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The most common method of treating of the congenital funnel-
shaped chest is thoracoplasty method by D. Nuss. During this
surgery, a significant mechanical effect is created on the ribs,
sternum, spinal column, which act instantly and continuously
for a long time and create new biomechanical conditions for
the «chest — rib — spine» system. Objective. To construct a func-
tional model of the chest with a spinal column, which takes into
account the movements in the costal-vertebral joints, it allows
modeling the funnel-shaped deformation in conditions close
to the reality, its operative correction, predicting the results and
choosing the optimal parameters of thoracoplasty. Methods. Nor-
mal and funnel-shaped chest models based on the articular con-
nection of the ribs to the spine were created using SolidWorks.
The main calculations were made using the ANSYS program.
To estimate the stress-strain state (SSS), stresses are selected
by Mises. Results. The created dynamic mathematical model
of the chest makes it possible to conduct a reliable analysis
of the biomechanical interaction of the plate with the chest,
to analyze the stress-strain state of the constructed models in
the norm, with and without taking into account the movements
in the costal-vertebral joints. In addition, it allows to simu-
late the operation by D. Nuss and to study the biomechanical
changes in conditions close to reality, occurring in the «chest —
rib — spine» system, to determine the areas of maximum loads
and safety boundaries. Conclusions. The reproduction of ar-
ticular ribs rotation in the dynamic model changes the picture
of the SSS distribution. In the case of modeling the correction
of funnel-shaped deformation of the chest by the method by
D. Nuss, the largest zone of stress concentration was found on
the outer posterior surface of the sixth pair of ribs. The most
tense vertebrae were Thy—Thy,, but the maximum values did not
exceed the permissible values. In the case of a lower plate con-
duction, the correction is achieved with better SSS values in
the higher elements of the «chest — ribs — spine» system. Key
words. Chest, funnel-shaped, thoracoplasty, mathematical mo-
deling.

Hatinowupeniwum cnocobom niky8auHsa 8po0x#ceHoi Nilikono-
0ibnoi dehopmayii epyonoi knimxu (I'K) € mopaxonnacmuxa
3a memoouxoro D. Nuss. 11io uac yiei onepayii cmeoproemscs
3HAUHULL MeXaHiuHull niue na pebdpa, epyoury ma xpebmosuii
cmoen, KUl 0i€ NOCMIUHO NPOMALOM MPUBANO20 HACY, MA 6U-
HUKAomes HOGi biomexaniuni ymosu @yHKyionyeaunHs cucmemu
«epyouna — pebpa — xpebemy. Mema. Ilobyoysamu pyurkyio-
nanvry modens I'K i3 xpebmosum cmoenom, 6 akiii 6paxosami
pyxu 8 pebpogo-xpedyesux cyenobax, wo 00360156 MOOen08a-
mu JUKonoodiony oeghopmayito 3a HAOIUNCCHUX 00 PEANbHOCMI
yMos, ii Xipypeiuny Kopekyiio, npozHo3yeamu pe3yavmamu i oou-
pamu onmumanvHi napamempu mopaxoniacmuxu. Memoou.
Mooeni I'K y nopmi ma 3 aiiikonodibnoro deghopmayicio 3 ypa-
XYBAHHAM CY2n0608020 3’ €OHaHMA pebep i3 XpeOdmosum cmog-
nom cmeopeHi 3a donomozoio npoepamu SolidWorks. OcnosHi
PO3paxyHKu 3podaeri 3 suxopucmanuam npoepamvu ANSYS. /lns
oyinioganms nanpysiceno-oegpopmosanozo cmany (H/AC) obpani
nanpyocenus 3a Mizecom. Pesynomamu. Cmeopena ounamiuna
MamemamuirHa Mooeib 0a€ MOACIUBICIb NPOBECTU OOCMOBIP-
Hull ananiz diomexaniunoi 63aemodii naacmunu 3 I'K, ananisy-
samu HJ[C nobydosanux mooeneil y Hopmi, 3 i 6e3 ypaxyeanhs
pyxie y pebposo-xpebyesux cyenobax. Kpim moeo, dac smoey
siomeopumu onepayiio 3a D. Nuss i gueuumu oiomexaniuni 3mi-
HU 8 cucmemi «2pyouna — pebpa — xpebemy» 3a HAOIUHNCEHUX 00
peanbHocmi YMO8, GUHAYUMU OINAHKU MAKCUMATbHUX HABAH-
maoskceHs i medxc besneunocmi. Bucnoexu. Biomeopenus 6 ouna-
MIUHI MoOeni Modxcaugocmi cy2n06060i pomayii pebep 3mine
xapmuny posznodiny H/C. V pazi modentosauns xopexyii niti-
Konooionoi depopmayii I'K 3a memooukoro D. Nuss Hauibinvuty
30HY KOHYEHMPpayii HanpylceHb GUsEIEHO HA 306HIWHIL 3A0HIl
nosepxui wocmoi napu pebep. Haiibinvw nanpyswcenumu 06yau
xpebyi Thy—Thy,, are makcumanbHi NOKAZHUKU He Nepesuiysad-
au oonycmumi 3uavenus. Y pasi Oinvbud HU3bKO20 NPOGedeHHs
niaacmunu HeoOXiOHa KOpeKyisi 00CALAEMbCA 3 KPAWUMU NO-
kasnuxkamu HJC y posmawosanux euuje eremenmax cucmemu
«epyouHna — pebpa — xpedemy.
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Introduction

