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Abstract

Every year, stroke-induced upper limb impairment impacts millions of people
worldwide, necessitating intensive rehabilitation to regain motor control. While
conventional physical therapy and end-effector-based robots have been utilized, they
often face limitations such as high labor costs, therapist fatigue, and an inability to
control the redundancy of the human arm, which can lead to nonphysiologic
compensatory movements. To address these challenges, this paper presents the
development of the hybrid shoulder rehabilitation exoskeleton, an advanced iteration
of the previous HYBRID-1 prototype. The hybrid shoulder exoskeleton introduces two
major design modifications based on performance evaluations and cable tension issues
identified in the initial version. First, the shoulder girdle mechanism was redesigned
by replacing the inverted slider-crank linkage with a planar crank-rocker four-bar
linkage consisting of four revolute joints to better align with human anatomy. Second,
a novel pretension mechanism was integrated into the Cable-Driven Parallel
Mechanism to prevent cable derailment and maintain consistent tension using a system
of rods, rollers, and compression springs. The design was first validated through a 3D-
printed miniature model and CAD simulations, which confirmed the accuracy of the
forward and inverse kinematic models. Subsequently, a real-scale prototype was
manufactured featuring an adjustable shoulder cuff and additional base support to
enhance structural stability for clinical applications. Initial assembly and preliminary
testing indicate that these modifications provide a robust platform for intensive, task-
specific rehabilitation. Future work will focus on performance testing with healthy
subjects to evaluate the system’s adaptability to various body parameters such as height
and arm diameter.
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1. Introduction

Every year, strokes cause significant disabilities
for millions of people worldwide, often impairing
upper limb function and severely impacting quality of
life [1]. Weakness and loss of motor control in the
upper limbs are common consequences of stroke,
affecting a substantial portion of survivors [2].
Rehabilitation for stroke patients typically requires
specific training with a dedicated physical therapist to
regain functional mobility. However, conventional
physical therapies are often exhausting, laborious,
and expensive. The quality of manually assisted
training heavily depends on the therapist’s experience
and judgment, which can vary widely and sometimes
be ineffective [3]. Additionally, training sessions are
often short due to therapist fatigue and a lack of
standardized methods for recording patient progress
and recovery. Moreover, it is estimated that the
incidence of strokes will increase from 3.29 million in
2019 to nearly 4.90 million in 2030 —a 49 % rise [4].

These statistics, coupled with a global shortage of
medical personnel, underscore the urgent need for
innovative rehabilitation methods. The growing
demand for rehabilitation services, coupled with a
shortage of qualified therapists, led researchers and
engineers to develop end-effector-based rehabilitation
robots as an initial solution [5-8]. Although these
devices have been developed and used for more than
2 decades, scientists continue to refine and create new
end-effector-based technologies to better meet
evolving rehabilitation needs [9]. Such devices can be
beneficial in supporting activities of daily living
(ADL) training. While end-effector-based devices can
facilitate the hand’s 6-DOF movements and are
beneficial for ADL execution, their primary limitation
is the inability to control the redundancy of the human
arm. This can often lead to nonphysiologic synergies
and compensatory movements in both, severely and
mildly affected patients. Nonphysiologic synergies
can be often accepted in severely affected patients,
however, they can be highly undesired in mildly
affected patients. Furthermore, severely affected
patients require full support on all joints for passive
limb mobilization, but end-effector devices transmit
all assistance through the hand, potentially

overloading intermediate joints and causing
irritations.

Exoskeleton-based devices, in contrast, can
provide full control over each joint, thereby enabling
a more physiologic training experience [10]. Since the
human upper limb has nine relevant degrees of
freedom —encompassing shoulder, elbow, forearm,
and wrist motions—exoskeletons that support all
DOF can better accommodate both severely and
mildly affected individuals [11]. This comprehensive
control helps reduce detrimental compensatory
strategies while also facilitating more natural ADL
performance, highlighting the need for exoskeleton
architectures in advanced rehabilitation systems.

Robotic exoskeletons, designed to align with
human anatomical joints, offer a promising solution to
these challenges [12-14]. These devices provide
intensive, repetitive, and task-specific exercises,
potentially  increasing the effectiveness of
rehabilitation [15,16]. The shoulder, being one of the
most biomechanically complex joints in the human
body, requires special considerations in exoskeleton
design [17]. Existing shoulder robots often focus on
the three rotational degrees of freedom (DOF) in the
glenohumeral joint (GH), the main shoulder joint (see
Fig. 1). However, the integrated motion between the
GH joint and the shoulder girdle leads to translations
of the GH joint’s center of rotation, which many robots
fail to accommodate, causing misalignments and
discomfort during training sessions [18].

