system mediated by the stretch

receptors located in the last intercostal spaces and in the lungs.
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5.3.7 - Boundaries of the rib cage: dorsal edges

™e rib cage terminates dorsally on either side of the
vertebral column and is Joined to it by the, costovertebral
articuis tions, thelir associated musculature and by aponeurotic
structures such as the posterior intercostal membrane and the
lumbodorsal fascia. The loads the rib cage sees along these
boundaries are, of course, the reactions of the veritebrsl column
and of the dorsal muscles which insert on the ribs. It has been
pointed out in section 5.2.4 that the muscles which subserve the
.costovertebral articulations are controlled in such a way as to
make sure that the loads on the opposing surfaces of the costo~-
vertebral articulations are normal to them and of purely com-
pressive nature; this fact means, thereforc, that at the level

of these articulstions the ribs are free from transverse forces

and bending or rotating moments which, when they tend to occur,
are compensated for by the muscles associated with the articulations,
(cf. figures 5.6 and 5.7).

These muscles, however, introduce additional reactions
somewhere along the vertebral end of the ribs. Thus, the ilio-
costales, the longissimus thoracls and the levatores muscles,
acting close to the column boundary, contribute directly to the re-
actions although the cuntribution of the levatores costarum is
pr@dominant over that of the other muscles. In fact, the levatores
éostarum supply a compcnent which helps to compensate for the
moment which tends to rotatz the rib cage in a caudal direction

and which is due to the asction of the ensemble of the abdomiral
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muscles. The levatores costarum are backed in this function by
the serratus posterior muscle which, besides this action, also
pulls the angles of the ribs towards the vertebral column, an
action which i3 essential to the stebility of the costovertebral
articulations. The serratus posterior inferior acts in a different
manner and pulls the last four ribs in a caudal direction as it is
necessary to sfabilise the rib cage periphery against both the
action of the diaphragm snd that of the transmural pressure,
We may, therefore, summarise the boundary conditions at

:the dorsal edge of the rib cage as follows: (1) a purely com-
pressive, transverse force free and moment free reaction at the
costovertebrzal joints; (2) a transverse reaction directed from
the transverse process of each vertebra Lo the rib immediately
caudad to it in the direction of the respective levator costarum
Bdndle; (3) the action of the scratti muscles which pull the ribs

firmly against their articulations.

5.3%.8 - Boundaries of the rib cage: overlaying
muscular layer

Powerful as they are the intercostal muscles are located
in the surface of the rib cage and therefore unable to oppose

effectively any asymmetrical or excessive loads which will tend

to cause large deformations of the rib cage. In order to protect
itself against such loads, it would clearly be possible for the
animal to maké use of the muscles which lie over the cage surface;
these muscies are diagrammatically shovwn in'figure 5.16 togethér

with some of the deformation mopdes which may cccur. The most
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important of these muscles are the scrratus posterior superior,
the obliquus abdominié externus, the rectus abdominis and those
responsible for the svspension of the front limbs,

In‘the absence of large loads, the cage has the regular,
approxima tely ellipticel, cross—section illustrated in figure
5.16(a); this condition corresponds with a shell-like mode of
load response in which the bending woments are everywhere negligible;
Figure 5,16(b) depicts the case of an excessive load applied later-
ally; in this case large bending moments would occur at all the
three joints of the rib-costal cartilage elements. The animal .
could react ageinst this condition by contracting the serratus
posterior superior; which would raise the ribs back to their
normal position, and the externus obligquus and the rectus abdominis
which would 1ift the ventral surface of the thorax. In general,
of course, the load will not be as simple as we have portrayed and
other-muscles are certainly called upon to produce the correct

pabtern of muscular response nevertheless,; the descripticn above

(Y]

illustrates a likely mechanism of the animal response to a forced
reduction in the transverse dimensions of the thorax.

In figure 5.46(c) the case of a dorso-ventral compression
is iljustrated. 1In this casce, the response would consist of .
breathing in, so as to create a negative pressure iﬁ the thorax,
at the same time as the muscles which suspénd the front limbs and
the externus obliquus were contracted.

During its life, the animal experiences violent loads of

a great variety; such as localised blows,. large area sgueezes,
etc.,, most ¢f which sre Tar more complex than the loading regimes

described sbove, Moreover, the responses which we have prescribed
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(a) (b) t (c)

Fig. 5-18- Large scale deformations of the rib cage: (a)diagrammatic representation

of the normal cross-section at the level of the eighth thoracic vertebra,

(b) idem under lateral compression,; (¢) idem under ventro-dorsal compression;

(d) trunk muscles responsible for the rib cage reaction ; (e) muscles for the attachment

of the front limbs.

1- serratus posterior superior m.; 2-obliquus externus abdominis m.; 3- rectus
abdominis m.; 4~longissimus dorsi m.; 5-pectorales and xiphihumeralis m.
6-serratus anterior m.; 7-rhomboideus, acromiotrapezius and spinotrapezius m.



represent only a broad cgutline of what may be envisaged to happen
with no attempt made fo define the time sequence, the amplitude
and the nature of the movements of the muscles involved. ketchy
as 1t is, however, the analysis on this basis suggests that the
essential feature of the animal’s response is the correct recruit-
ment of the mugcular masses whose contraction would oppose the de-
formation caused by the load and restitute the cage to its normal
configuration in which the sction of the intercostal muscles is
;most effective. We conclude, therefore, by postulating an independ-
‘ent control system, which integrates the muscles defined in figure
5,16 and which would be responsible for the maintenance of the

overall rib cage shape.
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5l = FUNCTIONAL PROPERTIES OF THE ABDOMINAL
COMPARTLIENT

5. 4.1 = Introduction

In this section we review the fﬁnctional propervies of
the abdominal compartment in order ir define its participation in
the overall model of the respiratory apparatus. The abdominal
compartment is functionally made up by the vertebral column, the
abdominal walls, the viscerae and the diaphragm. As we have
already said, the colunm and the pelvic bones constitute the
structural reference system, considered fixed in space and un-
deformable, on which the model is based. The abdominal viscerae
constitute the medium through which the synergistic sction of the
abdominal muscles snd the diaphragm is made poésible; from
anatomical relationships and from observation of the visceral
moveménts in our records it seems clear that the viscerae also
plays a crucial Pole.in ensuring that the mechanical coupling
between the caudal edge of the rib cage and the diaphragm and
abdominagl muscles takes place in such a way that a balance of
forces is possible. The crurae are the msin muscular components
of the diaphragm and from their attachment on the vericbral
column they pull the viscerae into the abdominal compartment;

.

3 1 ~ 23 1 —- 1 A -
the peripheral fibres are shaped ©

¥ the viscerae so that
reaction cn the rib cage is tangent to it. The abdominal muscles
ére shown to be separable into two functional groups, one which
is essentially concerned with the balancing of the thrust of the
diaphragm on the rib cage and another which is more involved in

the overall stability of the trunk. The concept of compression

biss is intrcduced in order to define the pressure distribution
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in the abdominal compartmznt in a way which makes the phenomenon
easier to understand and, simultaneously, is best suited for the
evenbual analysis of the membrane problem which the diaphragnatic

and abdominal walls constitute.

5¢lte 2 = Mechanical role of the abdominal viscerae

The cowpling of the actions of the diaphragm and abdominal
muscles 1s achieved via the compression of the abdominal viscerae
diagrammatically represented in figure 5.17 a2nd whose participation.
in the respiratory movements deserves some attention.

The main orgsns housed in the abdomen are the 1ivér, the
sﬁpmach, the kidneys, the intestines, the pancreas, the spleen,

the adrenal glands, the reproductive organs and the bladder; these

a

organs are connected, subserved or related by structures which in-
plude the blood and iymphatic vessels, nervous plexuses and fibres,
deferent ducts, connective and fatty tissue and the peritoneum,

The dynamical behaviour of the gbdominal viscerae has been likened,
in terms of respiratory mechanics, to that of an incompressible
fluid (Agostoni and Rahn, 1960), an analogy which results from
their relative facllity Lo undergo mass displacements and from

the consideration that only limited pressure variations occur in
thg abdomen during gqulet breathing. The intestines, particularly
tﬁe Jejunum and the ileum, are very good examples of organs capable
of this fluid-like mobility and, indeed; they make up most of the
abdominal volume., The other viscerae, however, are not in such a
good agreement with this model as, generally speaking, they tend

to be smaller and more compact and are in much closer relationship
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with the framework which the structﬁres referred to abbve con-—
stitute; this framework oonstraints their movements to a very
considerable degree and changes the character of their collective
mechanical hehaviour,

The transpyloric cavity, delimited at the cranisi end of
the abdomen by the diaphragm and the costal walls, is occupiled
almost entirely by the liver, an organ which, because of its
position, size, shape and firmness, plays a leading role in the
respiratory function of the abdominal compartment. The liver is
closely-rélated to the diaphragm via the coronary, the falciform
and the triangular ligaments and to the anterior abdominal wall
by the coronary ligament and the ligamentum teres; the liver is
also connected to the gall bladder, the stomach, the duodenum,
the right kidney and suprarenal glénd, the inferior vena cava and
tﬁe portal and hepatic blood vessel systems. Tnese relations \
determine both the shape or the organ and the nature of its move-
ments; thus, the cranial surface of the liver, moulded on those
of the diaphragm and ventral abdominal wall, is convex and wedge-
like whereas its caudal surface bears the rough imprints of the
adjacent viscerae, namely, the stomach, the intestines, pancreas
and right kidney. The mechanical coupling between the diaphragm
and the liver creates a pisten-like effect by which the movementis
of the .diaphragm are forced on the remsining abdeminsl contenis
or, vicé—versa, the movements of the latter are forced on the
fbémer. The concavity of' the base of the liver is a very con-
venient feature of its shape because, whenever the organ is com-
pressed, this base tends to 'open' and to force out the rim of the

rib cage which is thus held firmly in position against the pull



Fige 5,17 — Layout of the abdominal compartment in the cat.
1— Liver; 2- intestines; 3- kidney; L~ pancreas:
5- spleen.

e#erted by the abdominal muscles; this effect is indeed the

main mechanism responsible for the stability of the caudal boﬁnd—
ary of the rib cage. Pinally, the liver is divided into three
main lobes which, like those in the lungs, compatibilise its iarge
size with the degree of mobility or fluidity demanded by its
mechanical role,

The consistency of the other prgans and structures which
are partially or totally inside the transpyloric cavity ranges
from the firmness of the kidneys to the collapsible character of
the stomact and the abdominal blood vessels. However, their siges
- are small in comparison wich that of the liver whizsh is unquestion-

ably the dominant mechanical commonent in this regipn of the
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abdomen. The contraction of the abdominal muscles not only
compresses the viscerae but also forces them to move inside

the abdomen. Indeed, the orientation of the muscle fibres iu
the abdominal wall is such that the degree of compression is
maXimum in the umbilical or equatorial region of the abdomen
and, conseqguently, the viscerae are forced to move into both
the diephragmatic and pelvic cavities. These displacements of
the viscerae are, of course, the most convenient tor the build
up of pressure reguired in expulsive tasks such as those which

occur in associatlion with respiration and defecation.

b

The diagrams of figure 5.18 represent two views ol the

——t

diaphragm and show the structures already referred to in section

3¢ 5.2, namely, the two crurae, the central tendon and the radial

£

muscle fibres. Figure 5.19 represents two longitudinal cross—
sections of the gbdominal walls and the diaphragm,

We want now to consider the relations of the diaphragm
to the adjecenf organs in both the thoracic and the ahdominal
compartments in order to assess how these relations affect their
respective mechanical performance.

The diaphragm possesses three large openings, or hiati,
tﬁrough which a few structures are passed into the abdominal
cavity. The most dorsal of these openings, essentially of

aponeurotic character, is situated medially between the two

crurae and the vertebral column; this opening is called the
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(b)

Fig. 5-18- Diagrammatic representation of the diaphragm: (a) lateral view ; (b) view of
the caudal surface.
1-left crura; 2-right crura; 3-central tendon, 4-aortic hiatus,; §-oesophageal
hiatus; 6- caval foramen.
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aortic hiatus and through it pass the aorta, the thoracic duct
and sometimes the azygos vein. The second opening, called the
oesophagus hiatus, is situated between the muscular fibreé of
the two crurae and ftransmits the oesophagus and tﬁe oesophageal
trunks of the vagus nerves; a third opening, the caval foramen,
on the right of the central tendon passes the inferior vena ceva.
The effect the movements of the diaphragm have on these struct-

ures which pass through it varies with the opening. In the case

Fig. 5.19 - Longitudinal cross-sections through the abdominal
walls and diaphragm respectively at the levels A
(s01id lines) and B (broken lines) in figure 5.16.

1= left crura; 2- right crura; 3- thirteenth rib.

of the vena cava, the tendinous nature of the tissue in which the
opening occurs and the fact that there is continuity between the
walls of the vessel and the margin of the opening. imply that the
inferior vena cava is forced to follow the movements of the dia-
phragn in a region where they have maximum émplitude but at the

same time its cross—section there is held firmly constant.



The oesophageal opening, on the other hand, is defined by
muscular masses which ftend to cowmpress or strangle the ocesophagus
when they ceontract, forcing it to close and to move with the dia-
phragm; firally, the position of the aortic opening guarantees
that ths structures which pass through it are not appreciebly dis-
turbed by the diaphragmatic movements, Other minor apertures
exist in the diaphragm to let into the abdomen thin nerves and
small veins which are also forced to follow the movements of the
diaphragm; however, these two types of structures only constitute
a minor part of the load which the diaphragm, as one of the main
sources of mechanical power in the respiratory process, has to
drive., The most important loads for which the action of the dia-
phragm is intended would seem‘to be the result of the following
causes:

a 1~ The elastic recoil of the lung tissue; 2- fhe negative
pressure developed by the air flow in the airways; 3- the resist-
ance to movement presented by the abdominal viscerae; L— the |
forces developed along the cauvdal edge of the rib cage by all the
other muscles with costal insertion.

