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Background. Despite the existing significant number of various techniques for ankle arthrodesis, a number of 
authors point to certain technical difficulties of these operations, the loss of the talus and tibia position during 
ankylosing, nonunion. The problem of the ankle arthrodesis technique improving requires new solutions. 
The aim of the study was to compare the stability of various fixation systems in ankle arthrodesis by the finite 
element method.
Methods. The finite element method was used to evaluate the biomechanical characteristics of three variants of 
ankle arthrodesis systems: three cancellous screws, the originally designed plate combined with two cancellous 
screws, when the screw in the proximal plate’s hole is cortical, and the same plate combined with two cancellous 
screws, when the screw in the proximal plate’s hole with angular stability. The stresses and strains under the 
application of various types of loads are studied. 
Results. In the anterior plate ankle fixation model combined with two cancellous screws and a proximal 
cortical screw, the implants and the talus experienced the least stresses compared to the other two models. 
Thus, the maximum equivalent stress in implants in the second variant was 68-124 MPa, in the first variant 
92-147 MPa, in the third variant — 130-331 MPa. The equivalent stress in the talus in the second version of 
fixation ranged from 20 to 46 MPa, in the first and third versions — 28-58 MPa and 47-65 MPa, respectively. 
The indicators of maximum contact pressure at the border of the tibia and talus turned out to be the highest 
in the first variant compared to the other two models (34 MPa, 31 MPa and 31 MPa, respectively). 
Conclusions. Among the studied ankle fixation systems for arthrodesis, an anterior plate combined with two 
cancellous screws and a proximal cortical screw is the most preferable in terms of biomechanics.
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Сравнительный биомеханический анализ способов 
артродезирования голеностопного сустава:  
экспериментальное исследование
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Актуальность. Несмотря на значительное количество разнообразных методик, применяемых для 
артродеза голеностопного сустава, ряд авторов указывают на определенные технические сложности 
указанных операций, потерю коррекции заданного положения таранной и большеберцовой костей в 
процессе анкилозирования, несращения. Проблема совершенствования методики фиксации при ар-
тродезе голеностопного сустава требует новых решений. 
Цель — сравнить методом конечных элементов стабильность различных вариантов систем фиксации 
при артродезе голеностопного сустава. 
Материал и методы. Методом конечных элементов выполнена оценка биомеханических характери-
стик трех вариантов систем фиксации голеностопного сустава при артродезе: три спонгиозных винта, 
разработанная пластина, комбинируемая с двумя спонгиозными винтами, проксимальный винт в пла-
стине кортикальный, а также разработанная пластина, комбинируемая с двумя спонгиозными винта-
ми, проксимальный винт в пластине с угловой стабильностью. Изучены напряжения и деформации при 
приложении различных видов нагрузок. 
Результаты. В модели фиксации голеностопного сустава передней пластиной, комбинируемой с дву-
мя спонгиозными винтами и проксимальным кортикальным винтом, имплантаты и таранная кость 
испытывали наименьшие напряжения по сравнению с двумя другими моделями. Так, максимальное 
эквивалентное напряжение в имплантатах при втором варианте составило 68–124 МПа, при первом 
варианте — 92–147 МПа, при третьем — 130–331 МПа. Эквивалентное напряжение в таранной кости во 
втором варианте фиксации составило от 20 до 46 МПа, в первом и третьем вариантах — 28–58 МПа и 
47–65 МПа соответственно. Показатели максимального контактного давления на границе большебер-
цовой и таранной костей оказались наибольшими в первом варианте по сравнению с двумя другими 
моделями (34 МПа, 31 МПа и 31 МПа соответственно). 
Заключение. Среди изученных систем фиксации голеностопного сустава при артродезе применение 
передней пластины, комбинируемой с двумя спонгиозными винтами и проксимальным кортикальным 
винтом, является наиболее предпочтительным с точки зрения биомеханики.

Ключевые слова: биомеханическое моделирование, артродез голеностопного сустава, пластина, спон-
гиозные винты, метод конечных элементов.

