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Abstract-A three-dimensional mathematical mode1 useful for studies of the mechanics of the human ske- 
letal thorax is described. To construct this model. rib cage elements are incorporated inlo a prevIousI! 
reported model of the thoracolumbar spine.‘The vertebrae and bon! portions of the ribs and sternum 
are idealized as rigid bodies. The behavior of the discs. ligaments and costal cartilages are modelled b> 
deformable elements. Appropriate geolnctrlc and stiffness propert! data are assigned to the elements of 
the model. In constructing the model. it was found that the mechanical response of the costo-vertebral 
Joint IS srronply influenced by articulation _eeometr>. Although rigid bodies were used to model calcified 
portions of the ribs. the model predicted rib cage deformations in close agreement with those measured 
experimentally. These studies indicate that the rigid hod) motion of calcified portions of the rib makes 
a major contribution to the deformation of the rib cage in response 10 certain types of loadmgs. Quantita- 
tive results are also reported on the roles the rib cage plays in bending responses of the spine. the lateral 
stabilit! of the spine. and the production and correction of several scoliotic deformities. 

1. I!VTRODUCTlON 

An understanding of the mechanics of the human 
thorax is fundamental to any explanation of its normal 
or pathological behavior. The skeletal thorax is sub- 

jected to muscle forces. the forces of weight bearing 
and external]! applied loads. A detailed study of the 
mechanisms of force transmission and displacement 
response is a useful first step to a quantitative explana- 
tion of its behavior. For example. consider the 
mechanisms which contribute to the lateral stability of 
the spine. Lucas and Bresler (1961) found experimen- 
tall! that the isolated ligamentous thoracolumbar 
spine is capable of supporting only a 2 kp compressive 
load before buckling. In rila. the spinal column is cap- 

able of supporting much larger loads. The rib cage 
contributes to the stability of the in ri~o spinal column, 
IXII to an unknown degree. A more complete under- 
standing of the role the rib cage plays in stabilizing the 
spinal column would be important. An understanding 
of the mechanics of the thorax is also important in 

h~udics of chronic back injury. crash injury protection 
and the treatment of scoliosis. 

Fletcher ( 1971) used a simple mathematical model to 
determine the response of the thorax to air blast load- 
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ing and Roberts and Chen ( 1970) have described a 
three-dimensional finite element model of the skeletal 
thorax. This paper introduces a three-dimensional 

multi-component mathematical model which can be 
used to study thoracic cage forces and displacements. 
The work is an extension of a series of investigations 
concerned with the mechanics of the spine. It uses the 

computational techniques described b) Belytschko rt 
al. (1973) and considers the addition of rib cage ele- 

ments to the model of the isolated spine described b! 
Schultz et al. (1973). 

Section 2 of the paper describes the construction of 
the model. Section 3 presents the results of several veri- 
fication studies in which the predicted response of the 

model was compared with experimentally observed be- 
havior. Section 4 reports findings from several initial 
investigations conducted using the model. 

2. DESCRlPTlOh OF THE MODEL 

Grrwrcrl 

The model consists of elements which represent the 
vertebrae of the thoracolumbar spine. the sacrum. rib 
pairs I-10, and the sternum. Each of the I7 thoraco- 
lumbar vertebrae, the sacrum. the sternum and the cal- 
cifed portion of each rib is modelled as a rigid body. 
These 39 rigid bodies are interconnected b) 236 spring- 
type and 59 beam-type deformable elements which 
represent the intervertebral discs. joint capsules, costal 
cartilages and ligaments. The model incorporates 
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many anatomical features. such as the sag&al plane 
curves of the vertebral column. the complex geometric 
shape of each vertebra and rib and level to level vari- 
ations in stiffness of connective tissue. 

There are two aspects to the modelling procedure: 
the computational technique. which involves describ- 
ing the responses of a general mechanical system by a 
set of equations. and the description of the physical 
property data necessary to characterize specific 
mechanical behavior of the human skeletal thorax. 