The way in which the diaphragm copes with these loads
must be strongly influenced by its intimate mechanical relstion-
ship with the lungs and the liver., The coupling with the lungs is,
of course, the vehicle through which the diasphragm performs the
most important of its respiratory work; it also-hés a strong
bééring on the shape of the muscular fibres in the pars costalis
and, therefore, on the conditions in vhich that work is performedo
The shape cof the diaphragm is also dependent on its coupling with

the liver because of the convexity and firmness of the cranial



surface of this organ and, as we have already pointed out in
section L. 5.0, the horizontal cross-sections of. the diaphragm
resemble (cf. figure 5.19) catenaries of constsnt strength, =

fact for which the lungs and the liver have a major responsibilitye
The compression of the liver, caused either by the diaphragm or the
abdominal muscles or both, forces its base to open and to push
against the caudal edge of the rib cage which, being simultaneously
pulled caudally by the transversus and internus obligquus muscles.
jis thus firmly held in position. We have found in our experiments
I(cf. section 4.3.2) evidence of a sizeable tonic activity in the

external trunk muscles, a finding which is in agreement with the

experimental evidence|(Boyd and Basmajian, 1963)that the diaphragm
tends to be active tﬂ}oughout the respiratory cycle; thus, although
the variations of the abdominal pressure during quiet breathing are
csﬁparatively small (Cawpbell and Greeﬁ, 1953a,b; ITewis, 41908}, the
tonic activity may well provide a pressure 'pedestal' of sufficient
magnitude to keep the liver in contoct with the diaphragm and thus
to guarantee the proper performance of the roles ascribed above to
the liver, :

The inspiratory movements of the diasphragm are dominated
(ef. figure %.9) by the contrection of the cfurae which, thanks to
the close relation between the liver and the digphragm, firmiy
pushes the abdominal viscerae into the abdomen; this 'scoop’
actioﬁ, therefore, transfers to the vertebral column most of the
1oéd handled by the dliaphragm, Tne fibres in the pars sternalis
and pars costalis constitute a muscular band stretched between the
periphery of the central tendon and that of the caudal border of

the rib cage; the load which the fibres in this band take f'ronm
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the lung and the abdominal viscerae is transmitted to the
vertebral column via the central tendon and to the costal and
sternal insertion of the fibres. .

We have so far represented the diaphragm as an essentially
syimmetrical bi~-domed structure; this description applies to the
shape assumed by this organ in the prone position adopted in our
experiments and as long as we ignorc the asymmetry which the
" attachment of the pericardium introduces. In :real iife,
however, the shape of the diaphragm like that of the abdominal
walls changes with posture as a result of the weight and 'fluidity!

of the abdominal viscerae,

S.M.u - The gbdominal muscles

The obvious functions of the abdominral muscles are to
contain and support the abdominal viscerase, to integrate the
structural unity 6f the trunk snd to assist fthe respiratory and
expulsive processes, all of which are intimately related to the
build up of pressure in the abdominal compartment. We have re-
ferred above to the evidence regarding the tonic activity of the
trunk muscles and pointed out that it creates a pedestal or bias
state of compression of the viscerae in the abdomen. In order to
elucidate the role of this bias compression, Ap, in the distribution
of,the abdominal pressures, we apply the analysis of section 2.2.5
to the two-dimensional cat in the p.one position of figure 5,20.

1

The three fundamental types of body forces acting on the
abdominal fluid are the compression AP created by the contract-

ion of the wall muscles, the hydrostatic gravity forces which we
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{b)

Fig. 5-20 ODistribution of the pressure in the abdomen of a cat in the prone
position: fa) sagittal cross-section through the median plane:
(b) distribution of the pressure along the verticallfor itlustration.
A P-compression bias due to the tonic activity of the wall musecles;
Py, ~hydrostatic pressure ; Py -intrapleural pressure ., Ry atm-
ospheric pressure; T, -stretch tension in the abdominal wall;
Tn-stretch tension in the diaphragm ; d-vertical distance measured
from the highest point inside the abdomen.

{b)

‘Fig. §-21-~ Distribution of the hydrostatic and intrapleural pressures in the
cross-section of the abdomen of a cat for two different postures:

‘{a) standing and (b) lying on one side. Ph -hydrostaiic pressure.
%l -intrapleural pressure,
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denote‘by Py and the inertia forces created by the movements of
the animal or of the abdominal walls but which we do not consider
here; the magnitude of the hydrostatic pressure is represenced
by the scaled diagram shown all around the walls in the diagram
of figure 5.20. The pressure anywhere inside the mass vf the
fluid is given by the sum of Ap and the local value of Py and
this pressure is in equilibrium, at the walls, with the tension
TA developed by the abdominal muscles. These muscles,; whose
fibres are organised into two sets orientated at approximately
100° to each other (cf. figures 3.7 and 3.5) confer to the abdom-
inal walls the characteristics of a contractile membrane which ile
able to resist an inflating transverse pressure thanks to the
stress mechanism outlined for shell membranes in Appeﬁdix A.5.

In figure 5.20 these membrane stresses are represcented by the
Qector Ty 4n order to give an infuitiVe idea of how the membrane
operates; this tension varies, in general, from point to point®
throughout the membrene becaguse of changes in the value of not
only the internal pressurs but also of the geometry of the walls
themselves., The foregoing considerations apply also entirely to
the diaphragmatic wall of the abdomen, with the only difference
that P, 18 replaced by "Ppl’ the intrapleural pressure. We can
now see the meaning'of the compression biss Ap: the static
pressure distribution in the abdominal 'fluid' is uniquely deter-
mined by the value of Ap and by the distribution of the hydro-
static pressure differences referred to the highest point in the

abdomen; once the valueg of both inese entities are known, the

sbsolute values of the pressure anywhere in the abdomen are also

known. XNo refercnce is made in the last statement to the pressures

on the external surface of the walls; this is so because of the
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way in which the walls work: the wall adapts its shape and

state ol stress to balance the pressure differences across it

and, thus, as long as the wall and its end supports are able

to withstand the stresses, the same distribution of absolute
values of pressure can be maintained inside the abdomen irrespect-
ive of the pressures outside the walls. This fact also shows why
it is not possible té deduce the values of the abdominal pressures
from messurements of the lung pressure, unless the component of
the tension Ty along the normal to the surface is also known. The
conmpression bias AD may, in principle, have any value compatible
with the physiology of the abdominal components, If ;Ap is posit;
ive, the viscerae will be compressed everywhere in the abdomen by
an amount equal to,Ap+Ph; if p is negative, the viscerse in those
regions where Py is smaller than‘Ap will be subjected to depress-—
ion and will ftend to stretch. In normal conditions the aniusgl
will vary the value of Ap according to the different requirements,
such as fthose of postural nature, it may have to satisfy; thcéeA
variations in Ap will of course have the same value-everywhere in
the abdomen.

Figure 5.21 shows the two dimensional cat from two
different positions, namely standing and lying on its side, in
order to illustrate the influence of posture on the distribution
of the hydrostatic pressure. |

The participation of the abdominal muscles in the respir-
étbry process involvesvtwo complementary aspects, namely, the .
creation of an expiratory drive and the stgbilisation of the
caudal boundary of the rib csge, both of which are mediated by

the raising of the abdominal bias compression Ap. According to



thelr cranial insertion the abdominal muscles may be divided

into two groups: one constituted by the transversus and the
internus obliquus which are attached to the caudal edge of the
rib cage and another, forned by the recti and the externus
obliguus muscles, whose insertions are beyond theledge of the

rib cage and on its external surface. The action of the first

of these groups is to provide the boundary reactilons which bal-
ance the forward thrust due to the contraction of the diaphragm.
In order to analyse the pattern of activity of these muscles, we
consider the reactions transmitted by the diaphragm to its sterno-
costal insertions. Tirst of all, the abdominal viscerae push the
diaphragm against the cage walls and thus the two structures are
tangential to each other all around the length of their common
boundary. .The diephragm fibres are stretched under the tensiocn
dﬁe to the abdominal pressu:e'and to the recoil of the lung
tissue; 1f we assume linear elastic properties for the lung
tissue, then the loading its stretching produces on the diapvhragm
will incresse in inspiration when the degree of stretching is
mgximum., It is also during inspiration that the pressure drop

due to the ailr Ilow has the same direction as the resistive forces
due to the lung recoil. In expiration; the air flow pressure
opposes the tensions due to the lung recoil and the reactions on
the rim of the ridb cage are reduced. We are, therefore, led to
the conclusion that the activity of the abdominal muscles vwhich
are antagonistic of the dlaphragmatic pull must be maximum in in-
spiration and consist of a continuoug 'tonic'! pedestal on which
the inspiratory peak is superimposed. The same pattern of act-

ivit& must also be Tound in’ the other boundary muscles such as the



retractor costae ultimac and the serratus posterior inferior.

The second group of the more powerful external abdominal
muscles is mainly concerned with the structural stability of the
trunk. The externus obliguus, however, is very effective in
assisting the cbmpression of the viscerae because of its in-
sertion high on the shafts of the ribs; its contraction ralses
the abdominal pressure and simultaneously forces the rib cage
border firwmly down against the pressurised abdomen.

Although both these groups of muscles participate in
- the mechanism of abdominal compression, we must bear in mind the
fact that only those in the first group are truly antagonistic of
the diaphragm; the external muscles, on the other hond, are more
concerned with direct abdominal compression and their activity
will tend to show a predominant expiratory component., In the
géneral case the combined pattern of abdominel activity is either
of uniform intensity or shows a peak at the beginning of expir-
ation (Gesell., 19L0).

We have seen hbw the experiment of positive pressure
breathing could be interpreted as evidence of the existence of
a local control mechenism opposed to the ccllapse of the last
intercostal spaces. We will therefore consider that the nervous
control of the sbdominal muscles consists of a rhythmic compon-
ent originated in the respiratery centre plus two groups of local
control systems subserved one by the lung mechanoreceptors and

the other by the recceptors in the caudal boundary of the rib cage;
the first twe components of this nervous control are, ol course,

also common to the diaphrasgm.
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5.5 = KODELLIKRG CF T MECHANICAL BEHAVIOUR OF THS
STRUCTURES IIT THE RESPIRATORY AFPPARATUS

"5eHe1 = Introduction

We end this chapter with an outline of the basic
principles along which the. component structures and the whole
of the external respiratory apparatus could be modelled. Indeed,
we invested a great deal of our time in trying to leocate the
tools which would make possible such a modelling and, as they
are not familiar to the researcher in the field of mechanies of
- breathing it seems of interest to reporﬁ them here in order to
spare future worksrs in this field the need for & similar search.
The structures which constitute the external respiratory
apparatusvinclude the vertebral column which can be treated as a
kinematically determined mechsnism, the rib csge which behaves
as a ribbed shell, the diaphragm and the abdominal walls which
éonstitute tensile ﬁembranes and the abdominal viscerae whose
behaviour can be likened to that of a fluid., The study of these
structures must be performed within the framework of the Structural
Analysis as developed for civil and aeronautical engineering
applications (#llgge, 1960; Gennaro, 41965; Goldenvelzer, 1361,

Hovozhilov, 1959; Rivello, 1962; Rubinstein, 1960, Schleyer,

oM

1967; Sokelnikoff, 419556; Timoshenko and Woinows
1959; Trostel, 1967; Willems and Lucas Jr., 1968; Zienkiewicsz
and Chang, 1967).

The implementation of asny of the models we are about to
outline is a major undertaking snd, unfortunately, that is beyond

the scope of the present work of which, ncvertheless, they con-

stitute the natural scguence.



5.5.2 - Vertebral column

Although we have so far treated the vertebral column as

a rigid besm, the complete model of the exbternal respiratory [appa—

[ratus will include |that of the vertebral column. This structure

is, perhaps, the easiest one to model in so far as the vertebrae
have movemeuts which can, with reasonable accuracys be treated as
geometrically and kinematically determined; in these circumstances,
the deformations of the column, the length and tension of its ‘
muscles and, therefore, the nervous control of these muscles can
. be related to each other as long as the loads on the vertebrae

are known. These loads are those transmitied to them by the rib
cage, the abdominal walls and the viscerae directly attached to

the column, The vertebral column can thus be modelled as a conm-
ﬁlex beam consisting of a collection of veritebrae interrelated

by short and long mqscles which are controlled locally and globally
tr

by reflex control looms

- By

5.5.2 - Rib csge

T the rib cage, as a structure, is funda-
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mentally that of resisting cnmprennﬁve\tfgrsmrvai
cribed in section 5.3.3. The only components in the rib cage
'Wﬁich are able to resist compressive stresses are, however, the
ribs and the costalcartilsges, as the muscle Tibres afe only
able to resist tensile forces. ‘e can, thercfore, assume thas

the intercostal muscles perform the double role of (4) guarantee-
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ing that ribs and cartilages are constantly free from bending
moments and (2) keeping the structural stability of the cage
by taking care of tﬁe tensile stresseé which develop between
the ribs.

In these conditions, the rib cage must be modelled as =
collection of thirteen beams connected between the vertebral
column and the sternunt and stayed by the intercostal and abdominal
muscles, This system is subjected to the boundary conditions
described above and to the transmural pressure and to the load
transmitted to it by the front limbs. In order to model.the rib‘
" cage structure, a number of similarly spaced nodes are chosen onl
the ribs and costalcartilages as shown in figure 5.22 which re-
presents the projection of the rib cage structure on the median
plane of the animal's body; the muscle fibres are connected

Jjacent ribs. These musclc fibres and

{n

between these nodes in a
the segments of the ribs and costalcartilages between the nodes
are replaced by their 'finite element! representation (Gennaro;
1965; Hartin, 1966; Willems.and Lucas Jr., 1968) and the
system of stresses and moments deduced by matricial methods
once the boundary forces are known or postulated.