© Хоминец В.В., Михайлов С.В., Жумагазиев С.Е., Щукин А.В., Иванов Д.В., 2022 



TheoreTical and experimenTal sTudies

TraumaTology and orThopedics of russia2022;28(4)138

baCKground
Enhancement of ankle arthrodesis techniques 
when treating patients with the end-stage os-
teoarthritis still remains one of the main prob-
lems of modern traumatology and orthopedics. 
Nowadays many authors consider ankle arthro-
desis as a gold standard for the treatment of pa-
tients with this pathology [1, 2, 3]. 

It is known that one of the main aspects, in-
dispensable for the ankle bone ankylosing is to 
create conditions for the foot fixation at a func-
tionally advantageous or specified position [1, 4, 
5]. Screws, plates, intramedullary nails, external 
fixators and their combinations are applied to 
definitively fix the attained optimal position of 
the talus in relation to the tibia [6, 7, 8]. Screws 
and plates are the most frequent in case of the 
ankle arthrodesis. They provide sufficient sta-
bility and adequate compression between the 
ankylosed tibial and talar surfaces [2, 9, 10]. 
However, some authors report on the loss of cor-
rect position of the ankylosed bones during the 
treatment due to the implant failure. This prob-
lem particularly often occurs when starting the 
axial load (1.5-2.0 months after the surgery). It 
might be caused by poor bone quality, insuffi-
cient contact between the bones, lysis of bone 
transplants used during the surgery, joint con-
tracture of the forefoot [3, 11, 12]. Limitation of 
movements mentioned above does not contrib-
ute to the rock-up from heel to toe when walk-
ing, while the cyclic load leads to the construct 
loosening [13]. Thus, the problem of reliable 
fixation of the ankle joint do exist and pushes 
for new decisions.

In the hospital of military trauma and ortho-
pedics of the Kirov Military Medical Academy 
we developed a method of the ankle arthrode-
sis with the use of 3 cancellous screws (patent 
RU 2633945). The first 2 screws are introduced 
through the anterior margin of the distal metae-
piphysis of the tibia into the trochlea of the ta-
lus, while the third screw is introduced through 
the posteromedial part towards the neck of the 
talar bone. To perform that, it is necessary to turn 
over the patient on one side or raise his leg and 
hold it in this position during a certain time that 
is needed to introduce a guide wire, make a hole 
with a cannulated drill bit, select the cancellous 
screw of appropriate length and insert it [7].  

All these indispensable procedures increase 
the surgery duration and C-arm operating pe-
riod, creating some difficulties for the surgical  
team [14].

Taking this into account, on the basis of the 
hospital of military trauma and orthopedics of 
the Military Medical Academy we developed an 
anterior plate for the ankle arthrodesis that is 
used instead of the third screw and is combined 
with 2 cancellous screws inserted through the an-
terior surface of the distal tibial metaepiphysis. 

Several biomechanical studies concerning 
the stability of different implants for the an-
kle joint fixation when performing arthrodesis 
have been published in the special literature  
[15, 16, 17]. Nowadays the comparative analysis 
of various types of metal fixators is more often 
carried out by applying biomechanical (or math) 
modeling. Among them is the finite element 
method [17, 18, 19]. However, there are only few 
studies dedicated to the evaluation of stability 
of different variants of the ankle fixation with 
the use of this method [18, 19]. Despite a big 
number of existing techniques of ankle arthro-
desis, we chose for our comparative analysis the 
method of 3 cancellous screws for the follow-
ing reasons. Firstly, it is sufficiently studied by 
many authors concerning the surgery technique 
and the long-term treatment results. Secondly, 
according to the specialists, ankle arthrodesis 
with screws is the most frequently used and is 
considered as a gold standard [3, 10]. Thus, to 
facilitate the surgical intervention, we sug-
gested our originally designed plate that sub-
stitutes the third screw, introduced through the 
posterior part of the distal tibial metaepiphysis 
towards the talar neck. Due to this reason, we 
did not include in our study the variant of ankle 
joint arthrodesis with serial plates. 