The most common method of treatment of con-
genital funnel-shaped deformity of the chest (CFDC)
is surgery by the method of D. Nuss, which is consi-
dered a minimally invasive technology [1, 2]. During
the operation, the funnel-shaped deformation is elimi-
nated by installing a plate behind the sternum, which
is fixed to the ribs in the desired position. The advan-
tages of surgery include minimal injury and maxi-
mum cosmetic effect.

But it is known that simultaneous surgical correc-
tion of CFDC by the method of D. Nuss creates a sig-
nificant mechanical effect on the ribs, sternum, spine,
which acts constantly for a long time, developing new
biomechanical operating conditions for the «ster-
num — ribs — spine» system [3].

The postoperative stress-strain state (SSS) of the chest
and plate components is insufficiently covered in
the literature, which would allow predicting the re-
sults of future surgery [4]. In addition, the interaction
of the ribs with the vertebrae was not taken into ac-
count during the SSS study on the chest models.

Therefore, it is important to elaborate and cre-
ate a dynamic functional model of the thorax with
the spine, the closest to reality, which takes into ac-
count the possibilities of movable connection in
the anterior part between the sternum and ribs and
in the posterior support complex between the joint
masses of the ribs and spine. This will make it pos-
sible to study the abnormal conditions occurring
in funnel-shaped deformity of the chest, to study
the SSS of the «sternum — ribs — spine» system du-
ring surgical correction in thoracoplasty modeling by
D. Nuss.

The aim of the study: to elaborate a functional
model of the chest with the spine, taking into account
possibility of articular connection between the ribs
and spine, allowing to model funnel-shaped deformi-
ty in near-reality conditions, its surgical correction,
predict results and choose optimal parameters for fu-
ture thoracoplasty.

Material and methods

The study aimed at elaboration of a calculation
model was based on a model of the spine, developed
in the laboratory of biomechanics Sytenko Insti-
tute of Spine and Joint Pathology National Acade-
my of Medical Sciences of Ukraine. Based on
the data on the properties of ribs given in the works
of R. Schwend, Z. Li [5, 6], and the anatomical fea-
tures of their functional motion [7, 8], a calculated
geometric model in the norm (Fig. 1, a—d) and with
funnel-shaped deformation was created (Fig. 1, e—i).

The material was considered homogeneous and
isotropic. The properties of the materials are selected
from the literature [9—-12], the characteristics used
(E — Young’s modulus of elasticity, v — Poisson’s
ratio) are given in the table.

To assess the impact of the possibility of a mo-
vable connection of the created model in the norm for
the load, the action of a force of 40 N in the sagittal
plane applied to the sternum handle (Fig. 2, a, b) was
chosen.

In reproduction of the operation by D. Nuss,
the action of forces is applied according to the scheme
proposed by T. Nagasao et al. [13], i. e. a load of 160 N
is applied to the sternum in the sagittal plane, and
in the places of plate attachment to the costal pair
R6 reference reactions of 80 N (Fig. 2, c, d). Such
loading is associated with an alignment of the simu-
lated defect of 5 cm.

For the normal model, the procedure was per-
formed by fixing the lower body of the Ly vertebra
and its joint masses, and for the model with deforma-
tion the lower body of the Ly vertebra and its joint
masses and additionally the upper body of ThI verteb-
ra. Muscle strength was not taken into account.

The model was built in SolidWorks software [14].
The main calculations were made using the ANSY'S soft-
ware. To assess the stress state, the stresses according
to Mises [15] were chosen as the most informative.

Results and their discussion

To compare and evaluate the impact on SSS
of movement in the articular surfaces of the junction
of the ribs with the vertebrae, calculations were per-
formed on two variants of the normal chest model:
in the first model mobility is allowed in the articular
junctions of the ribs with the vertebrae («No Separa-
tion» modification of contact) and in the second one it
was not allowed («Bonded»).