We have said before that,; because of the ratio of the
thickness of the rib cage walls to its transverse dimensions,

| -

to loads in a vay wnich closely re-

this structure must respon

jon]

sgmbles that of an homogeneous shell of similar form and dimens-
.ions and of suitable material and thickness. This principle is
actually taken advantage of in prectical applications such as the
study of complex braced domes of sinple gebmetricai forms'for

which the solution of the shell problem is simpler than that of
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Fig. §-23 Simplified shell representation of the rib cage.
1-serrati posterior muscles; 2-rectus abdominis muscles,;
3—obliquus internus, transverse abdominal and retractor costae
uitimae muscles, 4-obliquus abdominis externus muscle.



the real structure (Benjamin, 1963). 1In our case, this analogy
allows us to use the simpler wmathematical formulation of the
stress—strain shell problem as expressed in Appendix A.D, and
deduce from it conclusions of some intérest. irst of 811, the
state of stress at every point in the shell can be characterised
by two principal directions at right angles to each other and
along which the stress is purely tensile or purely compressive
(F1lUgge, 1960). It is also possible for each of the principal
directions to define a family of trajectories which are tangent
at each point tec the respective principal direction at that
poini. If we recall what we saild sbove about the load carrying
characteristics of the rib cage components we see that it is
legitimate to assume that the rib-costalcartilage elemenis are

" most likely placed along trajectories of purely compressive
. AR
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principal directions as‘they'occu
that the rib cage has to withstand. This is illustrated in

figure 5.23 where the equivalént snell representation ol the rib
cage is 'cantilevered' tc a stronger column representation of the
vertebral column by the serrati posterior, the levatores and other
dorsal muscles; this shell is loaded by the normal pressure -

not shown - due to the lungs and to the muscles which connect the
front limbs and by the tangential forces due to the four abdominal

o

uscles. On the surface of the shell we haves drawn the contours

=
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of a few principal compressive stress trajectories based on the
shape of the ribs but which are very much in agreement with the

way in which we believe this structure must respond to its load.



5. 5.1 - Diaphragm and abdominal walls

The diaphragm and the abdominal walls have in common the
characteristic that they can only withstand tensile stresses and
they, therefore, tend to respond to loads in a membranc-like
manner. -The diaphragm differs from the abdominal walls in the fact
that it is formed by two quite distinct types ¢f components,
the crurae and the radial fibres both inserted in the ccutral
tendon but with characteristics which demand an independent
model for each of them, Abdominal walls can be thought of as
a much more uniform membrane in which the fibres of the internus
obliguus and the transverus muscles are orientated at almost 90°
to each other in order to take up stresses over a wide range of
directioﬁs; they form a cylinder of flexible musculo-aponeurotic
‘ﬁissue attached dorsally to the column through the lumbodorsaiis
fascia; to the coceyx and to the caudal edge of the rib cage. In
5oth cases these membrenes underge large deformations which arc
of nonlinear nature and can only be studied by variational
methods based on the principle of minimum deformation energy
(Sokeolnikoff, 1956; Trostel, 1967).

The boundary conditions for the diaphragm arc the edge

forces around the periphery of the pars sternalis and pars

2
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falis nd the loads due to the lung recoll; the dynamic
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air pressure drop in the airways and the load due to the adjacent
‘abdominal viscerae. The abdominal walls have as boundary the
same caudal edge of the rib cage and as lecad the reaction of the

abdominal viscerae,.



The proprioceptive control of both the diaphragm and the
muscles of the abdominal walls is, as reported in section 2,4.3,
much simpler than tnat of the intercostal muscles¢

The avdomingl viscerae must'be divided into two groups,
one which includes all the viscerae with attachments to the
abdominal-boundaries and another, formed basically by the intest~

-ines, which is fluid-1like in its movements.

5.5.5 = Integration of the individual models into an
overall system

The creation of a system capable of replicating the
mechanicél behaviour of the respiratory apparatus implies the'
integration of the models described above through an adeguate
interfacing. In fact, the boundary conditions to which each of
the individual models is subjected are determined by the response
of the other structures it contacts and, therefore, a great deal
of interplay takes place between the different structures. If
the inﬁividual models are implemented in nrmerical fcrm, this
interplay implies iterative methods of solution in which the
response of each model is fed back to the other models thus
altering the boundary conditions &to which the iatter are subjected
and causing a further readjustment of their responses, and so on
until the system converges into a common stable solution., The
interfacing between the various models is asctually wuch more
complex than just simple boundary conditions. Indeed, as the

movements and the interpal stresses which the muscle contractions



cause are ultimately originated in the nervous system, we will
need to have a previous knowledge of the 'strategies' which are
adopted in the production of the patterns of muscular agctivity
so as to predict the flow of activity in the external respiratory
appafauus; these 'strategies' must therefore be incorporated in
the overall model as a ‘'dictionary' of contraction patterns
“through which the responses to the loads are achieved. In general
these strategies will not be all obvious and will have to be
tentatively ciiosen and corrected until a stable and realistic
overall behaviour is achieved.

The basic information whieh is necessary to put togetﬁev
A in order to model the mechanical properties of the respiratory.
apparatus wmay, therefore, be summarised in the'following items:

1= Individual models must be devised for each of the
sfructures which form the respiratory system, each model character—~
ising:the respective structure with respect to (a) its relevant
anatomical and structural festures, (b) the kinematicg of iits con-
trolled movements, (c)‘the relationship between the activity of
its muscles and the tensions they develop, (d) the type of mechan-
"ical loads to be considered, (e) the influence of the boundary
loads created by the other structures and (f) the mechanisms which
relate loads and structure configuration and stresses.
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basic structural units; these models must characterise the way in
thich the loads, tensions and configuration of each unit are re-
flected on the neighbouringz units.

- lindels for the sensory assemblages which specify how

the receptor output is related to changes in configuration and



how this oulput supplies all the information necessary for the
control of that configuration.

L—- Models for the control systems which integrate each
of the individual structures. These models, based on the
assumg tion that at the least formally the individual control
sys tems have an independent existence, must be capable of
guaranteeing the proper performsnce of the corresﬁonding unit
under the load and boundary conditions it encounters in practice.

Hh= A model of the‘basic functional organisation qf the
central processor in which are specified the interconnections
- between the individual control units, the priorities to be
respected in thelr inter-connection and the logical framework

on which the patterns of response must be based,



5,6 = SUMMARY AND DISCUSSION

Phe material collected in this chapter is intended wo
complement that in the previous chapter in the establishmeni of
the groundwork on which the modelling of the mechanical properties
of the external respiratory apparatus will be based. The mailn
points to emerge from the analysis undertaken in this chap'ter
are the Lfollowing:

1= The rib cege is the most important structurael com-
ponent in the respiratory apparatus and the double need for it
to be strong and to bhe able to move creates severe design problems
which are met by the intercostal and overlying musculature under
the supervision of a very efficient nervous control system.

2- The céoustovertebral articulations perform the treble
role of connecting the-rib cage to the vertebral columm, of
supplying the rotatory Jjoints for the respiratory movements of
the ribs and; finally, of participating in the control system
which guarantees the structural stability of_the rib cage. Once
again, power and finely controlled movements have to coexist in
the same structure, a result achieved by the same postural con-
trol system. The costovertebral Joints may be thoughs of as
'floating' devices supported by the assoclated muscles and
maintained in a centred position by the servocontrol of fthese
muscles,
3~ The remaining articulations of thé rib cage are

simpler than the costovertebral ones; they perform the double

function of making possible, or restricting, the relative move-
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ments of the structures in the cage and of participating alse
in the overall postural control.

L= The bone and cartilage components of the cage are
designed to work in compression, as struts; in order to take
maximum advantage of their mechanical properties and to
guarantee a comfortable margin of 1lrad safety. The job of
assuring that all the.bending moments are removed is performed
basically by the intercostal muscles in conjunction with the
abdominal muscles and those vhich overlie the cage surface.

5= The mechanism which sllows the intercostal muscles
to protect the costaleartilages fqom bending consists of servo-
loops based on the stretchreceptors and muscle fibres in the
two intercostal spaces adjacent to each cartilage. These control
loops avoid excescive cartilage bending by opposing the stretching
cf the intrafusal @uscle fibres; +there is at least one control .
Joop per rib and they are all integrated at a higher level in
prder to coordinate their response all over the cage.

6~ TFor the oostalcartilages which form the caudal edge of
the cage, the intercostal muscles are replaced, on one of the
sides, by the abdominal muscles which insert at the boundary and
whose role is therefore {c withstand the forward pull! of the
intercostales and to maintain taut the last intercostal spaces.

7— Thanks Lo ihe small degree of bending allowed to the
cpstalcartilages, the Hamberger's model for the respiratory move-
Vments of the ribs is a good approximation to-the process whidh
actually takes place. ‘

8~ The mechanical ioading regime of the rib cage may be
defined ss consisting of a normal load on its surface due toc the

lung recoil, airway pressure drop, etc., together with five
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boundary conditions: onz at each of the cranial and caudal

edges, one for each of the dorsal edges and a Tifth one re-—
presented by the muscles which lie on the external surfacc.

The cranial boundary consists of the first rib and cartilage

and the frontal end of the sternum. The sternum receives the
thrust from all the ribs which, tocgether with the action of

the rectus shdominis, keep it firmly held in position; the

first rib and cartilage, on the»other hand, are sufficiently short
and strong to constitute a so0lid anchoring point for the ensemble
of the intercostal muscles,

99— The caudal boundary recelves the insertion of the
diaphragm and the abdominal muscles and the impulsion frém the
abdomina1<viscerae. The diaphragm produces a pull in a cranial
direction which, thanks to the action of the viccerae, is tangent
to the surfacce of the cage at the rim and is in equilibrium with

the pull due to abdominal and retractor costae ultimae muscles.

[

10— The dorsal boundary condiftions consist of purely
compressive reacﬁions on the costovertebral joints, plus a com-
@onent pulling the neck of the ribs along the direction of the
levatores costarum muscles and, finally, a component forcing
the ribs against the cﬁlumn and acting along the directicn of
the serratus posterior.

14—= 'the £ifth boundary of the rib cage, constituted by
the overlying muscle layer, is concerned with the losds which
tend to make the configuration of the cage départ from its

normal shell-like shape.
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12= The abdominal viscerse, and in particular the liver,
play a crucial role in mediating the action of the abdominal
muscles and are essential for the ctabilisatinn of the cgudal
boundary and the overall configuration of the cage.

The contraction of the diasphragm is dominated by the
'scoop' action of the crurae which transmits to the vertebral
column the bulk of the load associated with its movements.

The information gsthered in this chapter serves the
immediate purpose of interpreting the main features of the
mechanics of the cat's breathing machine in a wuch greater detail
than has so far been done; it should also provide the foundations
on which the wmodelling of the mechanicael performance of this
machine may be based. This possibility is made clearer in
section 5.5 where the modelling of the structures in the external
résPiratory aprparatus ig outlined.

Pinally, we recall thét in section 5,3.7 we referred to
two sibtuations of severce loading of the rib cage and .prescribed
the responses which, in our opinion, would compensate adequately
for the load and return the cage to its normal shape. Independentily
of whether or not they are precisely correct, the solutions we
suggested illustrate, in broad lines, the kind of decisiong the
nervous system of the animal has to make in order fto respond

PR I R
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tly to each loading situation. These 'decisicns', which
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conven
are taken on the merit of the data produced both by the respir-
.atory centre and the receptors all over fthe respiratory machine,
are manifestations of a veritable process—control set-up in whieh

the input data is processed in order to implement certain policies
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of action. In other words, the area of the nervous system in
charge of the respiratory apparatus should not be envisaged
merely as & collection of ohmic interconnections, but as a
proper computing system which is able to perform functional
operations on the data it receives, to compare results in
difTerent levels of processing and to observe priorities and
strategies of response. It is indeed of great importance to
bear this fact in mind when trying to study the mechanical
properties of the respiratory apparatus as the geometry of

its movements is fundamentally determined by the associated
'computer', This principle of a computer control of the machine
kinematics is 1llustrated for a simple machine in Appendix AL,
where it is shovn how the dynamic properties of this machine can

be profoundly modified by the introduction of computer controlled

servo~effectors.



CHAPTER 6,0

METEODS

6.1 = INTRODUCTION

This chapter describes the methods used in obtaining the
data presenﬁed in the previous chapter; these methods deal with
the preparation and handling of the animal, the use of a form of
"stereophotography to measure the coordinates of warker points on
the moving structures, the measurement of tiie length of the ribs
and rib-cartilages, the recording of the relative orientation of

the intercostal muscle fibres, the measuremsnt of the direction

<t

[}

cosines of the axes of rotation of the costo-vertebral jointe and,
finally, the numerical processing of data provided by the photo-
graphiec reccrds,

The second of these methods, developed specially for
this experiment, deserves a few comments: the technique of
stereophotography we have used consists in obtaining; in a single
¢cine-film, a sequence of stereo-image pairs of a set of small
markers conveniently deployed over the chest and abdominal sur-~

o~

iagnified and the coordinates of the

1y

r

&)

"faces, The film frames

joy]

stereo~pairs are read and processed with the help of the formulae

(1)  and 45) in Appendix A.1 to yield the X,y and z coordinstes

of the markers; these coordinates are then used to draw, using
autometic plotters, the (x,y), (y,z) and (x,2) orthogonal projeci-

ions of the whole set of markers, based on which the structures of
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the trunk will be reconstituted. The main reasons why the method
just outlined was adopted were the need for.a cine record of the
movement, the Tact that most of the relevant structures were not
visible on the surface, the steep inclination of the dorssl snd
ventral surfaces of the body with respect to its lateral surface,
the lack of easy access to conventional equipment for photo-
grammetry and, finally, the fact that trial runs had shown that
it was possible to recovér the position of a point in space with
a precislon better than that given by a sphere of 0,5 mm diameter
centred at its exz:t position. There are many sources of error
in the production of a photographic record by such method, the
most importani being the aberrationsfin«fne optics of the Cameﬂipthe'
imperfections and lack of flatness on the mirror surfaces, the
misalignment of the mirrors with respect to each other and to
their base, the misalignment of the camsra with respect to the
mirrors, the errors in the measurement of the distances L, Hq and

on of the £ilwm.