Cowpurationd technique 

The computational procedure provides mathernati- 
cal relationships between the forces and displacements 
of a mechanical system. The mechanical system con- 
sists ofa set of rigid bodies in three-dimensional space, 
which are interconnected by deformable elements. The 
deformable elements are either spring-type or beam- 
type elements and can include quasi-linear force-dis- 
placement response. The computational technique is 
capable of treating the geometric non-linearities asso- 
ciated with large displacements and large rotations as 
well as non-linear material properties. 

The solution procedure is numerical, and employs a 
digital computer, requiring systematic organization of 
the governing equations in discrete form. The tech- 
nique is based on the direct stiffness method of struc- 
tural analysis, and a complete description can be found 
in Belytschko er ul. (1973). The threedimensional 

motion of the 39 rigid bodies used here to represent the 
skeletal thorax are described by a coupled system pos- 
sessing 234 degrees-of-freedom. Solutions of the gov- 
erning equations sometimes take in excess of 10 min of 
IBM 370/l% computer time. 

Property dufu: geornrtrj 

The shape of the rigid body which represents a ver- 
tebra. calcified rib section or sternum is defined by 
points located relative to a local coordinate system 
embedded within that body. The local coordinate sys- 
tem moves with its respective body. By defining the 
location and orientation of each local coordinate sys- 
tem relative to a fixed global system, the location of 
every point in the model is known. 

(a) Spinal colunw. The geometry of the model spine 
without the rib cage was described in a prior investiga- 
tion reported by Schultz ef al. (1973). The geometry of 
each vertebra was defined in that investigation by 16 
points. In the present model it was necessary to place 
4 additional points on each thoracic vertebra for the 
costo-transverse and cost*vertebral articulations. 

(b) Location of cosm-transwrse clrrd costo-wrtehral 
articdarions. The data reported in Schultz. Benson 
and Hirsch (1974b) were used to locate the costo- 
transverse (CT) and the superior and inferior costo- 
vertebral (CV) articulations. The diagrams accom- 
panying Table I indicate the nature of these data. 
Table 1 shows the mean values of placement data for 

Table I. Locations on the thoracic vertebrae of points for attachment of costo-vertebral (Cc’) and costo- 
transverse (CT) elements 

+ Dota reported by Lonier (19391 

EXPLANATION OF SYMBOLS 

All doto in cm 

Cl&ox. lateral diameter 

CZ-MidlIne AP diameter 

C3-Anterior vertebral body height 

F2.Posterlor dastonce from anterior edge 

of disc to costo-transverse facet 

F3.laterol distance from centerline to 
costo.transverfe facet 

E2-Posterior distance from anterior edge 

of disc to costo-vertebral facet 

P1.s uperior departure from centerline to 

ccsto-transverse facet 
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Table Z!. Locations on the left side of the sternum of seven 
points of attachment for costa-cartilage (CC1 elements. 

Bilateral symmetry assumed for right side 

bnt 
No. 

I 

2 

3 

4 

5 

6 

7 

8 

- 3.0 6.0 12.0 

- 2.0 3.7 9.5 

- 2.1 2.2 5.3 

- 2.3 0.4 1.3 

- 2.1 -.3 -.7 

- 2.0 - 1.0 - 2.5 

- 1.5 - 1.5 - 4.3 

0.0 0.0 0.0 

5 specimens reported b) Schultz. Benson and Hirsch 
and data concerning vertebral body measurements 
from the work of Lanier (I 939) for comparison. There 
was good agreement among these data. Lanier’s data 
for the intervening levels was used as a basis ‘for inter- 
polation to provide the remaining 0’ and C7 location 
data required to construct the model. 

(c) Strrnurn geornetr!‘. As with each vertebra. a local 
coordinate system was placed within the sternum. 