Aim of the study – to compare the stability of 
various fixation systems in ankle joint arthrode-
sis, using the finite element method.

methods

Anterior plate for the ankle arthrodesis was 
developed by the employees of the Military 
Trauma and Orthopedics department of the 
Military Medical Academy in collaboration with 
“Osteomed” company. The implant is made 
of Ti6Al4V titanium alloy according to the  
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National State Standard R ISO 5832-3 (applica-
tion for an invention RF №2022123335). L-shaped 
implant with preset anatomic angle can be op-
timally positioned over the ankle joint and has 
minimal profile. The plate has a short and wid-
ened arm that allows to place it on the talar neck 
eliminating the risk of impingement syndrome in 
the talonavicular joint between the plate and the 
navicular bone. Long arm of the plate has combi-
nation holes that enable the use of both cortical 
and angular-stable screws (Fig. 1).

Virtual reconstruction of the variants of ankle 
arthrodesis was made using the computed to-
mography (CT). Initial processing of CT scans of 
the left ankle joint (1051 axial slices) of the pa-
tient (born in 1967) was carried out with the use 
of Mimics software (Materialise, Belgium). As a 
result, surface models of the distal third of the 
tibia and the talar bone were obtained. After that 
the surface models were transformed in 3Matic 
software (Materialise, Belgium) into solid ones 
which were exported to the Step format (univer-
sal standard of data model exchange of the prod-
uct). Solid models of the screws and the plate 
were designed using SolidWorks automatic de-
sign system and were combined together in this 
system. Thus, three variants of ankle joint fixa-
tion for arthrodesis in functionally advantageous 
position were simulated. The first variant of fixa-
tion implies the use of three 6.5 mm cancellous 
screws with partial thread and 16 mm thread 
length (patent RU 2633945) (Fig. 2a). In case of 
the second and the third variants, the fixation is 
performed with our designed plate in combina-
tion with two 6.5 mm cancellous screws with par-
tial thread and 16 mm thread length (Fig. 2b, c).

Fig. 1. Anterior plate  
for ankle arthrodesis

Fig. 2. 3D models in two projections (frontal and lateral) of ankle arthrodesis: 
a — with three cancellous screws; b — the originally designed plate and two cancellous screws, the proximal 
screw is cortical; c — the originally designed plate and two cancellous screws, proximal screw with angular 
stability 1 — cancellous screw, 2 — cortical screw, 3 — screw with angular stability

а b с
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The models were constructed as follows. The 
first two cancellous screws were inserted through 
the anterior margin of the distal mataepiphysis 
of the tibia into the trochlea of the talus. Then 
the plate was fixed to the talar bone with one cor-
tical screw, introduced via the hole at the curve of 
the plate, and with two angular-stable screws, in-
serted via the holes of the short arm of the plate. 
At the next stage, the implant was secured to the 
tibia with an angular-stable screw, introduced via 
the distal hole, and with a cortical screw via the 
proximal hole (the second variant) or with two 
angular-stable screws (the third variant).

The problems of “bone-fixator” system loading 
by external forces and the moments in static posi-
tion are described in details in the study of A.V. 
Dolya et al. [20]. They were solved numerically 
using the finite element method and Ansys soft-
ware (Ansys Inc., USA). Coordinate axes, relative 
to which the external forces were applied, were 
aligned as follows: Z-axis – along the axis of the 
tibia and vertically upwards, Y-axis – along the 
axis of the foot from calcaneus to toes, X-axis – 
perpendicular to Y- and Z-axes (Fig. 3).

As an external load, the force acting along 
the axis of the tibia was applied with a rigid 
fixation of the talar bone to the horizontal sur-
face. That force was equivalent to the half of hu-
man weight. Bending and torsion moments with 
the value of 10 N·m were also applied. Authors 
of the publication concerning the study of the 
ankle joint with the use of the finite element 
method, had recommended exactly these val-
ues [19]. Bending and torsion moments with the 
force value of 400 N and the moment value of 

10 N·m were applied to the lower third of the 
tibia. They acted in the following directions: 
valgus load (around Y-axis), varus load (around 
Y-axis), dorsiflexion (around X-axis), plan-
tar flexion (around X-axis), inversion (around 
Z-axis), eversion (around Z-axis). Fixation sys-
tems’ behaviour under the load while walking 
(body weight multiplied by 3.3) was also stud-
ied. Recommendations, suggested by T. Wehner 
et al., were used for calculations [21].