-

H, (cf. Apperdix A.1) and, finally, the definit
In order to reduce these sources of error the mirror
system was machined carefully and the distance of the camera;to‘
the subject (L = 2845 mm) chosen so as bo mihimise the angle sub-
‘tended by photographic field-{less than L°) and the influence of

the errors introduced in the measurement of I, H, and Hye The re-
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introduces further sources of error represented mainly by the
deficiencies in the optics of the magnifying system; the relative
size of the markers and the limitations of the digitising machine

with which the coordinates of the markers are read. Furthermore,

the size of the markers implies, of course, thal they produce large



images on which it is difficult to locate a reference point; it
is this feature that represents the greatest contribution to the
size of the sphere of imprecision given above.. This contrirution
to the overall error can be reduced by the use of thé following
precautions: 1. A careful study of the position and orientation
of all the markers, both during the experiment and on the photo-
graphs, simplifies greatly the task of locating the centre of the
base of the marker, which 1s 1ts reference point; 2. the slow-
ness of the respiratory movements creates a great desl of redund-
ancy on successive frames which may be use” collectively to define
the position of the marker; 3. quite a number of markers are
visible on both mirrors and, thus, their position can be worked
out in two ways and averaged. Incidentally, these double images
provide a way of checking the precision of the optical system.
Although some of the error sources waich were mentinned
above can be quantified, the general problem of the overall pre-
cision of* the method is too complex to be worked oubt. Instead,
we applled it to known solids, mainly cylinders with cross-
sections of several shapes and sizes, and were able to recon-
stitute the positions of the warkers well within the sphere of

imprecision given above.



6.2 ~ EXPERIMENTAL IMETHODS

6. 2,1 = Introduction

Under the heading 'experimental methods' we have
grouped those methods which have been used in connection with
the measurements performed both on live animale or on thelr dead
remains. The most important of these methods is the one described
in section 6.2,2 and which was developed at the Institute of
Neurology, Queen Square, London, in collaborstion with Drs. T.A.
Sears and D.T. Stagg. This method involves extensive surgical
preparation qf the animal in order to expose the main structures
in the external respiratory apparatus and represents a bold
approach to the problem of recording the movements of those
étructures and for it I am indebted to Dr. T.A. Sears. The
methods of the last two sections represent a modest incursion
in the field of quentitative anatomy based on direct measurcments

using mechanical instruments.

6.2,2 - Animal preparatién

7}
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The experiments were performed on cats wesighing 14 to
4.0 kg, anaesthetized with sodium pentobarbitone, at a concentrat-
'ién of 30 mg per kg of body Weight,“and injected regularly in
order to maintain a reasonably constant state of light anaesthesia.
The animals were tracheostomized for conncciion to a Spirometer.
After shsving the fur on the left side of the trunk, the animal's

skin is removed onver an area delimited epvroximately as follows:






(1) along the first rib from the manubriovm to the spine of the
last cervical vertebra; (2) along the spine~line of the vertebral
column from the last cervical vertebra to the sixth luwmbar verte-
bra; (3) along a transversal incision on the side of the abdoinen
from I6 to a little beyond the umbilical line on the ventral sur-
face of the abdomen; (L) that incision is continued back again .
to the starting point over the manubrium, Next, the superficial
muscles which provide the suspension for the Tfront limb of that
side are removed in order to expose the intercostales, the rectus
and obligue abdominal muscles and all the muscles of the back
from the serrati posterior downwards.

Once this dissection has been performed, the animal is
placed prone in an experimental frame (cf, figure 6.2) and
immobilized by two clamps which hold the ﬁertebral‘column firmly;
ﬁhe legs are supporied by 8. rectangulary base snd the head by 2
piece of thread from a bar mounted on the frame (cf. figure 6.1).
The vertebral column'of the anim=21 is placed in an approximately
horizontal position and the ssgittal plane of the body 1s made
parallel to the base of the system of mirrors (cf, Appendix A1)
used for the photographic recording, Care 1s taken to ensure
that the vertebral column is not bent laterally, that the posture

=

ct and that the images on the mirrors show

3

Q

of the gnimal is cor

T

complete views of the ftop and bettom sides of the animsl's body.
‘The left front limb is then severed from the trunk and
puiled aside in order to allow an unhindered view of the cranial
end of the rib cage. The ribs and the abdominal surface are out-
lined with reflective markers applied with surgical glue (cf.

. \ o : 3 . , .
section 6.2.3). The tracheostomy cennula is connected to a spiro-

metre in a closed breathing circuit [gsupplied from a balloon |







deeper level of breathing. The oesophageal balloon is located!

lin position and comnecet to a Greer micromanométer, Mercury| |

Electronics|type MM/M3jand the|tidal|volume is obtained from the]
[calibrated output/of a potentiometer driven by the spirometer;]botH

[ the tidal volume and the|oesophageal pressure aré tape recorded.

‘Pigure 6.1 shows the animal in position and ready for
the experiment.

A Tirst film sequencéﬁ lassting for over half a minute
and corresponding .to syontaneous breasthing conditions under
anaesthesia, is maée while, simultasneously. the tidal volume and
the oesophageal prassure are recorded.

.The second phase of the experiment is initiated with fthe
intravenous appiication of 2.3 cc of gallémine triethiodide
(ﬁlaxedil) at a concentration of & mg/ce. The gradual muscular.
paralysis caused by the Flaxediliis recorded in film ss well as
the two other Variabics, tidal volume and pressure. Nexh, the
animal is artificially ventilated to a tidal volume of the same
magnitude as in spontaneous respiration and a similar length of
f£ilm is made together with the record of pressure and velume.

In a third phase the animal still under the action of
the Flaxedll and artificially ventilated, is X-rayed both from

ircetions wihiich make SCY with each
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other; for each of these positions, X-ray exposures are msde at
the instants of pealk inflation and deflation,

Finally, a fourth phase takes vlace after the animal has
completely recoversed from the Flaxedil, as shown by the volume and

the pressure recordings. In this phase, the X-ray procedure
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described above ig repeated again.

6.2.3 — Photographic procedure

The photogrsphic recording was made with an Arriflex
16-mm cine-camera, eguipped with a zoom lens fitting Som Berthiot
1:3,8, operating at a speed of 16 frames per scecond and adjusted
for an exposure n = 4.5 and a focal distance of 60 mm; the
camera was located at 28i5 mm from the subject dgtum plane and
the mirror system shown in figure 6.2, and described in Appendix
A.1, was used in order to provide the three views which are
necessary for the recording of depth information.

An Bktachrome BF 7242 Kodak colour f£ilm was used and the

with
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subject was illuminate 5C0 WVatt spotlight placed immedlately
underneath the camera and aligned with its optical axis.

The ribs and costal cartilages and the surface of the
abdomen are outlined with reflective markers. The markers are
made of a small length of PVC éleeving whose lateral surface 1s
cevered by a band of red 'Scotchlite! reflecting tape(*) and one
of the ends by a disc of the same material; the cversgll dimensicns
of the markers arc a diameter of 2.5 mm and a length also of 2.5

. (*:&)

tuck to the body with surgical glue . The

mm. The markers

4

e

)
"
)
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use of highly reflective Scotchlite tape in conjunction with spot-

()

liinnesota Mining and Manufacturing Co. Ltd., Code No. 3272

(=)

‘Johnson and Johnson DUQO surgical adhesive.
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iight illumination is necessary so as to get a good contrast
against the shining wet muscle surface,a need which also accounis
for the colour film and the relatively large size of the markers,
Another reason for the large sige is the sfeep gradient on the
subject's cross—-section profile which would make, on a large
proportion of the body, a smaller marker invisible either on

the mirror iméges or on the frontal view.

The camera igs first aligned in a direction perpendicular
to the'bése of the mirrors with the help of a 'light pencil', shown
in figure 6.2 and also described in Appendix A.1l; once the camera is
aligned, it must be maintained rigorously in the same position 7
throughout the experiment; The first f£ilm sequence records the .
mirror system and the 'light pencil' in order to establish the
centre of the film; two circular marks (M1,and Mp) located on
fﬁe vertical through the centre (C)~of the mirror systemn, 5n
which the centre of the 'light péncil‘ also lies, and placed one
on the external edge of each mirfcr, provide the common ordinate
exis (YY) for all the film frames., After it has been photographed,.
the 'pencil’ is removed and a calibration cylinder is placed;in the
frame and filmed for checking purposes. Thé photographic set—up
is then ready for the experimant which proceeds as described in

section 6.2.2.

6.2.4 - Measurement of the length of the ribs and the
direction of the intercostal muscle fibres

The measurement of the length of the ribs and rib-

cartilages and the determination of the direction of the inter-



costal muscle fibres are made on tracings of the interopstal
spaces. These tracings are produced by bringing into very close
contact with the cage, from which the superficial muscles have
been removed, narrow strips of thin transparent plastlc paper
which cover three or four intercostal spaces depending on the
curvature of the region o be recorded. After the strip is fixed
in place, the desired clements are traced on it; this process is
then repeated until all the cage is covered. The direction of |
the muscle fibres is first recorded for the external intercostal
muscles and, after tne removal of these muscles, for the internal
intercostal; this method could be used to record the fibre direct-'
ion in the other muscles although, for most of them, there would
not be a reference frame comparable to the one provided by the
rib cage. The precision afforded by thesé methods is poor, as
éiready explained in seétibn L.3.2; its impreovement, howcver,
would have impliéd complex and eipensive tools and the effort

was not considered justified,

-

6.2.5 ~ legsurement of the angles Qfﬁnﬁﬁaﬁion of the.
costovertebral joints

Ths vertebral cclumn, from the Tirst cervical to the
fourth lumbar vertebrae, is carefully separasted from the ribs and
thé rest of the cleaned skeleton and firmly mounted, on its side,
on a steel rectangular base. The surface of this base constitutes

the X0Y plane of reference; two axes, one parallel to each side;

are drawn on it at right angles and crossing at its centre. The



vertebral column is positioned in the direction of the longest
or X—axie, with its mid point at the origin and the two sides of
the 'S' placed symmetrically to the same axis. The longitudinal
axis of  the column is made parallel to the surface of the base and
the two transverse processes on each vertebra are placed on a
" normal to that surface. Once the column is set in position,
it is carefully drawn and for each vertebra a set of intrinsic
. X- and Y-axes is defined: the X-axis is parallel to the longitud-
inal axis of symmetry of vertebra and contains the projection of
the centre of its transverse processes; the Y-axis is perpendicular
"to X-axis ai the same point. The angle made by each of thess in-
trinsic set of axes with the main X- and Y-axes is measured for
all of them,

Thin steel réds, about 0.8 mm in'd:ameter and 35 mm
iﬁng, are. located so as to pass, as closely as possibl%, through
the centres of the two sets of jéints on the free side of the
vertebrae which correspond to the head and to the tubefcle of
the rib; for the last three ribs the rods are approximately
aligned with the transverse process of the respective vertebra.
The rods are glued in place and allowed time to set,

?he direction cosines which define the rotation axes of

the costo-vertebral joints are those which correspond tonthe
angles the steel rods make with a frame ofAreference constituted
by the X- and ¥Y-axes drawn on the surface of the base and a 2Z-
axis normal to them at the origin,

The measurement of these angles is processed as follows:

the rectangular plate where the column is mounted is placed in a

universal vice with the X-axis in a vertical position and carefully
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gligned with the centre of horizontal rotation of the vice; in
this position, the Y—éxis on the plate and the .Z-axis, normal to
it, are boih horizontal and parallel to the surface table where
the vice rests. To measure the angles (cf. figure .21) of

each ccstovertebral joint, the table of the vice is rotated,
first around the vertical axis and then around its horizontal
axis, until the rod is aligned with a reference direction; the
.angles ¢ and ¥ are then given directly on the two graduate scales
of the universal vice.

The reference direction used for the measurements is
" created by placing before~hénd the universal vice.in such a
position that the plane defined by its two rotation axes is
parallel:to that of one of the side faces of the surface table
where the vice rests; the plane of this é%de Tace is taken as
fhe reference plane anthhe reference direction is then material-
ised with a steel rod, similar to those used for the articulations,
which is mounted on a surface block in a direction perpendicular
to the feference plane, The positioning of this steel rod is
achieved with a dial gauge and, cnce it is set, the rod can be
moved parallel to 1lself thanks to two prongé on the base of the
surface block.

Once the anglese¢ and¥ are measured with respect to the
overall system of reference, their values are converted to the
intrinsic system of axes by the f&ilowing formulae:

tane¢y = tan¢ . cos@ =~ tany . sineé

-tane . sing - tany . cosé (6.1)

where ¢y and wi stand for the corresponding intrinsic angle values.

