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in case of damage to the upper acromioclavicular ligament superior
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During the operative stabilization of the acromial end of the clavi-
cle (AEC) for its dislocation, there are two ways: clavicle — beak-
like process, clavicle — acromial process. Fixation of the AEC to
the acromial process of the scapula is a priority. Competing metal
structures are the hook plate and the Weber method. The signif-
icant disadvantages of using the Weber method of fixation are
the migration of the tips and the violation of their integrity and
the wire. Objective. To conduct a comparative analysis of the fix-
ation of the acromial end of the clavicle according to Weber, hook
plate and the proposed construction, by studying the stressed-de-
Jformed state of the clavicular-acromial joint in case of damage to
the lig. acromioclavicular superior and various methods of fixa-
tion. Methods. A finite-element model of the clavicular-acromi-
al joint was constructed. Damage to the ligaments was modeled.
claviculo-acoacromiale superior, as well as fixation of AEC in
three ways: according to Weber, hook plate and the proposed
construction. Results. The best results, from the point of view
of reducing the level of stresses in intact ligaments, are provid-
ed by fixation of the AEC according to Weber, but its use leads
to an increase in the level of stresses on the AEC and the ac-
romial process of the scapula, which can cause destruction
of the latter. The hinge-type fixator provides the best stress dis-
tribution, both in the bony elements of the model and in intact
ligaments. The hook plate holder occupies an average position,
both in terms of the level of stress and the magnitude of the rel-
ative deformations in the ligaments. Conclusions. Weber fixation
provides the best results for reducing the level of stresses and
relative strains in the intact ligaments, but leads to a several-fold
increase in the level of stresses on the AEC and acromial pro-
cess of the scapula. The hook plate holder occupies an average
position, both in terms of the stress level and the magnitude of
the relative deformations in the ligaments. The proposed design
provides the best stress distribution, both in the bony elements of
the model and in the intact ligaments.
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3a onepamuenoi cmabinizayii axpomianvhoeo kinys karouuyi (AKK)
¥ pasi 11020 6UBUXY O0itONb 08OMA WLIAXAMU: KAHOUUYS — 036b000N0-
0ibHULL BIOPOCMOK, KAHOUUYS — aKpomianbHull 6i0pocmok. Dikcayis
AKK 00 akpomianvHoeo 6i0pocmka 10NAmMKY € NPIOPUMENHOL.
Kouxypyrouumu memanesumu KoHCmMpyKyisimu € 2aukonooiona
naacmuna — hook plate ma cnoci6 Bebepa. Cymmesumu Heoo-
JKamu 3acmocysanis cnocody girkcayii 3a Bebepom ¢ miepayis
wnuyb i nopyutents ixuvoi yinicnocmi i opomy. Mema. [lposecmu
NOpIGHANbHULL aHANi3 (IKcayil akpoMIanbHO20 KiHYsl KIIOYUYL 3
Bebepom, hook plate ma 3anpononosanoio KOHCmpyKyicio wiaxom
BUBUEHHS HANPYIICEHO-0eOPMOBAHO20 CMAHY KIIOUUUHO-AKPO-
MianeHo20 cyenoba 6 pasi ywikoodcenns lig. acromioclavicular
superior i pisHux cnocobie ¢hixcayii. Memoou. Ilo6ydogano ckin-
YeHO-eleMeHMHY MOOelb KAUUUHO-AKPOMIAILHO20 Cyenooa.
Mooenrosanu yuikooacenns lig. claviculo-acoacromiale superior,
a maxoodic ¢ikcayito AKK mpvoma cnocobamu: sa Bebepom,
hook plate ma 3anpononosanoro rkoncmpyryicio. Pezynomamu.
Hatikpawi pesynomamu, i3 mouku 30py 3HUICEHHs DIGHS HANPY-
JHCeHb y HeYuKoOdicenux 36’3kax, zabesneuye @ixcayis AKK 3a
Bebepom, ane 1020 suxopucmanHs npuzgooums 00 RiOGUUEHHS.
pisns nanpyoicens na AKK 1l akpomiansnomy 6i0pocmky 10namKu,
Wo Modice cnpuyuHumu pyuHyeanis ocmannvoi. Qikcamop wap-
HIpHO20 Muny 3abe3neuye HAuKpawuil po3noodil HANPYHceHsb 5K
¥ KICIKOBUX e/leMeHmax Mooeni, max i 6 HeyWKOOICeHUX 36 3KAX.
Tpumau hook plate nocioae cepeonio nozuyuio sk 3a pieHem Ha-
NPYAHCEHb, MAK 30 8eTUUUHOIO BIOHOCHUX Oehopmayill y 36’a3Kax.
Bucnosku. Dikcayis 3a Bebepom 3abe3neuye naiikpawyi pesyno-
mamu 015l 3HUJICEHHS PIBHS HANPYJICeHb 1 8IOHOCHUX Oeghopma-
Yitl 8 HEYWKOOIICEHUX 36’ A3KAX, ale NPU3B00Ums 00 NIOBUUJeHHS
6 KinbKa paszie pieHs Hanpycenv Ha AKK 11 akpomianvromy 6io-
pocmky nonamiu. Tpumau hook plate 3aiimae cepeonio nosuyuro,
SK 30 pIBHEM HANPYICeHb, MAK | 3a 8eIUNUHOI GIOHOCHUX Oe-
Gopmayiil y 36’3xax. 3anpononosana KoHcmpykyis 3abesneuye
HAUKpawuii po3nooin HanpylIcets AK y KICMKOSUX eleMeHmax mo-
Oeili, Max i 6 HeywKoOXHceHux 36’askax. Knovosi cnosa. Knouuuno-
aKpomianrbHull cyenod, 36 A3Ku, Qikcayis.
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Introduction