Since 7 rib pairs usually articulate directly with the 
sternum. 14 points were located along the lateral 
borders of the model sternum. 7 on each side. to pro- 
vide points of attachment for the deformable elements 
used to represent the costa) cartilages. Sternal geometry 
data were adopted from the measurements reported by 
Schultz. Benson and Hirsch (1974b) and are shown in 
Table 2. 

(d) Rih geowern~. The geometry of each rib is char- 
acterized by 8 points placed as follows: 2 coincident 
points lying on the costal tubercle defining the position 
of the costo-transverse articulation (CT) points. a pair 

of inferior and superior points placed at the rib head 
at the positions of the costo-vertebral articulation 

(0 ) points. 2 points placed along the inferior and 
superior borders of the rib shaft at the mid-axillary line 
to provide points of attachment for deformable ele- 
ments representing the elastic behavior of the soft tis- 
sue occupying the intercostal spaces (IC) points. and a 
pair of points at the anterior end of the calcified por- 
tion of the rib providing points of attachments for 
deformable elements representing the costal cartilages. 

Rib geometry data were also obtained from 
measurements reported in Schultz. Benson and Hirsch 
(1974a). Data describing the rib shaft geometry are 
reported in Table 3. 

(e) .4ssernh/!. of rib cuge elements. Once the indlvi- 
dual geometry of each of the skeletal components is de- 
scribed. they are assembled in the normal anatomical 
position. For this purpose. anthropometric data 
reported by Clauser et al. (1969) and Damon c’t ~11. 
(1966) were employed to place the sternum and ribs in 

an anatomical position relative to the vertebral 
column. 

The standing position height of rib 10 (1 I 1 cm) was 
used to place the ribs in the caudo-cranial direction. 
The substernal height (141 cm) reported by Clauser er 
al. was also used to position the ribs in the global sys- 
tem. Figure 1 shows the resulting normal anatomical 

position. Triangular flags symbolize spinous processes. 
rectangular planes indicate mid-pedicle cross-sections 
and straight lines join left and right side transverse 
processes. 

Proper-t!, data: material properties 

The deformable elements which represent the soft 
tissues in the model are assumed to exhibit quasi-linear 
behavior. This provides for differences in behavior in 
tension and in compression. Deformable element stiff- 
nesses are defined as the ratio of total load to total 
deformation in the direction of the loading. T.wo types 

Table .3. Rib shaft geometry in a quasi-horizontal plane. Measurements selected from data of Schultz. 
Benson and Hirsch (1974at at levels 7. 4. 6. 8 and 10 and interpolated for intervening levels 

norllontol 

Elevotxw View Plane Protectton 
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AP view Right lateral view 

Fig. I. Computer generated views of lumbar spine and 
skeletal portions of the thorax in a normal anatomical 

position. 

of deformable elements are used. springs and beams. 
The beam elements exhibit bending. torsional and 
shear resistance. 

(a) S~irtul colu~nrz. Eight spring elements and I 
beam element connect each pair of adjacent vertebrae. 
The spring elements are: 1 SP element between adja- 
cent spinous processes. representing the intra and 
supraspinous ligaments: 2 TP elements between right 
and left side transverse processes, representing the in- 
tertransverse ligaments; 2 .4f elements joining adja- 

cent articular facets, modelling the kinematic role of 
those joints: 2 RT elements representing the ligamenta 
Hava: and 1 c’J3 element connecting adjacent vertebral 
bodies and representing the tension-compression 
resistance of the disc. The beam element connects adja- 
cent vertebrae and represents the bending, shear and 
torsional stiffness of the intervertebral disc. 

(b) Costa-~rrrhrnl ,joirrt. The behavior of the 
costo-vertebral joint is modelled so as to represent the 
kinematic constraints imposed by this joint as well as 
the resistance to deformation of the connecting liga- 
mentous tissue. As shown in Fig. 2, each of ribs 2-10 
is connected by an inferior 0: a superior CV and a CT 
element. Each CV element is a bilinear spring with 
compressive stiffness ten times as great as its tensile 
stiffness. The CT is a beam element with axial, bend- 
ing, torsional and shear resistances. 