Bones and implants were considered isotropic 
and linear elastic [18, 19, 23]. Young’s modulus 
and Poison’s ratio are the quantitative character-
istics of elastic properties of isotropic material. 
Mechanical properties of materials for the tibia 
according to Young’s modulus were 837 MPa, 
for the talar bone – 13000 MPa, for the implants 
(titanium alloy) – 110,000 MPa; according to 
Poison’s ratio they were 0.3 and equal [18, 19].

While modeling, we took into account the 
contact interaction between the tibia and the 
talar bone and between the bones and fixation 
systems, that are recommended by M. Zhu et al. 
[19]. Properties of contact pairs were the follow-
ing: bone-to-bone – with friction, index of fric-
tion 0.1; bone-to-screw – with friction, index of 
friction 0.5; bone-to-plate – full contact without 
friction and sliding [19].

Threads of the screws were modeled by Ansys 
tool, simulating a thread joint [22]. The pressure 
of 50 MPa was applied to the tops of the screw-
heads, simulating the tightening force. These pa-
rameters were preset to standardize the experi-
ment and were adapted from the similar studies 
of other authors [18, 19].

Fig. 3. The axes of the model coordinate system, 
relative to which the external loads were set: 
a — side view; b — top view

а b
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Analysis of necessary mesh independence was 
performed in order to maximally approximate 
the study to real biologic objects [23]. It allowed 
to determine the typical dimension of computing 
mesh element, minimally affecting the results of 
simulation. Computing mesh was significantly 
condensed around the threads of the screws in 
order to register with high precision the thread 
contact interaction between the screw and the 
bone. Total amount of finite element for each 
model was 600.000, which corresponded to ap-
proximately 1.900.000 nodes. 

results
The following characteristics of stress-strain 
state of the talar bone, the tibia and the implants 
were analyzed for each model: maximum equiva-
lent stress in the bones and the implants (Fig. 4);
maximum contact pressure at the border of the 
tibia and the talar bone (Fig. 5).

Obtained results of all studied variants of move-
ments attest to the fact that the maximum equiva-
lent stress in the implants was noted in the third 
variant in case of foot dorsiflexion (331 MPa), while 
the minimum equivalent stress – in the second var-
iant in case of plantar flexion of the foot (124 MPa).

Fig. 4. Maximum equivalent 
stresses for various types loads 
of on the ankle joint, MPa: 
a — in the studied implants; 
b — in the talus;
c — in the tibia

а

b

с

three cancellous screws

originally designed plate and two cancellous screws, the proximal screw is cortical

originally designed plate and two cancellous screws, proximal screw with angular stability

Varus loading Valgus loading Dorsiflexion Plantar 
flixion

Eversion Inversion Loading during 
walking

Varus loading Valgus loading Dorsiflexion Plantar 
flixion

Eversion Inversion Loading during 
walking

Varus loading Valgus loading Dorsiflexion Plantar 
flixion

Eversion Inversion Loading during 
walking
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Equivalent stresses in the talar bone being 
studied, the maximum loads were observed in 
the third variant in case of valgus displacement, 
while the minimum loads – in the second variant 
in case of plantar flexion of the foot. They were 
equal to 65 MPa and 20 MPa respectively. 

The maximum equivalent stress in the tib-
ia was registered in the third variant in case of 
plantar flexion, while the minimum stress – in 
the first variant in case of valgus load. They were 
equal to 65 MPa and 12 MPa respectively.

Obtained results showed that the maximum 
values of contact pressure at the boarder of the 
tibia and the talar bone were observed in the first 
variant in case of varus load, while the minimum 
load – in the first and the second variants in case 
of valgus load. They were equal to 34 MPa and 16 
MPa respectively (see Fig. 5).

As the dorsiflexion of the foot, according to 
literature data, is the main stress factor for the 
ankle joint ankylosis while walking [25], we pre-

sent below more detailed results of the study of 
stress-strain state while simulating this load.

Figure 6 shows the example of typical areas of 
full displacement for all models in case of dorsi-
flexion of the foot. The maximum displacement for 
fixation model with three cancellous screws was  
1.2 mm (Fig. 6a), for the third variant – 1.04 mm 
(Fig. 6c), while for the second variant the displace-
ment did not exceed 1 mm (Fig. 6b). At the same 
time, the maximum displacement in all models was 
observed in the distal third of the tibia above the 
implants’ insertion sites.