Dislocations of the acromial end of the clavi-
cle (AEC) are a fairly common traumatic injury
of the movement and support apparatus and, accord-
ing to various authors, make up from 3 to 26.1 %
of dislocations of other locations, and almost 10 %
in the structure of acute injuries of the shoulder gir-
dle, ranking third after dislocations shoulder and
forearm [1].

Under the conditions of surgical intervention to
stabilize the clavicle during dislocations, AEC is im-
plemented in two ways: clavicle — coracoid process,
clavicle — acromial process. Fixation of the acromial
end of the clavicle to the acromial process of the sca-
pula is a priority. Competing metal structures for se-
curing are the hook plate [2] and Weber's method [3].

Among the disadvantages of using a hook plate
are the following: pain in the shoulder; post-trauma-
tic arthritis caused by fragmented tissues (fragmen-
ted bones, articular discs, cartilage and ligaments);
destruction of tissues, which continues for the peri-
od of presence of the structure and irritation of pe-
ripheral nerves in the soft tissues between the hook
of the plate and the acromion; “subacromial impinge-
ment syndrome”, which leads to rotator cuff inju-
ry; destruction of bone tissue, especially in the area
of the acromial process of the scapula with the for-
mation of subacromial erosions [4]. The significant
disadvantages of using the Weber method of fixation

Fig. 1. Model of the
shoulder-scapular joint:
a — view in the frontal
plane; b — sagittal;
in — from above

are the migration of the tips and the violation of their
integrity and the wire [5].

All this leads to the further study of the design
features of the most used fasteners and the develop-
ment of the latest tools.

Purpose: to conduct a comparative analysis
of the fixation of the acromial end of the clavicle ac-
cording to Weber, hook plate and the proposed con-
struction, by studying the stressed-deformed state
of the clavicular-acromial joint in case of damage to
the acromioclavicular superior ligament and various
methods of fixation.

Material and methods

In the biomechanics laboratory of the State Es-
tablishment “Professor M. 1. Sytenko Institute
of Spine and Joint Pathology of the National Acade-
my of Sciences of Ukraine” we built a finite element
model of the clavicular-acromial joint (CAJ), com-
prised of the scapula, the clavicle and the ligaments
of the clavicular-acromial and clavicular-coracoid
complexes (Fig. 1).