To assign stiffness properties to these elements. the 
experiments of Schultz, Benson and Hirsch (1974b) 
were simulated on the computer. A set of trial stiff- 
nesses was assigned to each of the deformable elements 
of Rib 6, which was isolated from the remainder of the 
rib cage. Displacements were then computed for five 
loadings. and the stiffness properties of the elements 
were successively adjusted until computed displace- 
ments satisfactorily agreed with the experimental 
results of Schultz. Benson and Hirsch as shown in Fig. 
2. 

This procedure was then repeated at each of the 
other levels. It was found that the variation between 
levels in magnitude of the displacements found experi- 

LATERAL VIEW 
DISPLACEMENT OF LOADING POINT 

Fig. 2. Illustration of simulation studies for the assignment of stitl’ncss values to the costo-vertebral (CV) 

and costo-transverse (CT) elements. Representative results are shown for Rib 6. 
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Fig. 3. Illustration of simulation studies For the assignment ol” stiffness values to costal-cartilage ICC) ele- 

ments. Representative results are shown for the seventh costal-cartilage. 

mentall! could be matched solel! b\ differences in arti- 
culation geometr!. So. the Cl and CT stiffness values 
elected during the Rib 6 tests were used at all levels. 
This placed the computed displacements at each level 
well within the range of the experimental]) measured 
values. It appears that rib articulation kinematics are 
a primarq determinant of mechanical behavior. 

(C) Cost~srrrnal j0irtr.s. irIrerchorldra/ (.L/l.li~~l~YS. urlll 
iruerco.sra/ r/rr~mr.s. Again. computer simulation of 
the experiments of Schultz, Benson and Hirsch (1974b) 
were used to determine the stiffness properties of the 
deformable elements representing the costal cartilages. 
A representative set of results are reported in Fig. 3. 
The elastic behavior of the costal cartilages is repre- 
sented b! a beam-type element (CC) exhibiting axial. 
bending and torsional stiffness. The CC element con- 
nects the calcified portion of the upper seven rib pairs 
to the sternum. The false ribs are connected to the im- 
mediately adjacent rihs b! CC elements representing 
the behavior of the interchondral cartilage. The elastic 
behavior of the soft tissue occupying the intercostal 
spaces is represented b! a spring-type (ICI element. 
Representative stiffness values for deformable elements 
attached to Rib 6 are reported in Table 4. 

J. VALIDATlOh STUDIES 

To see if the behavior of the completed model repre- 
sented the behavior of real rib cages. its response *as 
compared with some available experimental results. 

Two studies were conducted: the response of the rib 
cage to lateral loads applied to the lower 5 rib pairs 
was compared with the results reported bq Agostoni cr 
al. (1965): and the response of the rib cage to compres- 
sive loading on the sternum was compared with exper- 
imental results reported by Patrick er al. (1966) and 
Nahum er u/. (19701. No other data were found that 
seemed suitable for additional validation studies. 

Agostoni (‘I t/l. (1965) subjected the relaxed rib cage 

.of live subjects to a lateral squeezing force. and mea- 
sured the resulting changes in late&l and frontal dia- 

meters. 
In the simulation procedure the loading was applied 

along the mid-axillar! line. just anterior to the latis- 
simus dorsi muscle and distributed even]! over the 
lower 5 rib pairs. The sacrum was fixed and 79 con- 
strained from motion in the sagittal plane. Figure 4 

Table 4. Stiffness values for deformable elements attached to Rib 6 

Element 

Inf. cl’ 
sup. C-1 

CT 

IC 
cc 

Axial (kp cmi 
TensIon Compression 

5 50 
5 SO 

5 SO 

20 20 
75 75 

Bending 
(kp-cm:rad) 

70 

2 

Torsional 
(kp-cmirad I 

I 00 

loo 

Shear 

(kpcrnl 

125 

8 
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shows the experimental and computed changes in 
lateral diameters at the level of the xiphoid process. 
which are in good agreement. 