Formulae (6.1) represent a simple rotation, by ¢ degrees in the



[

anti~clockwise direction, of the X~ and Y-axes on the XOY plane.
The importance of the ¢; and y; angles resides in the fact
that they allow the computation of the direction cosines of the
axes of rotation of the costo-vertebral joints expressed in the
intrinsic referential of each vertebra. Once these direcfion
cosines are known, their vaiue for any configuration of the
vertebral column can bec computed as long as the position of each
vértebra is fully known with respect to a chosen overall system
of reference; from these values of the direction cosines, the
:_complete kinematics of the simple axial rotation of the ribs can '

" be deduced.
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Fig. 6:3 - Tracing of the markers from the film frame of Fig. 61
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6.3 -~ NUMERICAL METHODS

6.3.1 = Introduction

The methods described below are those which were used to
process the cine~film of the respiratory movements of the cat in
order to recover the three-dimensional information necessary for
the quantitative characterization of these movements., These
methods are essentially in the nature of computer graphics and
| were implemented on the IBM 41800 computer in the Engineering in
Medicine Laboratory of Imperial College in conjunction with s
Bryans type 26000 A3 XY analog plotter and on the University.of
London CDC 6600 system in conjunction with a Célcomp incrementai

plotter. -

6. 3.2 ~- Processing of the film frames

In each of the relevant sections of the filmed records
obtained by the wmethods described in sections 6.2.2 and 6.2.3: a
set of frames is selected for processing. Typically, this set is
made up of every third frame over a period of four or five respir—
atory cycles. The picture in each of the chosen film frames is
magnified to twice the real size dimensions and the markers on it,
including those used to locate the ordinate axis and the origin,
are transferred to a sheet of plastic tracing paper. The result
is illustrated in figure 6.3 obtained by tracing the markers of

figure 6.1. 1liext, the tracings of all the chossn frames are taken
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to a XY digitizer§*> where the coordinates of the YY-axis, the
origin and the marker are read and punched on cards. The cards
are then processed on a digital computer which reduces the co-
ordinates read in the digitizer to a system of axes centred at

the origin of the tracing of each frame and with the YY-axis as
its ordinate axis., After that, the computer programme implements
the formulae given in Appendix A-1 by which the three x, y and z
orthogonal coordinates of each of the markers are synthetized.
Using these ccocordinates, the computer controls an automatic
rlotter which produces three orthogonal (x,y), (x,z) and (y,z)
projections of the whole set of markers. These projections are
illustrated, for the set of markers on the rib cage, by figures
6.4, 6.5 and 6.6, In these projections, the median plane of the
animal coincides with the X0Y reference ﬁlam@, a result which is
achieved by 'rotating tﬁé animal's bndy' by means of a computer
programm. It is, in fact, very difficult to place the animal in
the experimental frame in such g way that the éagittal plane of
the body coincides exactly with the datum plane at the base of the
mirror frame; as a general rule, these two planes are inclined
with respect to each other and, also, are not coincidental at the
poiﬁt wvhere the optical axis of the camera intercepts them. The
set of markers has, therefore, to be rotated in the computer until
the coincidence of the two planes mentioned above is achieved; in
this operation we are guided by the knowledge of the position,

with respect to the sagiftal plane of the animal, of the markers

N .
- ?Mark I Pencil Follower, D-mac Ltd,, Londopn.
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Fig. 6:4 (X,Y) projection of the set of markers on the tharaJ“?.
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Fig.6:5 (X,Z) projection of the set of markers on the thorax.
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Fig.6-:8 (Y,Z) projection of the set of markers on the thorax.



. 1
on the sternum and on the spines of the vertebrae. This correci~

ion is necessary because we have to use these projections to
locate the structures of the trunk with respect to the markers
and it would be almost impossible to do it with the original

e ——

projections.

6.3.3 — Reconstitution of the structures of the trunk
from the three-dimensional set of markers

The corrected orthogonal (x,y), (X,z) and (y,z) pro- i
jections of the tutal set of markers represented in figures 6.4
to 6.5 constitute the framework on which the fibs, the vertebral
column, the sternum and the level contours on the surfaces of the
trunk can be drawn. B

The three projections are either drawn directly or
mounted with their coordinate akes aligned so that the three
projections of each marker are in correspondence. This system
of projections is placed on a drawing board and the structures
referred to above are drawn by careful interpolation of distances
to the markers measured simultaneously on the three projections.
In this operation, use 1s made of the knowlzdge of the position
of the markers with respect to the-ribs and the other structures,
knowledge which 1s obtained from measurements on the animal, on
its dead‘carcass and on X-ray photographs., Although the ribs
constitute to some extent a best fit for the corresponding sebt of
markers, interpretation errors may be introduced and, therefore,
a further check is introduced by computing the length of the ribs

and cartilages as they have been drawn and compare these lengths

-
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with their real Va;ues; corrections are then inéroduced by re-
touching the shape of these structural elements sccording to the
differences in value which were found. The type of result which
. We are able te obtain by this procedure is illustrated in figure
6.7 in which the (x,y) and (y,z) projections of the reconstituted
or 'fitted' structures are represented on a 1/4—sca1e; Finally,
Ence the structures in the film frame are drawn, a number of
voints - the same for all the frames - is implanted on their
three projections in order to moke it possible to digitize them
in terms of the orthogonal coordinates of those points. These co-
"ordinates constitute then the final data with which the computat-
ion of the kinematic results, volumes, areas, €ic., is performed.
' .This entire procedure - which is extremely tedius and
time consﬁming - has, of course,.to be repezcted for each single

film frame which is analysed,
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Fig. 6.7

Side and partial front views of the ‘titted rib cage and abdominal wall showing
a set of implanted points for their digitixation. The front view only contains the
first ten ribs: the other ribs and the cross-sections of the abdomen have to be
drawn separately because, in this view, they would fall on top of the represented
ribs and so they have been omitted here.
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6.4 ~ SUMIARY AND DISCUSSION

In this chapter we have dcscribed briefly the methods
which we have used to gather and process tﬁe experimental datsg
presented in the previous chapters. These methods include direct
measurements on the carcass or skeleton of the animal; indirect
measurements of marker coordinates by stereophotography and numer-—
ical methods by Which these data are handled. The precision which
can be achieved in the direct‘measurement methods is quiﬁe poor
when compared with that practised in machine engineering. The
" improvement of this situation, however, would have demanded the
construction or acgquisition of sophisticated measufing equipment
which would constitute a large scale investment only Justified for
a long term utilization, whereas our aim is simply to provide pre-
-1iminary results on dat; which we were unable %o cbltain anyvhere
else and, particularly, to show that there is a need for such data.
- The second typc of methods is siightly more accurate and is per-
fectly adequate for the analysis of the gross changes of con-
figuration which the structures of the external respiratory
apparatus undergo in respiration; they are, however, inadequate
(cf. section L.3.L) for assessing detail points, such as the
changes in muscle fibre length, for which other methods must be
used. 4

The accuracy of the photographic data can be improved
gréatly and the procedure for its processing simplified appreciably
by the use of more conventional techniques of sterenphotogrammetry
(Beard. 1967; Bzard and Burke, 1967;Miskin; 1956), Another
technigue of great brecision which may prove most valuable in

this field is the use of Moire' intcrference patterns (Takasalki,
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1970) to draw contour lines on the experimental subject. It
should, however, be pointed out that @he data needed for the
kinematic characterisation of the respiratory apparatus Interests
both the position of the surfaces of the body and the structures
hidden behiﬁd them and not reprcsented on the photographic records
by either of these methods; the localisation of these structures
with respect to the photographic data would have to be done by a
method similar to the one we have used and would therefore bring
jdown the overall accuracy to identical level.

| The rhythw of the respiratory process in quiet respiration
'is sufficiently slow to allow the use of filming speeds of the
order of 2 to 4 frames per second without serious loss of kinematic
information. These speeds would then make possible the use of
other cameras, such as the 35 mm time-lapse camera, with a con-
sééuent improvement of ﬁhe quality of rho tographic record.

Another possibility is the use of purely still cameraé in con-
“Jjunction with 2 16 mm cinefilm for control, in the way we have

dune with the X-ray photographs.



| CHAPTER 7.0
SUMMARY AND DISCUSSION OF THE WORK

The present work has been organised into ftwo chapters
which review the material available in two fields of Physiology
with a direct bearing on the study of the wmechanical phenomenon
of breathing, one chapter in which the results obtained in lab-
oratory experiments by means of X-ray photography and stereo
cinephotography are presented, one chapter in which theée results‘
are analysed and interpreted in order to define the foundations
for the modelling of the mechanical behaviour of the structures
which conspitute the external respiratory anparatus and, finalliy,
é'éhapter which describés the essential Teatures of the methods
used for the gathering and processing of the experimental data.

" We afe now going to review and discuss the materigl of each of
these five chapters.

In chapter 2.~the pressure~volume approach to the
mechanics of respiration is analysed in some length in order to
illustrate its scope and its limitations. The pressure-volume

analysis represents a first attempt to quantify the mechanical

ing easily understood iindices of respiratory performance. This
épﬁroach together with the study of the fluid and tissue dynamics
of the lungs and respiratory airways, has traditionally constituted
the discipline c¢f respiratory mechanics. The study of the proper-

ties and dynamical behaviour of those body structures which,



although not in direct contact with the air, nevertheless supply
the motive power for the respiratory‘povements.has been so far
almost completely neglected. This omission in the study of ihe
mechanics of breathing has been accepted on the assumption that
the respiratory movements of those structures are well conditioned
and, therefofg, that they are simply related to the breathing
patterns déscribed in the pressure-volume diagram. There has,
however, recently been a tepdency towards 'paying greaster attention
to the kinematics of the respiratory movementé (Agostoni et al.,
1965; Agostoni and Mognoni, 1966; Jordanzglou, 1970; XKonno and
Mead, 1967) although the study of the movements of the exterpal
respiratory apparatus has still not yet been looked upon as con-
stituting a field of research in its own right. In chapter 2. we
also introduce a hrief review of the available basic knowledge

regarding the neural control of the respirstory muscles, whict

includes not only the identification of the role played by these

muscles butalso/thelevidence regarding their proprioceptive comtrold

6

The work done in this area on the other hand, takes a limited
account of the detail of the mechanical actions which result from
the nervous data that cbnstitutes its subject. It 1s indeed one
main object of the present work to draw attention to the fact thét
the study of the mechanics of the resviratory appa?atus is potent-
ially capable of bringing
logy of Respiration. Chapter 2. finishes with a reference to the
~5W$ principal proprioceptive control assemblages involved in the
control of the respiratory wmovements, namely the 'stretch~reflex

servo assemblages' and the 'control assemblage of the costo-
>

vertebral joint' and concludes that in both types of assemblage



the respective controlling centres feed the sssemblage with
demands for the implementation of chapges in the distance
between attachment pbints of the components of the assemblages;
the muscle tensions which result when these demands are obeyed;
are monitored by the output of the tendon organs, output which
is in turn integrated in such a way as to keep those tensions
withih acgeptable physiological levels.

Chapter 3. contains the eiements of descriptive
anatomj which are essential to the understanding of the mechanical
performance of the respiratory apparatus. The main components of
the intefnal respiratory apparatus are first described in order tg
give some insight on the origin of the transmural pressures Sn the
thoracig.walis. The notion is advanced that during inspiration the
respiratbry treec tends to be pulled in a ventroposterior direction
éwéy from the apical loﬂes of the lung, thus resulting in a more
uniform degree of inflation throughout the lungs. The principal
S or oprimary muscles, feSponsible for the movements of the externsl
respiratory apparatus, are described in some length with regard
to their main anatomicai features, their insertions and innervations,
Whenever possible, diagrams and drawings are included in order to
clarify the description and relative pociticon of the muascles. It

should be pointed out that it is impossible to model adequately

ot

the mechanical properties of the respiratory aprarata hout

0

T
Wi a

detailed quantitative description of the anatomical structures
whi ch go to make it up. Although, obviously, the material present-
ed in chapter 3. is far from supplying this exhaustive information,
it has been included not only because it already performs that

function to a modest extent but specially, in order to make
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rerfectly clear its importance to the study of the mechanics

of breathing, It is, indeed, quite rgasonable to assume that
the reason why the anstomy of the exiernal respiratory apparatus
is still essentially of qualitative character is the fact that
no serious demand has existed for a different type of results.
Thus, not mvch is known about the exact dimensions and shapes

of the muscles, their contents in tendinous fibres, their com-
position in slow and fast muscle fibres, the specific‘tension
they are able to develop, their innervation ratics, their supply
of mechanoreceptors, etc.; and similarly limited is our knowledge
of the detailed quantitative anatomy of the remaining structures

in the externa1~respiratory apparatus. ‘The exact modelling of

* this apparatus as a breathing machine, however, will not be

possible without this iqformation and we certainly hope that the
approach to the mechanics of breathing we are proposing in this
work will help to bring about the demand for its acquisition. To
a very modest extent, we have already contributed towards this

end with the results presented in chapter 4., where we give the
length of the ribs, the érea of the rib cage surface, the angies
of rotation of the costovertebral joints and the dimensions of the
rib cage and abdomen.

Chapter L. describes the main results obtained by the
exPéPimeﬁtal methods used in connection with this work, results
which make possible a reasonably accurate characterisation of the
bfeathing movements performed by the animal under the conditions
in which they.were recorded, The movements which occur in light

anaesthesia are described by 1/4-scale diagrams in which the

extreme positions of inflation and deflation are shown together.



From such compqsite drawings and from X-ray tracings it is
possible to evaluate the amount of movement which takes place

and to éonclude that the basic driving structures in inspirastion
are the rib cage and the diaphragm. The movement of the ribs and
costalcartilages arc characterised as being a rectation which
forces the rib shafts forward and upwards, at the same time as

the sternum moves backwards in order to compensate for the in-
creased perimeter of the thoracic cross—section. The movements

of the abdomen are also shown in appreciable detall both by depth -
contours on the side views and by cross—sections. It is thus made
clear that in inspiration the abdominal walls are lifted at their
cranial end by ﬁhe’elé#ation of the ribé and compression of the
abdbminal'viscerae by the diaphragm, whereas in their centro- ﬂ
lateral regions these walls are sucked in, suggesting a reasonably
constant abdominal volume; in e“ﬁifation, the movements of these
organs are reversed and, most possibly, the abdominal muscles take
an active rart in powering this respiratory phase.