In this study, we modeled damage to the ligaments
of the clavicular-acromial complex, namely lig. acro-
mioclavicular superior (Fig. 2).

For each variant of damage to the ligaments
of the clavicle-acromial complex, a model of fixation
of the acromial end of the clavicle was built in three
ways: according to Weber, hook plate and the pro-
posed design [6] (Fig. 3).

During simulation, the material was assumed to
be homogeneous and isotropic. A 10-node tetrahe-
dron with a quadratic approximation is chosen as a fi-
nite element. The mechanical properties of the ma-
terials were selected from literature sources [7—11].
The used characteristics (E — Young's modulus
of elasticity, v — Poisson's ratio) are listed in Table 1.

During the study, the loads acting on the CAJ were
simulated under conditions of abduction of the upper
extremity at an angle of 90°.

Fig. 2. Variants of the
model with missing
lig. acromioclavicular
superior
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[a]

[b] [c]

Fig. 3. Models with fixation of the acromial end of the clavicle: a — according to Weber; b — hook plate fixator; ¢ — the proposed

Table 2
Control points

design
Table 1
Mechanical characteristics of the materials used
Material Young's modulus Poisson's Strength
of elasticity (E), ratio, limit,
MPa Y MPa
Cortical bone 18350.00 0.30 170.00
Spongy bone 1040.00 0.30 10.00
Ligaments 330.00 0.40 —
Cartilage 5.58 0.44 —
Surgical steel
AISI 316L 200000 0.30 505.00

Fig. 4. Scheme of loading the model

[a]

Fig. 5. The layout of control points: a — front; b — from
above
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Forces were applied to the models that simulated
the action of muscles: middle deltoid — 173.4 N; ante-
rior deltoid — 121.9 N; posterior deltoid — 371.3 N;
supraspinatus — 190.7 N; subscapularis — 1029.8 N;
infraspinatus combined — 55.6 N [11]. The load dia-
gram of the model is shown in Figure 4.

Control points were selected to compare stress
values in model elements with different damage and
fixing options. The layout of control points is shown
in Figure 5 and Table 2.

The maximum level of stress in ligaments, bone
elements and metal structures was registered. In
addition, the values of relative deformations in liga-
ments were studied. The model was built in the Solid-
Works software [12]. Calculations of the stress-strain
state of the models were performed using the ANSYS
program [13].
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Results

At the first stage of the study, the stress-strain
state of the model without damage to the ligamen-
tous apparatus was analyzed. The stress distribution
in the bone elements of the model is normally shown
in Fig. 6.

The conducted research made it possible to de-
termine that, in conditions of intact ligaments
of the CAJ, the abduction of the upper limb caus-
es the stress of the model elements, which ac-
quire a maximum value of §1.8 MPa in the middle
part of the clavicle, and the minimum stress level
of 3.0 MPa is observed at its sternal end. On the sca-
pula, the most stressed 32.5 MPa is found at the edge
of its notch, the minimum stresses of 11.2 MPa oc-
cur along its medial edge. Among the ligaments,
the highest stress level was recorded at lig. trapezoi-
deum — 50.6 MPa, the lowest on /ig. acromioclavicu-
lar superior — 39.5 MPa.

The second stage of the study was to assess chang-
es in the stress-strain state of the model as a result
of ligament injuries of the clavicle-acromial complex.
The pattern of stress distribution in the model with
damage to lig. acromioclavicular superior is shown
in Figure 7.

Rupture of lig. acromioclavicular superior in ab-
duction of the limb leads to an increase in the level
of stress at the ends of the clavicle to 4.0 MPa on
the sternum and up to 36.5 MPa on the acromial. In
the middle part, the amount of stress does not change.
On the blade, changes in the stress-strain state are
multidirectional in nature. Thus, the stresses increase
along the lateral edge and edge of the notch to 20.6
and 35.0 MPa, respectively, and decrease along its
medial edge to 10.9 MPa and on the coracoid and ac-
romial processes to 25.7 and 25.5 MPa, respectively.
At the same time, the stresses on all intact ligaments
increase and reach a maximum of 73.0 MPa per lig.
acromioclavicular inferior.