The change in lateral diameter computed by the 
model was due primarily to a rotation of the calcified 
ribs about an axis in the anteroposterior direction. For 
example. the lateral diameter at the level of Rib IO 
changed by 2.5 cm while the displacement at the rib 
head was only @2 cm. 

As shown in Fig. 4 the model underestimated the 
corresponding changes in frontal diameter due to the 
lateral squeezing forces. This discrepancy may be par- 
tially due to the effects of the intra-thoracic cavity pres- 
sure and the thoracic viscera not represented in the 
model. 

Posterior loucling qf’riw shmnm 

To test the response to sagittal plane loading, the ex- 
periments reported by Nahum ~1 ul. and Patrick er trl. 
were simulated with the model. With 71 and 79 fixed 
in the tigittal plane a compressive load in the antero- 
posterior direction was applied to the sternum. Antero- 
posterior displacements were computed for loads up 
to I? kp. As can be seen from Fig. 5, the predicted re- 
sponse of the model is in good agreement with exper- 
imental results. The following factors contributed to 
the sternal deflections: deformation of costal cartilage; 
a 7.5 degree rotation of the rib heads about an axis in 
the frontal plane at the costo-vertebral articulations: 
and u O-1 cm dorsal displacement of the rib head in the 
sagittnl plane. 

Fig. 3. IModel validation study. Computed and expeiimen- 
tal changes in lateral and frontal diameters of the rib cage 
at the level of the viphoid process in response to a lateral 

squeezing force applied to lower ribs. 

Experimental data concerning the mechanics of the 
thoracic cage are quite limited. More data are needed 
in order to fully validate the model. However. based on 
the results of these two studies. the model appears to 
be representative. As with any model. it can be onI> 

Nahum 11970) 

FF-fresh female 

Computed results 

.6 a 1.0 1.2 1.4 1.6 1.8 2.0 

DeflectIon of Sternum (cm.) 

Fig. 5. Model validation study. Computed and experimental deflections of the sternum in response to 
compressive loading. 
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Table 5. StfTening clkct of various elements of the rib cage on overall bending stifTne.\\ 01 y-kal column. StlH’nc\< dclcr- 
mined b! diwding applied moment h\ resulting rotation at 71 

Description Lateral 
Bending stitTnes5 (kp-cm desl 
Flexion Extension 

Isoluted sprnc 
Spine and rh 
Spine itnd rib5 

Inwcostals rrmoxcd 
Spine and rib< 

Sternum renin\ed 
Spine and rib5 

Sternum and intercostal5 removed 

Spine and rib> 
Rib 5 resected 

partlall! represcnratile of realit) and this limitation 
<hould be kept in mind when considering specific 

applications and results. For example. Lobdell ~‘1 (11. 
( 1973) ha\e she\\ n the response to sternal loading of 
\oluntcer subjects in a relaied state differs marked]! 
from their response when the trunk musculature is 
tensed. The present model does not yet consider muscle 
forces. and so would not reflect this difference in re- 

sponse. Moreover. although the computational tech- 
nique allows large displacements and large rotations of 
the ribs. it would be unrealistic to use this initial model 
to stud! situations in which individual ribs experience 
large loads. At large loads. the calcified portions of in- 

diiidual ribs would deform significant]). and the 
assumption that the calcified portion of the rib behaves 
as a rigid hod! would no longer constitute a valid de- 
scription of rib beha\ ior. 

3. IWI-IAL STCDIES 

Usiw the model. a series of studies of rib cage c 
mechanics was conducted. The first examined the role 
of the rib cape in the bending response of the spine. 
The second investigated the stabilizing effect of the rib 
cage on the vertebral column. and the third consi- 

dered the use of the model for stud! of scoliosis. 