The assessment of the results for the first variant
of the calculation showed (Fig. 3, a—c) that the tensest
areas were the outer, lateral surfaces of the ribs I-V, as
well as the posterior part of the lumbar spine L,—L,.

Table
Mechanical characteristics
of materials used for modeling

Material Young’s modulus (E), MPa Poisson’s

ratio (v)
Cortical bone 18 350.0 0.30
Spongy bone 330.0 0.30
Sternum 1500.0 0.30
Cartilage 24.5 0.40
Intervertebral disc 4.2 0.45
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Fig.2. Loading and fixing of the model in norm (a, b) and in funnel-shaped deformation of the thorax (c, d). A, B — fixation,

C — force

Fig. 3, b also shows a non-deformed model, which
clearly demonstrates that the deformation occurs due
to the rotation of the ribs in the joints and the displace-
ment of the sternum in the forward and upward direc-
tion. The displacement of the spine was insignificant.
In the second variant of the calculation (Fig. 3, d—e)
the ribs IV-VII and the posterior part of the lum-
bar spine L,—Ly were tenser. Fig. 3, d, as for the first
calculation option, shows the non-deformed mo-
del. The nature of the deformation was found to be
changed: it was formed due to the displacement
of the sternum forward. The downward shift oc-

curred due to greater inclination of the spine. That is,
in the presence of movements in the joints, the defor-
mation is due to the displacement of the ribs, and in
the absence of movement in the joints, the curvature
is largely due to the inclination of the spine.

The calculation of the SSS of the chest of the mo-
del with a funnel-shaped deformation showed that
the correction by D. Nuss provides complete elimina-
tion of the deformation. The maximum displacement
of the edge of the sternum and the xiphoid process
was 5.3 cm. The main displacement occurred due to
the ribs lying above the plate support (Fig. 4).
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Fig. 4. Displacement of ribs and xiphoid process in the calculation
model in funnel-shaped deformation correction according to
D. Nuss: lateral (a) and anterior views (b)

The SSS assessment of this model showed (Fig. 5) that
the greatest stresses were felt by pairs of ribs V-VII.
The maximum value of the Mises stress of 25 MPa
was found on the posterior outer surface of the pair
of ribs VI (Fig. 5, c). In the spinal column, an in-
creased stress state was recorded in the Thy—Thy,
vertebrae. The stress concentration zone with a maxi-
mum value of 9.6 MPa is located at the roots of the
Thy, vertebral arches.

Assessment of the calculation revealed that the cor-
rection of the funnel-shaped deformation of the thorax
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Fig.5. Distribution of stresses according to Mises in the calculation
model in correction of funnel-shaped deformation according to
D. Nuss: anterior (a), laateraal (b), posterior (c) views
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by D. Nuss resulted in an uneven distribution of SSS
in the thorax and spine. The largest displacements
are observed for pairs of ribs I-V, but the stress
state in pairs of ribs I-IV is insignificant, and their
displacement occurs due to the possibility of ro-
tation in the costo-vertebral joints. The most tense
were the pairs of ribs V-VII with the largest zone
of stress concentration on the outer posterior surface
of the pair of ribs VI. Among the ribs V-VII, the se-
venth pair is the least tense.

Thy—Thy; vertebrae with the largest zone of stress
concentration in the roots of Thy, vertebral arches
were the most tense in the spinal column.

Thus, the created dynamic mathematical model
of the chest makes it possible to conduct a reliable as-
sessment of the biomechanical interaction of the plate
with the chest, to analyze the SSS of the built models
in the norm, with and without taking into account
the articular connections between ribs and verteb-
rae. In addition, it allows to simulate the operation
by D. Nuss and to study the biomechanical changes
that occur in the «sternum — ribs — spine» system,
to determine the areas of maximum loads and safety
margins.

Conclusions

In the process of mathematical modeling of
CFDC and its simultaneous correction, it is impor-
tant to take into account the possibility of mobility in
the costo-vertebral joints. The lack of mobility makes
the model stiffer and does not provide for a significant
change in the volume of the chest, which is observed
in reality.

In the case of modeling the correction of funnel-
shaped deformation of the chest by D. Nuss, the lar-
gest zone of stress concentration was found on
the outer posterior surface of the sixth pair of ribs.
Thy—Thy; vertebrae were the most tense in the spi-
nal column, but the maximum stresses did not ex-
ceed the permissible values, which are destructive for
biological tissues. Under the conditions of the lower
conduction of the plate, the necessary correction is
achieved with mostly better SSS rates in the higher
elements of the «sternum — ribs — spine» system.

Results: the conducted studies provide for
the elaboration of rational modifications of CFDC
thoracoplasty by D. Nuss, under the conditions of si-
multaneous complete stable correction and minimal
biomechanical loads in the «sternum — ribs — spine»
system.
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