Stress distribution in the bone elements of the mo-
del in damage to lig. acromioclavicular superior
with fixation of AEC according to Weber is shown
in Fig. 8.

Compared to the model without fixation of the cla-
vicle, the Weber wire fixation causes a 5-fold increase
in the level of stress on the AEC — up to 175.5 MPa
and on the acromial process of the scapula — up to
218.4 MPa. At the same time, the stresses in the liga-
ments are significantly reduced and do not exceed
53.4 MPa.

A decrease in the amount of stress in the liga-
ments occurs due to the distribution of the load on

the elements of the metal structure. At the peaks, they
are determined at the level of 119.1 and 241.5 MPa at
the front and rear, respectively. The situation looks
much worse with the wire, in which the stresses reach
489.6 MPa, which critically approaches the strength
limit of surgical steel — 505.0 MPa. This indicates
that a small additional load can lead to wire breakage
and loss of stability of the CAJ.

Fig. 9 shows the distribution of stresses in the bone
elements of the model with damage to lig. acromio-
clavicular superior in hook plate fixation of the AEC.

The conducted studies showed that the use
of a hook plate in case of damage to the /ig. acro-
mioclavicular superior provides for a reduction in
the level of stress in all intact ligaments of the model,
as well as in almost all control points of bone ele-
ments. The exception is the medial edge of the scapu-
la and the edge of its notch, where there is a slight
increase in the stress level to 11.1 and 25.6 MPa, re-
spectively, compared to the model without fixation.
Regarding the metal structure, the stresses in its sec-
tions do not acquire critical values and reach a maxi-
mum of 355.5 MPa. They are fixed at 223.4 MPa on
the lateral screw, 141.9 MPa on the medial screw.

The stress-strain state of the model with damage
to the lig. acromioclavicular superior with fixation
of the acromial end of the clavicle by the proposed
design is shown in Figure 10.

Compared to the model without fixation,
the hinge-type holder allows to reduce the level
of stresses in all control points of the model, except
for the edge of the scapular notch and its acromial
process, where they increase to 35.7 and 28.2 MPa,
respectively. Among the elements of the metal struc-
ture, the plates are the most stressed — 356.6 and
277.6 MPa on the scapula and clavicle, respective-
ly. The stresses on the fixing screws do not exceed
the marks of 99.5 MPa on the clavicle and 53.8 MPa
on the acromial process. In ligaments, they reach
a maximum value of 53.0 MPa in /ig. acromioclavi-
cular inferior.

Indicators of maximum stress values at control
points of models with damage to the lig. acromio-
clavicular superior according to various options for
fixation of the acromial end of the clavicle are shown
in Table 3.

Comparative stress values at the control points
of the model with damage to the lig. acromioclavi-
cular superior with various options for fixation
of the AEC is presented in Figure 11.

All options for fixation of the acromial end
of the clavicle for damage to the lig. acromioclavi-
cular superior allow to reduce the stress level both



ISSN 0030-5987. Orthopaedics, traumatology and prosthetics. 2024. No 2

Fig. 6. Distribution of
stresses in the elements
of the model in norm:
a — bone elements; b —
ligaments

Fig. 7. Stress distribution
in the elements of the
model with damage to the
lig.  acromioclavicular
superior: a — bone
elements; b — ligaments

Fig. 8. Stress distribution
in the elements of the
model with damage to the
lig.  acromioclavicular
superior in fixation of the
acromial end of the clavicle
according to  Weber:
a — bone elements; b —
ligaments

Fig. 9. Stress distribution
in the elements of the
model with damage to the
lig.  acromioclavicular
superior in fixation of the
acromial end of the clavicle
with a hook plate fixator:
a — bone elements; b —
ligaments