To stud! the elects of the model rib cage on the 
bending response of the vertebral column several type5 
of loading \vere applied to hoth the isolated spine and 
the spine a,ith rib< attached. Moments were applied to 
PI to produce lateral bending. flexion. extension and 

longitudinal twist. The rotational response at each ver- 
tebral level wa> computed. The overall and level b! 
level response< were then compared. 

The results reported in Table S show the applied 
moment at I-1 divided b! the rotational displacement 

of Tl in the direction of that moment. which IS indica- 
tive of overall >tifTness. In each case the rih cape had 
the effect of increasing thi< parameter. To illustrate the 

cage’s effect on the bending response of the vertebral 
column on a le\cl b! lebel babis. the results for the C;I~C 
of lateral bending are shown in Fig. 6. The data were 
compiled b! dividing the relative rotation at each \cr- 
tebral lebel b! the total applied moment at Ti. The 
lateral bending results illustrated in Fig. 6 are repre- 
sentati\e of the findings for torsion. tlcxion and exten- 
sion. The rib cage had the rKect of stiffening the 
motion segments at each level of the thoracic spine. 

To isolate the elements of the cage which contri- 
buted to these changes in the bending response of the 
spinal column. systematic changes were made among 
the elements of the thorax as follo\h s: intercostal ele- 
ments were removed: intercostals were replaced and 
the sternum removed: intercos!als and sternum were 
removed: and Rib 5 uas resected on both <ides. 

The response for each of the above situations is com- 

pared to the response of the isolated spine and the 
spine with rib cage intact in Table S. The removal of 
the sternum had the greatest effect 013 the spinal col- 
umn’s bending responses. In removing the sternum the 

right and left section of the cage were separated anter- 
iorl!. An analog can be drawn between the bending hc- 
havior of an open thin-walled cylinder and the rc- 
sponse of the thorax when the sternum i\ remo\,ed. In 
both cases the abilit! to resist bending iz marl\cdly in- 
creased when the continuit! of the cross-section is rc- 

stored. 
To resect Rib 5. the CI and C7’ elements were 

removed on both left and right sides M hile all CC ele- 
ments were left intact. Table 5 shows the resection of 
Rib 5 had little effect on the vertebra1 column’s re- 
sponse to lateral bending. This effect has been 
observed clinically. During corrective surger!’ for sco- 
liosis it has been found that resecting ribs at one or tr\o 
le\,els has little effect on the mobilit! of the spine. 
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‘i- l Spine with rib cage- Intact 

z- v Spine with rib cage - Rib 5 resected 
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Motion Ssgmant Level 

Fig. 6. The contributions of various elements of the thorax to the lateral bending response of each motion 
segment level. 

These studies indicated that: 
( I ) The rib cage has a significant role in all modes of 

bending of the thoracic spine; 
(2) This role is clearly dependent upon the interaction 

of the right and left sides of the cage: 
(3) The resection of one or two ribs has little effect on 

the bending response of the overall column. 

Stability .aulie.s 

It has been shown in the experiments of Lucas and 
Bresler that the isolated spine with Tl unconstrained 
will buckle laterally under a compressive load of less 
than 2 kp. Belytschko et nl. (1973) simulated the exper- 
iments bf Lucas and Bresler in the mode1 of the isq- 
lated spine. For each of the constraint conditions on 
Tl the buckling values computed by the model were 
in good agreement with those found experimentally. 

To investigate the role of the rib cage in stabilizing 

the spinal column the same experiments were simu- 
lated in the spine with rib cage attached. and the 
results are also reported in Table 6. For each of the 
constraint conditions the rib cage had the etlect of in- 

‘creasing the buckling load of the thoraco-lumbar ver- 
tebral column by a factor of three to four. So the rib 
cage stabilizes the spine considerably. but still other 
factors must be involved in that stabilization. Buckling 
loads irz rice are still well above those found in these 
model studies. An anteroposterior view of a buckled 
configuration for one case is shown in Fig. 7. 