The application of an inhibitor of the neuromuscular
transmission (Flaxedil) brings about a marked change in the con-
figuration of the trunk ss a result of the elimination of the
'tonic' muscular activity and which allows the trunk to yield to
the weight of the abdominsl viscerae. This fact highlights the
functional significance of the ‘non-phasic! activity in the
functional integration of the body structures. Indeed, our
results seem to indicate that although the rhythmic muscular
activity is the most obvious component in the performance of the

respiratory muscles, it may well not be the most significant
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component; this role is more.likely to be played by the 'tonic'
muscular activity, as can be understood by noticing that the
structures of the respiratory apparatus are permanently undcr
some amount of loading which has to be taken care of by the'
'non-phasic' muscular activity; the increase in load brought
about by inspiration is not essentislly different from any other
load and can be tackled in a similar, if stronger, manner. This
view 1is also supported by the fact that the response of the
stretch~reflex assemblages which mediate the reaction of the
structures to loading is appreciably faster than the respiratory
rhy thm,

The defuormation which the ribs and costalecaritilages
undergoiduring'both spontanepus and artificial respiration is
Qescribed in the composite drawings of figure L.23 to 4.29 in
which the sgrface of half the rib cgge ig rectified. As can be
.seen, the most important deformations take place, as it-is to be
expecved, in the region of the costalcartilages; the comparison
between artificial and natural respiration shows the same shape
distortion already visible in the previous views of the trunk.

Finally, the inertia forces were evaluated for a point
'on the eighth rib and found tco be negligible in compariscn with
the other respiratory loads.

S

mE
Sk ) bsslal ~
L€ MaQul

rial presented in chapter 5. is conceived as
supplying the basic data for the construction of functional
ﬁodels of the structures which form the external respiratory
spparatus. This material is obtained by combjning(the results

repbrted in chapter 4., with furither anatomical data and with an

interpretive effort which, it is argued, elucidates to an
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appreciable degree the mechanical performance of the different
structures in the respiratory appara@us. It should be emphasised
that a'full understanding of the respiratory mevements of the
different structures cannot be achieved from purely mechanical

cr anatomical considerations and that such understanding can

ohly be achieved by a laborious process which will include
electromyographic probing, nerve activity recordiing, and gradually
improved modelling. However, a great -deal of understanding can
already be gained by a careful study of the data in our possession
and that is amply exemplified in chapter 5.

The participation of the rib cage in the stability'of
the trunk and in supplying the basis for the attachment of the
front limbs is first analysed in the detail which the available
anatomical'data allows. This analysis gives in qualitative terms
éAquite clear idea of the funetions. other than those of respir—
-atory nature; which the rib cage has to pérform. A great deal nf
quantitative anatomy'and clectromyography will have to be acquired
before a model, in precise machine engineering terms, can be built
for these functions., The same is true for the other functions
described in this chapter. The articulations of the rib cage, in
particular the costovertebral articulations, are analysed both as
elements which allow or resirict the relative movement of related
bones and cartilages and as integrating acccemblages in tuelpru—
prioceptive control of respiration. The relative flexural rigidity
of’the ribs and costalcartilages is compared and shovn to imply a
delicate control of the intercostal muscle fibres in order to
prevent bending of those cartilagenocus elements. Thus, the nced

for stretch~reflex servoloops in the intercostal muscles is deduced

from purecly mechanical considerations; these considerations also
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show that the Hamberger's model for the action of the inter-—
costal muscles is a correct, albeit simplified, description of
this behavicur.

The modelling of the respiratory apparatus will eventually
consist of separate models for each of the main structures, models
which are then associzted together through boundary condition-<.

The five boundaries of the rib csge are analysed to an appreciable
length in order to obtain the basic information which is needed
for the modelling not only of the.rib cage, but also of the
diaphragm and the abdomen. i

Chapter 5., also deals with the mechanical characteriSatioh
of the abdominal compartment. It analjées the fundamental role
pla&ed by the abdominal viscerae, in particular the liver, in the
stabilisation of the thoraco-abdominal boun&ary. Also introduced
is the notﬁon of a biags abdominal compression Ap, creatcd by the
.conuractlon of the abdominal wall muscles and which could be used

(*):

by the animal to meet physiological requirements’ fFinally, the
abdominal wall muscles are considered as divided into two basic
groups, those in the inner and intermediate layers which are
truely antagonistic of the diaphragm and whose activity must be
greaisr during inspiration, and the external cbliguus muscle whose
functions include the opposing of the serratus anterior which
supporés the front limbs, znd the compression of the abdominal
compartment.

4 Chapter 6. describes the experimental methods used in
gathering and processing ol the experimental data involved in this

work.,. The most important of these methods is that of the stcreo

cinephotographic recording and assoclated numerical and graphical

]by the abdominal constritor muscles toloptimize the Qperatlon of thel
respiratory stuctures,




processing which, although producing results of satisfactory

guality, are still extremely laborious and, for a larger scale

programme of photogrammetric study, a more expensive and

specialised installation will have to be crested in order to

make possible its utilization in a routine and speedy fushion.

It should be emphasised that these methods are not only invaluable

in the study of kinematics of the respiratory movements but also

in the anatomical characterisation of the structures in the

respiratory apparatus whose‘shape does not allow simple methods

of measurement to be applied,

Pig.

7.1

- Functional organisation of the respiratory apparatus

of the cat. The main structures are as follows:
1= central 'computor'; 2- costovertebral neural
assemblage; 3~ external muscles control neuaral
assemblage; L~ intercostal stretchreceptor and
tendon organ neural assemblage; 5- costo—
chondral prepricreceptor asscmblage; 6~ chondro-—
sternal proprioreceptor assemblage; 7- lungs
proprioreceptor assemblage; 06— diaphragm proprio-
receptor assemblage; 9- sbdominal proprioreceptor
assemblage; 10- thorax-abdomen interface neural
assemblage.

The fundamental contribution of the present work resides

in the formulation of a different approach to the study of'the
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mechanics of ?esPiration; the respiratory apparatus is conceived
as a process-control mechanical planp, in which the different
constituent structures are integrated by a nervous control
processor.
Figure 7.1 represents the genéral layout of the

external reépifatory system organised so as to emphasise its
character of a process control mechanical plsnt. Three types
" of components go into its constitution:

1= The physical structures which undergo the movements and
perform the mechanical actions the system is designed for. These )
structures are, essentially, the vertebral column and pelvic
bones, the rib cags, the lungs and associated airways, the dia-
phragm, the abdomen and the abdominal viscerae.

2~ The mpnit0ring sensors.ﬁhich we have grouped into assémblages,
tﬁé most important of wﬂich are those of the costovertebral jeints,
of the stretchreceptors in the intercostal spaces, of the streftch-
recepbors in the muséles responsible for the postural stability of
the trunk, of fhe receptors in the costochondral and chondrosternal
joints, of the receptors in the thorax—abdomen boundary and,
finally, those which correspond to the mechanoreceptors in the .
lungs and airways, in the diaphragm and in the abdomen.
| 53— The central processor, a general designation for the nervous

wiich integrates all
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the parts of the system,

o The existence of these three types of funectionally
distinct components is reflected in the different areas of

information which must b2 covered in order to achieve a global
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characterisation of a mechanical system of this kind. These
types of information are the following:

1= The kiznematic description of the movements which take place
in the physical structures under the control of the integrating
nervous system, as distinct from the moﬁements which could take
place if only geometrical and structural constraints existed {ef,
Appendix Al).

2~ The distribution throughout the model of the muscular tension .
and of the stresses in the other tissues which obceur during the .
controlled movements; this information, together with the previous
one, defines‘completely the strucfural engineering problem which
each physical component constitutes,

3- The distribution of sensory activity in all the receptor
gssemblages. .This information defines the wnput to the central
processor and, together with the nervous efferent traffic to the
musecles, constitufes a basis on which the nature of the performance
‘oL the central processor may be analﬁsed.

L= The main feétures of the activity which goes on in the central
processor must be related to paints'of the following kind:

(a) do the main physical structures in the system possess
individual 1ocal;control at segmental level, for
instance, or are they all controlled simultaneously?

(b) how is the control of each individual structﬁre related
to that of the other structures and how is the oﬁerall,
system organised in terms of priorities and functional
hierarchies?

(c) can the strategics implemented by the control system

in different situations be quantified and categorised?
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(&) how does the processor schieve the structural stability
and the proper load response in the different structures

and the global system itseli?

fhe items of information described above would, if
available, characterise completely the mechanical performance
of the system. Unfortunately this information is not easily
obtained in the case of the respiratory apparatus., The first and
most obvious approach to the problem of acquiring it is of course
the use of animals to perform experimentis and measurements; this
splution, however, is far from being simple or straightforward
for the following reasons: 4- the animal's body is organised in
iayers and only the superfici2l anatomical structures are easily
accessible without appreciable mutilation of the animal; 2~ it
is practidélly impossible to monitor, in any reélly extensive way,
the activity of the muscles, nerve fibres and sensory endings not
only becauée.of their inaccessibility but also becgsuse of the size
of the measuriﬁg devices; the same difficulties apply to the
measurement of the deformations and stresses in the various tissueé.
As a consequence of these limitations, the information which it is
possible to gather by this method is extremely patchy and hardly
adequate for the global analysis of the mechanics of the respir-
atory apparatus.

A different but complementary approach to this problem
cohsists’in the building of models based on well defined functional

components and whose periformance is vrogressively improved and

brought closer to that of the animal. The power of this method
resides in the fact that the model represents a much simpler system

whose functioning is based on known premises, thus making it



susceptible of a satisfactory description; wmodels constitute
therefore a potent device for the understanding of the experimental
data and are, at the same time, a source of demand for further
investigation.

It is in this connection that‘the material contained
in the present work can be of appreciable help. In fact, quite
a great deal of information has been gathered on the kinematic
characterisation of the respiratory movements thanks to the photo—
graphic methods we havg used, These results not only go a long
way to clarify the nature of the movements undergone by the
respiratory structures in gquiet breathing but also they make
plain the need for such methods and for sucii date in the character—
isétion of the mechanics of breathing. The functional inter-
pretation of the experimental data in chaptir 5., besides con-
tributing %o an increased understanding cf the respiratery move-
ments, opens the way to the formulation of realistic models for
those structures. The methods and techniques of Structural
Analysis are suggested as the proper framework for the Tormulation
of such models and it is our conviction that fthese will be the broad
lines along which this field of Physiology will develop.

Finally, there is a further aspect in the approach to the
mechanics of breathing advbcated in this work and which wmay have
very promising spplications.

- We have reproduced in Appéndix A5 the basic ideas
involved in the finite difference method of numerical integration
of the shell- membrane equations. This method translates into 2

Aiscrete form the measure in which the value of the solutione to
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the stress problem of éach point is influenced by the values of

the functions in the immedilate neighbourhood of that point.

Also, the method implements the solution by solving simultanecusly
all the difference equations for the whole grid of points in the
stfucture, thus observihg the cuarscter of integral solution which
the distributipn of stress throughout the structure possesseé. It
is, therefore, very tempting to establish a close parallel between
the grid of points and the value of the stress solutions there
with the discrete muscle units and mechanoreceptors; and to com-
'pare the process ol numerical integration and the functional
interrelation between the nervous areas to which the afferent

and efferent nerve fibres lead to or come from. This is particular-
lyitrue of the rib cagé which not only is the most complex structure
in the external respiratory apparatus but, presumably for that very
reason, is more richly equipped with mechanocsensors. It is truc
that the proprioceptive assemblages have a functional performance
which is appreciably more complex than that implicit in the
difference equations of Appendix A.5. However, just as those
difference equations represent an approximation, the descript;on

of the proprioceptive assemblages can'be’simplified in order to
facilitate the comparison between the two 'methods' of solution

and the similarities betweén them explored to a great length.

It should be pointed cut that modern numerical methods for the
solution of the stress problem in géneraiised shell and other
statically indetermined structures are based on the principle of
minimum virtual displacement stress energy and, therefore, produce

a discrete numerical procedure which must be gquite akin to the



principles of tissue and energy economy which are generally
observed in biological systems.*

The parallel just described suggests a different
approach to the study of the nervous areas which control the
respiratory apparatus. This approach, which could be applied
to other physiological functions, wculd thus consist of invést—
igating the properties of the respiratory nervous centres via
the study of the performance of the peripheral system or systems
théy control. Generally speaking, when the performance of a
system is studied at a level in which the participation of the
nervous control has to be taken intec account, the phenomenon
-that performance represents is sufficlently complex to implicate
a ﬁealth'of elaborate functional relationships; it will also be
so close to the besic components —.the cells - that it will be
poseible to pin down such a framework of operational properties

to the individual components which actually implement them.

(‘}The known adaptive responscs cof bone tissue to stress stimulus
(Laux, 1930; Clark, 1958) and the constant destruction and re-
generation of the nerve endings on the muscle fibres (Baker,
1967) which presumably adapts the innervation of the muscles o
the functional demands on it.
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APPENDIX A.1
THE OPTICS OF THE PHOTOGRAPHIC SYSTEM

In order to recover the third dimension, or depth, Trom
the photographic records, we created two side views of the sub-
ject by means of the mirror system shown in figure A1.1. This

system consists essentially of two plane front sluminised mirrors

_ t«——-aao«‘
J 4 : \m -
§ ?eo-aﬂ “K
360 - ,\763 tp '?- o
d Y
J“q_km? 7]
Woﬂ

Fig. A.1 - Mirror system used in the production of multi-

projection cine-photographs. 1p - removable

'lipght pencil' Tor alignment of the camera;

m - plane wirrors.
placed parallel to one another and gt 30° with respect to their
common base; thesec mirrors are mounted on rectangular plates
each attached to a supporting bracket whose positin on with regard
to the base 1is precisely defined by a slot in the latter. All
"the metallic parts in this structure are in duraluminium and
were machined to within a tolerance of + 0,001 inch and the
angles defined to within % 0.5'. The plane mirrors were made
ol rectangular plates, 3 x 160 x 230 wmm in size, ground polished

and front aluminised and flat to less than ten mercury line

wavelengths as measured in a yi zeay interferometre. This system
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is used in donjunction with an operatory table on which it is
mounted with the common base of the mirrors in a vertical
position and the animal placed horizontally between the mirrofs;
both mirrors’may be moved along the base in order to facilitate
the pcsitioning of the animal.