Fig. 10. Stress distribution
in the elements of the
model with damage to the
lig.  acromioclavicular
superior in fixation of
the acromial end of the
clavicle by the proposed
construction: a — bone
elements; b — ligaments
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Table 3
Stress values at the control points of the model with damage to the lig. acromioclavicular superior
in various options for fixing the acromial end of the clavicle
Anatomical area Control point Stress, MPa
norm without fixation according to Weber hook plate hinge
1 19.3 20.6 21.2 20.5 20.2
2 11.2 10.9 9.7 11.1 9.0
Scapula 3 32.5 35.0 30.2 323 35.7
4 28.2 257 20.9 223 25.8
5 279 25.5 218.4 27.6 28.2
6 21.2 36.5 175.5 26.9 20.1
Clavicle 7 3.0 4.2 37 34 3.8
8 81.8 81.8 81.8 81.2 81.0
9 44.0 46.4 28.4 40.1 379
Ligaments 10 50.6 67.3 36.9 44.0 49.5
11 39.5 — — — —
12 48.2 73.0 534 64.3 53.0
Table 4
Values of stresses in the elements of metal structures of the model in damage
to the lig. acromioclavicular superior in various options for fixing the acromial end of the clavicle
Fixation option Stress, MPa
wire anterior spit posterior spit plate lateral medial scapula clavicle scapula slavicle
SCrews SCrews plate plate SCrews SCrews
According to Weber | 489.6 1191 241.5 — — — — — — —
hook plate — — — 355.5 223.9 141.9 — — — —
Hinge — — — — — — 356.6 277.6 53.8 99.5

in the bony elements of the model and in intact liga-
ments. An exception is fixation according to Weber,
which leads to a 5-fold increase in the level of stress
on the AEC and the acromial condyle of the scapula
since the load between these departments is trans-
ferred due to the wire, which has a small diameter
and, as a result, a small contact area with the bone
tissue.

Data on stress values in the elements of metal
structures of the model with damage to the /ig. ac-
romioclavicular superior under various options for
fixation of the ACC are shown in Table 4.

Thus, the maximum stresses on the cerclage wire
for damage to the /ig. acromioclavicular superior oc-
cur during abduction of the limb, which is due to its
small cross-sectional area.

The last stage of the work was to study the values
of relative deformations in the ligaments of the mo-
dels in normal conditions and with damage to the /ig.
acromioclavicular superior, as well as in all variants
of AEC fixation. The pattern of the distribution of re-
lative deformations in the ligaments on the model in
normal conditions and with damage to the lig. acro-

mioclavicular superior without fixation of the AEC is
shown in Fig. 12.

The conducted study showed that, normally, during
abduction of the upper limb, the maximum relative
deformations of 19 % will be experienced by the /ig.
trapezoideum, minimum 12 % by the lig. acromiocla-
vicular superior. Relative deformations of /ig. conoi-
deum and lig. acromioclavicular inferior are deter-
mined at the level of 13 and 14 %, respectively. In case
of damage to the lig. acromioclavicular superior all
the loads that arise in the clavicular-acromial articula-
tion are taken over by the lig. acromioclavicular infe-
rior, which leads to a significant increase in its relative
deformation, up to 22 %. Deformations of the liga-
ments of the clavicular joint increase slightly — up to
13 % lig.conoideum and up to 20 % lig. trapezoidum.

Let us consider how fixation of the AEC affects
the relative deformations of intact ligaments. Distribu-
tion of relative deformations in models with different
options for fixation of the AEC in damage to the /ig.
acromioclavicular superior is shown in Fig. 13.