Sturlirs 0f.sc01i0.si.s 

Scoliosis is characterized by a lateral deviation of 
the spine with a characteristic concurrent horiiontal 
plane rotation of the vertebral bodies. This complex 

Table 6. Stabilizing effect of rib cage on isolated spine for various constraints 

Lateral buckling loads (kp) 
Tl tixed in TI fixed in 

7I free *x-. I’- and &directions all but :*-directions 
Exp.t Computed Ex&t _ Computed Exp.t Computed 

isolated spine 209 2.1 17.1 21.0 334 33.0 
Spine and rib 
cage Intact NA 8.0 NA 62.0 NA 101.0 

* .Y is medial-lateral direction. y is anterior-posterior direction, and c is caudal-cranial direction. and 0, is rotation in 
horizontal plane. 

t Experimental results reported by Lucas and Bresler (19611. 
SA-not available. 
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IIF 7 C omputer generared lien of a buckled configur- 
ation. Tl fixed in all h111 :-directions. 

spinal deformity is usually accompanied by distortion 
of the rib cage. In some cases. this distortion is of 
major clinical concern. 

To assess the applicability of the present model to 
the study of scoliosis. several investigations were con- 
ducted with the model. The first involved deforming 
the normal vertebral column with attached rib cage to 
a configuration representing the deformities found in 
scoliosis. 

The frontal and horizontal plane rotations at each 
vertebral level were read from radiographs of scoliotic 
patients. A procedure equivalent to applying a set of 
moments to each vertebra sufficient to produce these 
prescribed rotations was carried out and the resulting 
equilibrium configuration for the spine and ribs was 
computed. Two scoliotic curves were produced in this 
manner. The first curve (NE I ) was a 63 right thoraco- 
lumbar curve extending from L4 to TS and the second 
(MN) a 40 right thoracic curve from L.1 to T4. In each 
case Tl was constrained not to move laterally or in the 
sagittal plane. To attain configurations compatible 
with the radiographs, it was also necessary to constrain 
Rib 10 on the right and left sides from rotations about 
axes in the frontal and sapittal planes. 

NE I MN 

Fig. 8. Computer generated views of NE1 and M.b' model 
scoliotic configurations. 

Anteroposterior views of the resulting configur- 
ations are shown in Fig. 8. The resulting configurations 
exhibit qualitatively many of the features found in a 
scoliotic rib cage. In both the NE1 and MN configur- 
ations the following characteristics are found: lateral 
deviation of the vertebral column: frontal and horizon- 
tal plane rotations of each vertebra characterizing the 
deformity: rib cage hump on the convex side of curve ; 
chest wall deformity: and rib drooping. due to imposed 
constraints on Rib 10. 

In the .second investigation into the mechanics of 
a scoliotic rib cage the responses of NE1 and MN to 
lateral bending and to traction were computed. The 
results were compared to that of a normal rib cage and 
to the response of the isolated scoliotic spine in the 
NE1 and MN configurations. 

For a lateral bending moment applied at Tl the re- 
sponse of the scoliotic cage was almost identical to that 
of the normal rib cage as reported in the section on 
bending response. The response of the scoliotic cage. 
normal cage. and isolated scoliotic spines to a tractive 

Table 7. A comparison of tractive stiffness of the isolated 
spine and spine with attached rib cage for normal and sco- 

liotic configurations 

Configuration Isolated spme Spine and rib cage 

Normal 26.6 37.4 
NE1 13-o 13.8 
Mn?’ 12-7 154 
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force applied at i-1 were also computed. Results are 
reported in Table 7. The rib cage has the effect of stiff- 
ening the scoliotic spine in response to tractive force 
by a factor of about two in comparison to the response 
of the isolated scoliotic spine. However. the scoliotic 
spine and rib cage appears only one-third as stiff in re- 
<pon<e to tractive forces when compared to the normal 
cage response. Table 7 reports the stiffness in response 
to ;I tractive force of 3 kp for each of the normal and 
scoliotic configurations. 