IFigure A1.1 shows also the '1igﬁt pencil! which is uvaed
for the alignmént of the ciné—eamera in a direction normal to
the base of the mirror structure. This device consists of a
280 mm long rod connected at 90° to a cylindrical base by which
it is mounted on the mirror structure; the rod is machined to
create a longitudinal bore of 0.6 mm effective diameter through
which the light of a torch bulb, located inside the cylindrical
base, can be seen, The camera is aligned by moving it in its
support uhtil this light at the base of the 'light pen' becomes
'Visible'égainst a darkened background; in this wvay the camera
can be aimed aleong a direction which makes with the normal to the
base of the mirrors an angle not greater than 45'.

Figure A1.2 represents the basic geometry of the photo-
graphic system under the assumption of perfect perpendiculgrity
between the camera axis and the base of the mirrors and prerfect
quality of the mirror surface and mounting. In this figure
Po(xo,yo,zo) is a ioint on the object, Ps(Xp,¥552,) its image
as seen from the lens, and P1(x1;yq,zi) the trace on the mirror

surface of the ray fiP,; Q, and @ are the images of P, and P,

o)

(énd P1) respectively, on the image plane of the lens system.
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Fig. Al.2 - Geometry of the photogrephic system: I - distance
from the bottom edge of the mirrors to the axis of
the lens system; N - nodal point of this system;

i, and Hy, - distance of the internal edge of each
mlrrbr to the axis of the lens syshem; a - angle
made by the vlane of tho surface of the mirrors
with the lens axis; LP1, B = f1P0, T = normal
to the mirror surface at Pqe :
Prom a purely geometrical point of view the images Qg

and Q4 are homologous of the traces of the lines NPy NP, and T?;

on the plane z = o, W1(x3,y3) and Wo(xu,yu); therefore, their

coordinates are related to those of Po(xo,yo,zo) and Pl(xﬂ,ya,zﬁ)
as follows:

Yo = ¥3 « (1 = 25/L)

Xy o= X, . (1 = 24/L)

Yo =y - (1 = z4/L) (1)



The coordinates of the points Wy and W, are read from
the photographs and multiplied by a suitsble scaling factor.
The -equation which describes the surface of ths mirrors is the

following:

8 . 2= +y—-H (2)
where a = tana., #»= +1 for fhe top mirror, x= -1 for the
bottom mirror and H has the value corresponding to the mirror
considered. If we combine this equation, which is satisfied by
¥4 and z,, with the last equation in the system (1), we obtain

the result:

Xy =% . B

vy o= yh-. B o
| z, = [(& - #)/(a.L - E)] . B.L (3)
where ¥), = modulus (y),) and B | ‘ ’

B =(a.L~-H/(a.L - 7)) | (L)

The coordinates of Po(xo,yo,zo) can be obitained from
those in equation (3) if the vector §, which connects the two
points P, and Py 1s known. This vector lies in the same plane
as ¥ = ﬁ?q and the normal to the mirror surface at Pﬁ, and makes
with 1 the same angle as T; it may, therefore, be determined in
the following manner:

The eguations of the straigﬁtlline which connects Py with

the nodal point of the lens system, N(0,0,L), are as follows:

X~X‘} = J=¥1 = Z—44 (5)
B A B

According to equation (2), the normal B at P, is given by;



X=Xy _ Y=Yy o Z%y

6
O -t a ( )
and, therefore, the cosine of the sngle made by (5) and (6) is

equal to:

*y1+a. (L"‘Z1)

CoOB ¢ = 7
| \1+a2 . \fo + yf + (L - z1)2 : (7)

The l1ine § which joins Py and P, lies in a cone with the vertex

in P1, the axis D and containing ¥ as a generatrix. Any

generatrix of this cone satisfies the general equation:

X=Xy = IV = ETFy |
B 0% 8 ' ()

where the parameters '3, vy and § satisfy the following relationship:

T 8..5"*')’

Vi+a2 . VB2 4 2 .62 - (9)

Bquating the two expressions of cose given by (7) arnd (9) and
introducing the values of B, v and é. from (8), we obtain the

equation of the cone defined by T, § and 1:

2 s
(x=x ) 24 (1-2%). (3=74)%+(1-2242) (z-24)2+#2282(y-v, ) (z~24 ) =0
(10)
in which A% is given by:
22 - :':12+y12+(1,-z1 )@
. [a. (L-24 ) +xyy] = (11)

The line § also lies in the plane defined by the lines

¥ and T whose equation is:
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(-:X"'Xq)[a'Y1"*(L"Z1)] - (Y"Y1);3-X1"*(Z"Zv]) -X1 =0 (12)

If we introduce the value of E~z4) deduced from this
equétion in equation (410) werobtain the two generatrices along
which the plane (12) intersects the cone (10); one of these
generatricgs is that given by equation (5), already knovin, and

the other, given by the following equations:

R =3 = 7

E F G (13)
in which:
N E = (1—a2).x1
F = ~[(1-22).y, +*2a., (L—z1)j
¢ = ~[(1-a2). (1~2,)-22.74] o (14)

is the line § we wanted to get. To determine Zgps W& combine
one of the equations (13} with the corresponding equations in

(1) and (3) and obtain the following resulb:

2o = [29-(&/F) (y3-B.3),)] f(1-(G/F)(y3/L)]'1 | (15)

This is the value of the distance of Po(xo,yo,zo) to the plane

z = 0; once z, is known, formulae (1) gives the values of X0

and ¥y, corrected for the effect of perspective,
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APPENDIX A.2

NUMERICAL RECTIFICATICN OF THE RIE CAGE SURFACE; COMPUTATION
OF AREAS AIID VOLULME

The area of the intercostal space limited by the seg-
ments of two contiguous ribs, as showvn in figure A2.1, between
points A1,‘A3,‘B1 and B3 is given opproximately by the sum of
the areas of the triangles (A2, A1, B1), (B1, B2, A2), (A3, A2,

B2) and (B2, B3, A3). Within this approximation, this Fraction

(al (b}

dy = A1B1 gy = AlA2 hy = B1B2 1, = Bla2
d, = A2B2 gp = A2A3 hp B2B3 1, = B2A3

Fig. A2.1 - Plane triangular facet approximation to surface
of fthe intercostal spaces.

of the intercostal space will be rectified if those triangular
facets are made to rotate around their common sides until they
all lie in the same plane. This operation will, of course, be
-performed by drawing successively those triangles using for each
one the side in common with the previous one as the base for its
construction. Before tackling the problem of the rectification

proper, let's consider that of building a triangle given its

sides as exemplified for (A3,B3,B2). For this purpose we consider
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a'set of intrinsic axes, OX' and COY' (figure A2.2), and mark on

the OX' axis two points, 11(C,0) and N(1l,,0), separated therefore
by a distance equal to the length of the side A3B3 of the &tri-
angle; the third vertex of the reciitied triangle, P(xé,y%), is
defined as the intersection of two circumferences centred in M
and in N aﬁd.whose radii are, respectively, d3 and h,. These co-

ordinates are therefore given by the folloWing formulae:

o L N' A d B
x' ; X
L
d ha g &
P(Xp, yp)
y' y
(al

. . . (b)

Fig. A2.2 - Rectification of an intercostal space. (a) triangle
(A3,B3,B2) drawn in an awtilliary set of intrinsic
axes; (b) the same trisngle after having been trans-—
ferred to the rectified construction of the respect-
ive intercostal space.

2 2 2 ' .
12+d3"‘h2

Xh =
P 21,

1.2 ‘ \
yp =ya5 - (xp)? (1)
where dz, h, and 12 are defined in figure A2.1.
' In order %o add this triangle to the rectified version
of the intercostal space surface (figure A2.1(b)), all we
need do is a change of variables which brings 0' to coincide

with A3 and the axis O'X' with A3B2., If we assume knowh the
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angle 8 , measured positively in the clockwise direction, made
by A3B2 with OX and the coordinates of A3 with respect to the

new set of axes, then the coordinates of B3 in this system of

axes are given by:
- ! ! 3
XB3 = XAB o+ XP cos 6 +-y? sin @

Yp3 = Va3 ~ Xp sing + yp cos 6 (2)

In order to add the next triangle to the rectification,
it is necessary to know the coordinates of A3, which we have
assumed to be_known, and the sine and cosine of the angle ¢' ,
which Egﬁg'makes with the OX axis; these values are calculated
as follows:

Xp . cos 6 + yp . sing

Ye2 + (3)2

cos 8' =

and
—x? . 8Sing - yb‘. cos 8

sin 0' =

. 'd(xﬁ)2 + (y‘i:)2 (3)

Thus, as for the first triangle it is XA3=yA3=O and
~ 6=0, we are éble to progress from triangle to triangle, each
supplying the vertex and the angle necessary for the construction
of the next, until all the intercostal space is rectified.

The computation of the areas of the intercostal‘spaces
ig done, similarly, by adding up the éréas of the rectified tri-
angular facets. The area of each fécet may be computed using

Heron's formula (Rektorys, 1959):
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‘# 8. (s~a). (s~b). (s=c)

=3
i

s = 0.5 (a+b+e)

where a,b and ¢ are the lengths of the sides.

(1)

For the computation of the volume of the rib cage the

basic unit is the triangular prism which has a facet and its

projection on the XOY plane as bases (figure A2.3). The

9 B‘] (X3:Y3'Z3 )
Ag(X2,¥2,Z2)

- ~
A' l/\s“
2 -
- T hnd t

Fig. A2.3 - Zlementary prism for the cowmputation of the rib
cage volume ‘

expression Tor the volume of such a prism is the following:

V = (1/6).(z1+z2+23). mod(a1b2—b1a2)

in which:

&

1
o]
e
!
M
n
o
N
il

*37%2
by = ¥4=¥o bo = ¥3-¥o

(5)

(6)
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APPENDIX A.3

COMPUTATION OF THE THREE-DINENSIONAL TRAJECTCRIES DESCRIBED
BY THE TIP OF A RIB ROTATING AROUIID A FIXED AXIS.

In the diagram of figure A>.1 which represents a rib
and its axis of rotation, we consider known the coordinates of .
the points QCxq,yq;zq) and T(xt,yt,zt), respectively the centre
of rotation of the tubercle of the rib and the tip of the rib at
a given instant in time; also known are the direction cosines
(1,m,n) of the axis of rotation O'Z'. With this information,
we are able to determine the eguation of the plane'% which is
normal to the axis of rotation 0'Z' and contains the point T:

| 1 (x=xg) ~m(y =y) -n (3 -2z5) =0 (1)
which together with that of the axis of rotation:

X X4 = ¥ =¥q = 2 ~Zg
1 m n (2)

Provides the coordinates of the point 0' where they intersect:
Xt = xq + ko1
Yor = ¥q + kem

q
with the parameter k being given by:

Zor = Z; + ken (3)

k = l.(Xt—Xq) + m.(yt*yq) + n. (z4-2g) (&)

=

We now consider a new system of rectangular axes,
'éssociated or intrinsic to the rib, with the origin at the inter-
section of the axis of rotation 0'Z' with the plane » ; the axis
0'2' is the new Z-axis., The new Y-axis is defined by the inter-
section on = by the plane which contains O}Zy and 0'21 a parallel

to OZ drawn through 0'; the positive semi-axis O'Y' is that which
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makes an acute angle with O'Z1. Fihélly, the O'X' axis is chosen
to be perpendicular to the plane Z'0'Y' and orientated so that
the diedral angles (0,X,Y,Z) and?(O,X‘,X‘,Z') have the same
sign. The new set of reference'axés is related to the originél
set by the matrix of direction cosines given in table I (Bell,
1931).

Table I - Matrix of the direction cosines which relate the
two sets of axes defined in the text

X v Z
- 1
b 0
1 +m2 ‘.\-112+m2
y ;?12+m2 ‘,12+m2 17+m
z! 1 m n

The coordinates of a point P in the new system may there—

fore be expressed in terms of its coordinates in the OXYZ system
as follows:

e T

= m e (XP-XOt) + (JP dd)

-1&+m2

%
I

12+m

' o ——Lem (%p=xg1) = \r___;_ . p- JO,)+V1 e + (2p—2)

Jp = -
] P N 124m2
Z'P = 1 . (XP“ 0! ) + m - . (3:'5,"3?'0, ) + n . (ZP"'ZoT)

(5)



e

The movement of the rib we are considering consists of
a simple rotation around 0'Z' and, therefore, its tip describes
a circumference (c) centred gt 0'. The coordinates, expressed
in the intrinsic system of reference, of any two positions '12‘_,l

and T2 of T are related in the following manner:

1 — 1 o ] 1

XT2 = cO8 7 » Y T1 sin 7 . yT

y! = sinn . xh +cosw . Y¥i
To Ty T’l

ot — z! 6
Lo | - ®

where 7 ig the angle made by the radius Oé1 and o'T2 measured
positively in the clockwise direction. '
We are now’ in the position of being able to compute a
series of points on the circumference (c¢) by using the following
procedure: using eguations (5),the coordinates of the initial

position T of the rib tip are converted to the inftrinsic system

of reference axes; then, choosing a step angle n the equations (6)

FPig. A3.1 - Movement of a rib about the ideal axis of rotation of
its costovertebral joint: c¢ —trajectory of the tip T
of the rib; =- plane perpecndicular to O'Z' and con-
taining the point 7.
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are applied repeatedly, each time taking as coordinates of T1

those computed for T, in the previous step. In this manner and
using both a positive and a negative step, a collection of points
on the circumference described by T are obtained. Finally, the co-
ordinates of these points are ccnverted to the original system of
reference akeg by means of the following formulae derived from

the matrix of table I:

X = X5 + (- .__T_’L___,) xt 4+ (= LD ), oy o1, g

1 .). m.n T

—— e ¥ + m. 3!
V12+m 124m° '

? = ZO' + ( ‘\’127+m2). Y' + I, Z1 (7)

¥y =g + (



APPENDIX A.lh
COMPUTER CONTROL OF THE KINEMATICS. OF.lACHINES

In ovder to illustrate the’dintinction between geometric—
ally determined and computer Getermined movements consider the
very simple machine represented in figure Al.1(a) and made of
three coplanar links crticulated at the points Ad, Ay and Aj.