Typical areas of equivalent stresses for all im-
plant models in case of dorsiflexion of the foot are 
calculated to identify the optimal variant of fixation. 
It should be noted, that the maximum equivalent 
stress was concentrated around the upper screw 
that fixed the plate to the tibia in the second and 
the third models. The values were 124 MPa and 331 
MPa respectively. The maximum equivalent stress of  
implants in the first model was 139 MPa (Fig. 7).

Fig. 6. Total displacement fields for three models of dorsiflexion fixation, mm:  
a — three cancellous screws; b  — the plate and two cancellous screws, the proximal screw is cortical;  
c — the plate and two cancellous screws, proximal screw with angular stability

а b с

Fig. 5. Contact pressure at the 
border of the tibia and talus when 
using various options for fixation 
and loads on the ankle, MPaVarus loading Valgus loading Dorsiflexion Plantar 

flixion
Eversion Inversion Loading during 

walking

three cancellous screws

originally designed plate and two cancellous screws, the proximal screw is cortical

originally designed plate and two cancellous screws, proximal screw with angular stability
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The maximum equivalent stresses in the talar 
bone in case of dorsiflexion of the foot were equal to 
50 MPa, 46 MPa and 58 MPa in the first, the second 
and the third model variants respectively (Fig. 8).

In the models of ankle fixation with the plate 
and two cancellous screws under all studied loads 

the maximum equivalent stress in the tibia was 
observed around the hole for the upper screw, 
fixing the plate. For example, these parameters 
were equal to 33 and 65 MPa in the second and 
the third variants in case of dorsiflexion of the 
foot respectively (Fig. 9). 

Fig. 7. Equivalent stress fields for dorsiflexion models, MPa:  
a — three cancellous screws; b — the plate and two cancellous screws, the proximal screw is cortical;  
c — the plate and two cancellous screws, proximal screw with angular stability 

а b с

Fig. 8. Equivalent stresses in the talus during loading simulating dorsiflexion of the foot, MPa:  
a — three cancellous screws; b — the plate and two cancellous screws, the proximal screw is cortical;  
c — the plate and two cancellous screws, proximal screw with angular stability

а b с

Fig. 9. Equivalent stresses in the tibia during a 
load simulating dorsiflexion of the foot, MPa:  
a — second option; b — third option

а b
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disCussion
Although the ankle arthrodesis as osteoarthritis 
treatment method exists for more than 140 years, 
the searches for the best implants enabling tight 
bone contact between the tibia and the talar bone 
and their stable fixation until complete bone un-
ion still continue. In order to evaluate the stabil-
ity of ankle fixation when performing the arthro-
desis, some biomechanical studies are still carried 
out to make quantitative analysis of strength and 
stiffness of the used implants as well as relative 
motions between the talar and the tibial bones [5, 
15, 26, 27]. Nowadays different methods of digi-
tal modeling of biological objects and their loads 
are frequently used along with the bench tests on 
cadaver extremities or artificial bones and joints. 
The infinite model method is one of the most 
common instruments for calculation of stress-
strain state of the musculoskeletal system as well 
as of the load-bearing implants [17, 18, 28, 29].

Some studies have recently been published 
concerning the application of biomechanical 
modeling of ankle arthrodesis with screw fixa-
tion in different combination and quantity. Thus, 
M. Zhu et al. performed the finite element mod-
eling of ankle arthrodesis with two cancellous 
screws with the offered combination with two 
previously used combinations. Basing on biome-
chanical characteristics of developed models, the 
authors concluded that the offered combination 
of two cancellous screws had great initial stabil-
ity and equivalent stress distribution [19]. Using 
the finite model method, A.A. Vázquez et al. car-
ried out biomechanical validation of the optimal 
insertion angle of two cancellous screws in rela-
tion to the long axis of the tibia when performing 
the ankle arthrodesis [30]. 

Our study presents the results of numerical 
biomechanical modeling of 3 fixation variants in 
ankle arthrodesis. We analyzed 6 types of static 
loads as well as the load imitating the walk and 
evaluated the stability and the strength of each 
fixation variant.