5. DISCUSSION 4ND SUMMARY 

Mathematical modeling employing large high-speed 
computers has been found to be a useful investigative 
tool in the study of complex biomechanical systems. 
This paper has described such a model that can be 
used to stud! the mechanics of the skeletal thorax. 
Through the incorporation of experimental measure- 
ments and geometrical data. a representative model 
has been assembled which accounts for many impor- 
tant mechanical aspects of the skeletal thorax. The 
model accounts for kinematic and elastic behavior of 
the joint capsules. cartilages and ligaments. In con- 
structing this model it was found that the kinematic 
characteristics of the costo-vertebral joint plax a 
major role in determining its mechanical behavior. 

The literature was searched for e:pcrimental data 

applicable to validation studies. At present the data 
available are insufficient to completely validate the 
model. but the? enabled two studies to be conducted 
which have proven useful. In both validation studies 
good agreement was found between the model’s behav- 
ior and experimental data. These experiments exam- 
ined the various roles of the joints and skeletal ele- 
ments in the overall response of the rib cage. For 
example. in the lateral load simulation, the medial- 
lateral motion of the mid-axillary borders of the rib 
cage which results from rotation at the costs-vertebral 
joints was suficient to predict quite closely the changes 
in lateral diameter found experimentally. Similarly. the 
sternal loading experiment validated the costever- 
tebral joint and the costal-cartilage properties incor- 
poratcd into the model. 

Since the calcified portion of each rib is assumed to 
displace as a rigid body. the deformation of the rib 
cage found esperimentally are accounted for solely by 
the deformation of the costal cartilages and the rigid 
body motion of the calcified ribs. It should be noted 
that this description of the rib cage deformation allows 
relatively large motion of the rib without creating 
cuccGcl> large stresses within the calcitied portions. 
JordanoglaL ( 1969) concluded that the major contribu- 
lion to rib cage deformations during tidal breathing is 

due to a rotation about the neck-head axis. The 
assumption of rigid motion to represent the major 
component in the deformations of the calcified rib has 
proven both useful and reasonable in this model of the 
skeletal thorax. However. this assumption should not 
be expected to represent all situations and its applica- 
bility must be considered in light of the intended appli- 
cations of the model. 

In exploring the applications of the completed 
model. a series of preliminary studies has been com- 
pleted. The results of these studies have led to some 
useful findings and additional incentives for future in- 
vestigations. The model indicates that the rib cage plays 
an important role in the bending response of the ver- 
tebral column. For example. in extension. the rib cage 
increases the bending stiffness of the spine by a factor 
of two. Similarly. the load bearing capacity of the ver- 
tebral column is influenced by the presence of the rib 
cage. With the addition of the rib cage. the model has 
shown the isolated spine can support three times as 
much compressive loading before lateral instability 
will occur. 

The model studies of scoliosis. although preliminary 
in nature. have also produced some useful tindings. 
The deformities found in the scoliotic rib cage of both 
NE1 and MIV. even with calcified portion of the rib 
assumed rigid. appeared at least qualitatively to pos- 
sess many of the clinicall) observed characteristics of 
a scoliotic cage. This provides a useful starting point 
for the study of the role of the rib cage in the etiology 
and correction of this disease. For example. traction 
applied to the vertebral column is a common correc- 
tion procedure used in scoliosis. The results in Section 
4 show that the rib cage increased the tractile ctitTness 
of the middle thoracic scoliotic spine (J1.V) by Xl per 
cent. but the addition of the rib cage had little etiect 
on the tractive stitlhess of the lower level scoliotic spine 
(NEI). - 

As more data become available and through future 
refinements. the range of the model’s applicability wilI 
increase. The present model has permitted a tirst step 

to be made toward assessing quantitatively the 
mechanical behavior of the skeletal thorax. 
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