The use of the Weber method of fixation allows to
reduce the relative deformations of all intact ligaments.
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various options for fixing the acromial end of the clavicle

ligaments of models in damage to the /ig. acromioclavicular
superior

0,3
0,15
0,13125
0,1125
0,09375
0,075
0,05625 | Fig. 12. Distribution of relative
0,0375 deformations in the links of the
0,01875 | model: a — norm; b — damage to
0 the lig. acromioclavicular superior
without fixation
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0,0375
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Fig. 13. Distribution of relative deformations in models with damage to the lig. acromioclavicular superior: a— according to Weber;

b — hook plate; ¢ — proposed construction

At the same time, deformations of the ligaments
of the clavicular joint acquire indicators below
the normal model and are determined at the level of 9
and 11 % for lig. conoideum and lig. trapezoideum
respectively. Relative deformations of /ig. acromio-
clavicular inferior, although not reaching the norm,
but also significantly decrease and are determined
at the mark of 16 %. The values of the maximum
values of the relative deformations in the ligaments
of the models are given in the Table 5.

A visual representation of the ratio of the values
of relative deformations in the ligaments of models
due to damage to the lig. acromioclavicular superior
can be seen using the diagram shown in Fig. 14.

Summarizing, we note that according to the cri-
terion of minimizing the magnitude of relative de-
formations in the ligaments of the clavicle-scapular
articulation due to damage to the lig. acromioclavicu-
lar superior, the best results were shown by the We-
ber method of fixing the acromial end of the clavicle.
The largest deformations in ligaments occur during
fixation with a hook plate, although they are below
the level of the model without fixation.

Discussion

The study showed that when the ligaments
of the clavicle-acromial complex are injured, the best
results, from the point of view of reducing the level
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Table 5
Maximum values of relative deformations in the ligaments of the models in damage
to the lig. acromioclavicular superior
Control point Relative deformation, %
norm without fixation according to Weber hook plate hinge
lig.conoideum 13 14 9 12 11
lig.trapezoideum 19 20 11 14 14
lig. acromioclavicular superior 12 — — — —
lig. acromioclavicular inferior 14 22 16 19 16

of stress in intact ligaments, are provided by the fixa-
tion of the AEC according to Weber. However, this
method leads to a several-fold increase in the le-
vel of stress on the AEC and the acromial process
of the scapula. This is because the load between these
departments is transferred due to the wire, which
has a small diameter and, as a result, a small contact
area with the bone tissue. This level of tension in the
contact zone of the wire and bone tissue can cause
the destruction of the latter. The second negative fac-
tor that speaks against the use of this method of fi-
xation is that the level of tension in the wire during
abduction of the limb under conditions of damage to
individual ligaments approaches the strength limit
of the surgical steel from which it is made. This can
be the cause of wire breakage and, as a result, loss
of stability of the CAJ.

The hinge type holder provides the best stress
distribution both in the bony elements of the model,
and quite low in the intact ligaments for all types
of injuries. The hook plate retainer occupies an ave-
rage position both in terms of the level of stress and
the amount of relative deformations in the ligaments.

According to the criterion of minimizing
the amount of relative deformations in the liga-
ments of the clavicle-scapular joint due to damage to
the lig. acromioclavicular superior, the best results
were shown by the method of fixing the acromial
end of the clavicle according to Weber, but the worst
indicators of stress values in bone tissue and cer-
clage wire nullify all the advantages of this method.
The largest deformations in ligaments occur after
fixation with a hook plate, although they are below
the level of indicators of the model without fixation.
The holder of the hinged type of the proposed design
has the most balanced indicators of stresses and rela-
tive deformations for abduction of the upper limb in
damage to the lig. acromioclavicular superior.

Conclusions

Fixation of the acromial end of the clavicle ac-
cording to Weber provides the best results in terms

of reducing the level of stresses and relative deforma-
tions in intact ligaments but leads to a several fold in-
crease in the level of stresses on the AEC and the ac-
romial process of the scapula. The level of tension in
the wire during abduction of the limb due to injury
of individual ligaments approaches the strength limit
of the surgical steel from which it is made, which may
cause the wire to break and, as a result, lose the sta-
bility of the CAJ.

The hook plate holder occupies an intermedi-
ate position, both in terms of the level of stress
and the magnitude of the relative deformations in
the ligaments.

The proposed design provides the best distribution
of stresses both in the bony elements of the model,
as well as a fairly low level of stresses and relative
deformations in intact ligaments.
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