Ankle fixation with two cancellous screws com-
bined with the designed plate and the proximal 
cortical screw resulted more preferable in terms 
of implant strength in all load types. Analysis of 
equivalent stress in the implants is performed to 
measure their maximal values and compare with 

the strength limit (strength margin coefficient 
equals to 3)*. The implants are made of Ti6Al4V  
titanium alloy, their strength limit is 970 MPa) 
[24]. Thus, the allowable stress is no more than 323 
MPa. It is worth mentioning that the equivalent 
stress in the first two studied constructions do not 
exceed the allowable values for titanium alloys. 
This means that the systems of fixation provide 
the maximum strength in case of the tested loads. 
Analyzing the third variant of ankle fixation, the 
maximum equivalent stress in implants surpasses 
the allowable value. The maximum stress in this 
model is registered in case of dorsiflexion of the 
foot around the proximal screw that fixes the plate 
to the tibia. It is also worth pointing out that the 
maximum equivalent stress in the second and 
the third models is concentrated around the up-
per screw that secures the plate to the tibia, but 
it is 2.5-fold higher in the third model than in the 
second one. Meanwhile the maximum equivalent 
stress in the first model is concentrated around all 
three inserted screws. The implants resulted less 
loaded during the varus load and the plantar flex-
ion of the foot in the first variant of fixation and 
during the plantar flexion only in the second and 
the third variants.

Analyzing the results of equivalent stress in 
the talar bone, we noticed that the latter was less 
loaded in case of ankle fixation with the anterior 
plate combined with two cancellous screws and 
one cortical screw comparing to other models. 
It is necessary to emphasize that the maximum 
equivalent stress in the talar bone in the second 
variant of ankle fixation resulted 2 times less un-
der the load imitating the walk and 1.5 times less 
in case of varus flexion and plantar foot flexion 
than in the first and the third variants. The low-
est stress in the talus was registered in the first 
model of ankle fixation in case of varus load, in 
the second one - in case of plantar foot flexion 
and in the third one - under the varus load.

Equivalent stress in the tibia was lower than in 
the talar bone under the similar loads. The maxi-
mum stress in the tibia in the first and the second 
variants of ankle fixation was almost the same 
and 1.5 times higher - in the third variant. When 
modeling the variants of ankle fixation with the 
plate and two cancellous screws, we found out that 
the hole in the tibia for the upper screw fixing the 

* National State Standard R 52857.1-2007 Vessels and apparatus. Norms and methods of strength calculation. General 
requirements.
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plate was under the maximum stress comparing 
with other parts of the bone. This conclusion is 
true for all studied types of load. The tibia resulted 
the less loaded in case of varus load.

As for the contact pressure at the boarder of 
the tibia and the talar bone, its maximum values 
were observed in case of varus load in all ankle 
fixation variants. It was equal to 34 MPa in the 
first fixation variant and 31 MPa – in the second 
and the third ones. The model of ankle joint fix-
ation with the plate and two cancellous screws 
showed slightly better biomechanical properties 
under the majority of load types. It should be 
noted, that excessive contact pressure under the 
load is a negative factor, as it can lead to local os-
teolysis and loss of correct position of ankylosed 
bones. 

It is worth mentioning, that the majority of 
parameters of the first model stress-strain state 
are similar to those, presented in the publication 
of S. Wang et al. For example, the authors had 
studied parameters of stress-strain state of ankle 
joint arthrodesis models, secured with three can-
cellous screws in five different combinations, and 
had reported close values of maximum stress in 
the talar bone and the tibia, that equaled to 45.8 
and 23.4 MPa respectively [18].

ConClusion

Minimum parameters of stress-strain state of the 
“bone-fixator” model were identified in the sec-
ond variant among all studied fixation systems 
of ankle joint arthrodesis. Thus, the obtained re-
sults showed that the most biomechanically pref-
erable variant of arthrodesis was the combination 
of our designed plate with two cancellous screws 
and the proximal cortical screw. Conducted bio-
mechanical study allows to recommend ankle 
arthrodesis for clinical use in patients with the 
end-stage osteoarthritis, although ankle joint 
ankylosing depends not only on mechanical fac-
tors, but on biological as well.
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