In such a simplified form, the machine can be widely deformed -
by the loads applied to it as the sample trajectory (a) shown

in the figure exemplifies for a particular time varying load.

3 & BErvo-
and m3 made by

I we now install at each of the points A, A, and A
motor capable of controlling the angles aqsy Oy
the links which join at those points, we will be able to deter-
mine rigorously the geometry of the trajectories which the machine
Iis capable of following.

The diagram of the figure Al.1(b) represents the situat-
«ion in which the point Ah is forced to move along the OY-axis
exclusively and the point A3 is obliged to keep on a circumferénce

of radius R and centre at the point (e¢,0). It is easy to show

that in these circumstances the angles a

-

17.% and % satisfy the

following two relationships:
dy . cosay - dzgcgs(a2-a1) - d3.cos(a3-a2 +q1)—b =0

-84+ COSy = 8,. COSO, —'a3.cos(a2~a1) - a = 0 (1)

where a o, a drs, dz and b have the same meaning as in
12 %o : Y Vo 3 :

3
figure AL.41(a) and

~ 2d, (b + c)

81 2 d,‘ (b + C) 3.3

=24, d 8) = df+d§+ (b + 0)2 - R? (2)

o
N

1
-
A
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The first ecquation in (1) is obtained by making the X-
coordinate of point Ah equal to zero and the second equation (1)

represents the condition for A, to stay on circumference (c).

5 .
The cowmputing set—up shown in figure AlL.3 represents a

possible solution for the problem of generating the signals
which have ‘to be fed to the servomotors in order to guarantee
that equations (1) are satisfied. In this system the value of

%z is checked against two limit values, @ and o and a

max min’
corrected value «! is produced and fed to a computer which uses

3

equations (1) to generate corrected values for xy and DY theser

e

T J1
- £ - - i oy
5 : < vz S Y g v ord
2240 G 72 s 6//// VLA
h (a) H ‘ —b (b)
) ct \
‘

Fig. A1 - Limitation of the freedom of movement of a kinematic
chain by the servocontrol of the angles of articulation
of its links: (a) kinematic chain with simple pinned
joints between the links shown together with a sample
trajectory, (t); (b) the same chain under the control
of servomstors, lccated at the Jjoints, which adjust
continuously the values of the angles a«., a, and
80 a8 to make A=z Lo move permanently on the“circum=
ference (¢) and A) on the OY-axis.
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new values of the angles are then passed, together with their
original values, to difference devices whose output is amplified
and fed to the respective servomotor. Thus, if the points A3 and
Ah are corvectly located, the original and primed values of the
anglec will be equal and the outﬁut of the servoamplifiers will
be zero; whenever the twc sets of angle values are not the same
the output of the amplifiers will be such as to make the servo-—
motors.bring the points back to the desired loeci. Therefore, if
we assume servo systems of sufficient power to overcome the
applied loads, the machine of figure Au.1(b) will always move
along the same trajectofies whichever the direction and nature
of the loads.

Figure Al.2 represents, in the space of the three
dlmenelons %ys Gps a3, the geometric entities associated with
the machine of figure Al.4(b). The surface S corresponds to the
first condition in (1), relating the movements of A), slong the
0¥-axig; the values of Cys &, andfx3 for any point in this sur-

<

face define an acceptable configuration of the machine. The
cylinder whose axis is parallel to Oa3 and whose trace in the
plane (Oa1a2) is the curve (t), represents the surface vhich
corresponds to the condition of A7 mov1ng along the circumference
(c) in figure AL.1(b). The intersection of these two surfaces,
v; therefore represents the locus of the points G a3) for
which AB and Au satisfy simultaneously the conditions imposed on
'tﬁem. If a sudden load throws the point representative of the
state of the machine to a position F (cf. figure Al.2), the com—

puting setup will bring it back to the position P' intersected

on v by the horizontal plane which contains P; this correcting
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Fig. AL.,2 - Geometry of the machine of figure AL.1(b) represented
in the three-dimensional space defined by ithe thres
joint aigles o, , o, and aé. 8- surface which contains
the points for which 4), 18 constrained to move along

" the OY-axis; (t)- trade on the (Ox,a5) plane of the .
cylinder which corresponds to the congition of A-
moving permanently on the circumference (c¢); th
intersection of these two surfaces defines the locus
v of the points which satisfy both zonditions.

" trajectory is determined exclusively by_thé operational properties
of the computing system. We have considered the re§poﬁse of the
system as being instantaneous and its gain infinite; in a real
system there will be a finite error and the correcting trajectories.
in both the (x,y) and (a1, a2, GB) spaces, will be rounded by the
response delays of the various components iIn Ehe system. )

The following conclusions can be drawn from the example
Jjust considered:

1- A generalised machine may be built by the association
of a'baéic mechanism with a control system constituted by an
-adequaté number of sensors and effectors integrated by a process-
ing set-up. . The freedom of movement in the new machine will be
necessarily smaller than in the original mgchine by an extent

which is determined by the constrgints intrcduced by the control
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COMPUTATION OF Oy AND Q3 B
BY MEANS OF EQUATIONS 5.9

Fig. ALh.3 - Block diasgram ﬁf a servosystem which implements the
machine represented in figure Al.1(b).
gystem. It should be pointed out that this definiticn of the
generalised machine is merely an extension of the normal concept
of machine; in this latter case the 'computer' is represented by
the physical components of the machine which are, gfter ell,
analogic materialisations of the kinematic relationships which
they are intended to implement. Therefore, what is novel in the
definition given above is the association of different technologies
in the same device: the physical ma;hinc itself and the computing
and interconnecting circuitry which itself does noﬁ participate in
the asctual movemenis.,

) -2~ The kinematic proberties of the new machine can only bhe
’completely defined when both the geowmetry of its moving parts and
the 'geometry' of its control space are known. Indeed, the geo—
metry of the movements of the physical machine cannot be related
in a unique manner to the kind of control system which is res-

pongibie for it and, therefore, the latier must be investigated

-for each individual case.
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APPENDIX A.5
BELEMENTS OF THE MEMBRANE THEORY OF SHELLS

By definition a shell is a three-dimensional structure
of curved shape whose thickness is very small compared with its
other two dimensions. In this appendix we consider only the
case in which the ratio of the thickness to the other two
dimensions of the shell is so small that .bending or twisting
_moments cannot occur, and therefore the shell behaves as an
elastic membrane. Figure Ab.1 represents en infinitesimal element

cut on a shell by planes respectively perpendicular to the x~ and

o B2
T Ny D N Al g i

Fig, A5,1 = Equilibrium of a shell element under external force.

y-.axes; the shell has a middle surface described by the eguation
z=z(x,y) and is subjected to a load whose components per unit aresa
are Fx’ Fy and ¥,. The static equilibrium of this element can be
expressed by the following equations (Fllgge, 41.960; Timoshenko

and Woinowsky-Krieger, 1959):



Sx Yoy tHFx O

9:32 + EHX + T ='D
ox oy ¥

Wy +es W, +tF =-F +pF +qF, (1)

in which Ny, Ny, N Ty

xy = Fx’ Fy and FZ are the horizontal

components of the stress resultants and the loads and satisfy

the following relationships:

Nx Ny cosd ’,
T = - T - T
xy Iqﬁfii xy Iqﬁfic
Fy T F, : é L. 202
IX _ ¥ _%2__6A _ (1 -sin“x. siny) (2)
‘Fy Py Py ax.ay  cosXx . cosd

where dA is the area of the shell element, and:

P = tanx = _@__Z_ g = tand = .é..z..
ox Y
2 2 2 ’ -
_ 97z _ oz _ 0%z
TEYME P T XYy b= dy2 (3)

are the first and the second deriVatives of the middle surface
of the sﬁell z=z(x,y). The stress resulisnts can be expressed

in terms of an Airy type stress function &(x.y¥) in the following

way:

o
2 V _
Ny=a—‘-13 -/ Fy, dy
Ax? J-.
JO
7 _ 32
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in which case the first two equations in (1) are satisfied

identically and the third becomes:

2 2
e 3P 32D
t - T =P
322 "% oy 7T o2 (5)

where

- — £ Y .
P==F +p Fe+aFy + r./; P ax o+ t~l§ _Fydy (6)
o 0

The lower limits in the integrals of eguations (4) and (6), x,
and yg, are sultably chosen but fixed initisl vzlues of X and ¥
respectively. Equation (5) defines in carteslan coordinates the
membrane stress distribution for a shell of arbitrary éhape.

This equation, together with the conditions at the edges of the
shell defines a boundary value problem whose solution gives tiae
.ﬁalues of ®&(x,y) throughout the shell and frowm these values and
Except for.a

" equations (2) and (4) those of Ny, N, and N,

y y*
few sgpecial cases (Flﬁgge, 1960), the stress problem repfesented
by equation (5) and the associated boundary cenditions can only
be solved by approxima ted numerical methods one of which we are
going to exemplify in connection with the shells shown in figureA5;
2. This method, based on the re@lacemenﬁ of the derivatives in
equation (5) by their finite difference representation, makes
possible the evaluation of the stress function ®{x.y) on a net-
work of discrete points defined on the XO0Y projection of the shell
’gurface by two families of equidistant parallel lines, one normal
to Ox and with the lines spaced byv&x and the other normal to Oy

and spaced by ay. The points of this network are precjected
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vertically on the surface z:z(x,y) of the shell in order to

define the corresponding values of p, g, rs 5.and t which

enter into equation (5). Using double indexing, the first

index referring to the direction of the 0x axis and the second
to the Oy axis difection, the derivatives of the stress function>

at the (m,n) node of the grid may be written as follows:

2 ~

o e ‘ -2 )

(axz) R Al: ‘ 0§m+1,n— 2¢ﬁ,n + ¢ﬁ~1,n)
m,n _ ‘

2 .

a ® - - A ._2 i

Y I Y d ((I) sm2 @r + & )
(aygl m’n e - ’ m’n+l’ R .ﬂ’n m9n_1

5 o

A°®\ - : s

e A . - -
(axay)m,h B (M3A§_“¥) (¢h+1,n+1 Qh—ﬂ,n+i ¢%+1an“1+¢%—1,n~1)

.

, (7)
in which ®_ , is the value of &(x,y) at the (m,n) node.
,.

If the above expressions are introduced into equation (5)

and assuming AX= Ay= d, the following approximate relationship is

obtained: ‘
. ' _ ) . .
E(Pm,n) N tm,n>' ¢h,n tm,n' (¢h+1,n+¢h-1,n)_ m,n* “m,n+ A m,n-"
Sm n 7 - - & . - - 2 . - -
+ —Ei* = { m+1,n+1 CI>m+1,n--1 q?m—:l.,n+1""cpm—'l,n—'l) a=. m,n ° (8)

in which Pﬁ,n’ m,ne Sm,n and tm,n are the corresponding values,

at the (m,n) grid node, of P(x,y) and of the second derivatives

of the equation z(x,y) of the middle surface of the shell.
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Normally, the equation of this middle suriace 1s known - and its

-Z

Fig. Ab.2 = Finite difference method of integration of the

stress equation for a simple shell.
derivatives can therefore be computed - and the coﬁponeptg of the
load are also known. The integrals in equation (6) are computed
for each (m,n) grid node along the grid lines which cross at that
node, starting from the initial values X, and Yo which are the
same for all the points of the grid. Along the edges of the
shell, equation (8) cannot be applied because it would imply the
knbwledge of the stress function on grid points situated ouivside

the domain of integration; this difficuliy is removed by making

use of the eduations (I}) which express the values of the stress



function in terms of its values on the boundaries, the integrals
of Fy and Fy and the values of the edge loads (ﬁx)edge’
(Fy) eage 2nd (Wyy) ggge at the boundaries.

Eguation~(8) therefore applies to all the points of the
grid, both internal and on the voundaries., It states that the
value of the'gtress function on any grid node and its value on the
nodes which surround it (cf. figure A5.3) must be so related that
the corresponding functional relationship it expresses for that
. node is satisfied. Furthermore, if the X and y components of the
load are not zero everywhere, the values of the components on

distant grid nodes will influence the equilibrium condition (8)

via the integrals in Pm .

s7
(l‘;hl,mi)_ (m, ned (m«z,ml)
Qc O /<?
. ‘ .
(-1, n) @ A Q (me, 1)
: O O .
(m.1,n-p) (m,n-1) (metyn-1)

Fige Ab.3 — Dependence of the value of the stress function at
the node (m,n) on the influence of the surrounding
nodes,

If we apply equation (8) to all the points of the grid,
we obtain a system of linear algebraic equations whose unknowns
are the vaiues of the stress function on the grid points. These
equations in the system must now be solved conjointly in order to

vield the values of those unknowns. There are several methods for

the numerical solution of these equations, the most important of



which (Willems and Lucas Jr.) are the Gauss elimination, the
Seidel iterative and the relaxation methods. Whichever the
method, however, the point which has most outstanding implications
to our work is always the same: that the complete collection'of
functional relstionships derived from (8) for all the nodes of
the grid must.be satisfied simultaneously and in a consistent
manner. Thé distribution of stresses in a shell is thercfore a
global pfoblem in which the value of the solution at any point

is relatedwand dependent on the values of the loads and of the
stresses everywhere else in the shell and its boundaries, The
numerical solution of the system of algebraic equations;
particularly when using iterative methods, also draws attention
to the character of a cohvergent process which such solution
has,as embodied in the successive approximaticns along a coﬁ~
vergent cbmputing algorithm; This aspect of the stress boundary
problems could be quite illuminating when chsidereH in connect-
ion with the way the animal solves its rib cage boundary problem

via the network of intercostal stretch-reflex servo assemblages,

Pl
“
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