The remainder of this paper is organized as
follows: Section II details the design and development
of the shoulder rehabilitation exoskeleton, focusing on
the mechanical transition from the HYBRID-1 to the
hybrid shoulder exoskeleton iteration. Section III
presents the experimental results obtained from the
3D-printed miniature model and the current assembly
status of the real-scale prototype. Finally, Section IV
provides a discussion of the system's performance,
and Section V concludes the paper with an overview
of future research directions.
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2. Design and development of shoulder rehabilitation exoskeleton

A. First Iteration of the Exoskeleton

The design of the shoulder exoskeleton builds
upon the author’s previous exoskeleton developments
[19,20], which were originally inspired by the CAREX
exoskeleton [14]. As in the previous iteration,
the exoskeleton consists of three main components:
the base support, which is fixed to the ground;
the shoulder girdle mechanism, which actuates

< Joint >
sternoclavicular
acromioclavicular
scapulothoracic

glenohumeral

the shoulder cuff, and the Cable-Driven Parallel
Mechanism (CDPM) mechanism, which actuates the
upper arm cuff. These elements were also present in the
earlier real-scale prototype [21], developed at the
University of Wollongong and named the HYBRID-
Shoulder Rehabilitation Exoskeleton (HYBRID-SRE),
hereafter referred to as HYBRID-1. The schematic
kinematic model of the HYBRID-1 exoskeleton is
illustrated in Fig. 1b.
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Figure 1 - Shoulder joint structure: (a) Bones and joints of the human shoulder [16]; (b) Kinematic model of the HYBRID-1
exoskeleton: (1) — fixed base, (2) — shoulder girdle mechanism, (3) — shoulder cuff, (4) — upper arm cuff [19]

The base support (or fixed base) is used to align
the robot’s joint axes along vertical and horizontal
planes. Additionally, to reduce the exoskeleton’s
overall weight, all actuation units are mounted on the
base support behind the user’s back. A detailed
description of the actuators’ setup can be found in
Section III. Figure 3 shows that the shoulder girdle
mechanism is connected in series with the fixed base.
This mechanism includes two rotational drives
responsible for protraction/retraction and
elevation/depression of the shoulder girdle. A detailed
kinematic analysis of the HYBRID-1 exoskeleton is
provided in [20]. It consists of two active Revolute (R)
joints and one passive Prismatic (P) joint.

The remaining two components of the device—
the shoulder cuff and the upper arm cuff—are
connected via cables, as shown in Fig. 1, forming the
CDPM. The cables are designed so that their ends
function as spherical (S) joints, while a prismatic (P)
joint in the middle allows actuation in only one
direction (pull). The shoulder cuff serves as the base
platform (BP), while the upper arm cuff acts as the
moving platform (MP), enabling three rotational DOFs

for the spherical GH joint. These cables pass through
the cuffs and connect to the actuators on the fixed base.

Several experiments were conducted using the
HYBRID-1 exoskeleton with a healthy participant
wearing an Xsens suit equipped with motion trackers
[21]. The participant performed predefined motion
patterns while attached to the HYBRID-1 exoskeleton,
which was tested without actuation to assess its Range
of Motion (ROM). The positions of the right forearm
and upper arm trackers were recorded to capture
shoulder and shoulder girdle movements. Xsens
technology was used to evaluate the workspace of the
HYBRID-1 and compare its ROM to that of a healthy
human shoulder.

Basic control experiments were conducted to
evaluate the performance of HYBRID-1's position
controllers. These experiments included standard
shoulder movements as well as complex trajectories
involving both independent and coordinated motions
of the exoskeleton’s sub-mechanisms.
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One of the most challenging tasks was
maintaining tension in the exoskeleton’s cables.
Additional cable tension tuning was performed for
each cable independently. Despite these efforts, some
difficulties persisted during the experiments. In the
initial position-control trials, some cable tensions
dropped below zero because of purely position-based
control and insufficient initial pretensioning. This issue
emphasized the difficulty of maintaining proper
tension without a dedicated control mechanism.
Consequently, a new version of the CDPM has been

3. Experimental results

A. 3D-Printed Miniature Model of the Hybrid
Shoulder Exoskeleton

The new iteration of the shoulder rehabilitation
exoskeleton includes modifications to the shoulder

(a)

developed in the subsequent iteration of the
exoskeleton.

As a result, based on this initial design, a new
iteration of the exoskeleton has been developed at
Nazarbayev University, referred to as hybrid shoulder
exoskeleton, with two major modifications discussed
in the following subsections. First, a 3D-printed
miniature model of hybrid shoulder exoskeleton was
created to evaluate the impact of these changes (Fig. 2).
Insights from this model were then used to
manufacture a real-scale prototype of the hybrid
shoulder exoskeleton shoulder robotic exoskeleton.

girdle mechanism and the CDPM. As described in [22],
a miniature 3D-printed model has been designed to
study the coupling mechanisms between a robotic

exoskeleton and human anatomy (Fig. 2a).

Figure 2 - 3D Printed Mini-prototype and Cad model of hybrid shoulder exoskeleton [22]

To begin with, a CAD design was created to
visualize and understand the interaction between the
robotic  exoskeleton and human  shoulder
biomechanics. The design incorporates a hybrid 5-
degree-of-freedom (DOF) shoulder mechanism,
combining a 2-DOF four-bar linkage for the shoulder

girdle with a 3-DOF CDPM for the spherical human
shoulder joint. The mechanical design of the hybrid
shoulder exoskeleton is shown in Fig. 2b, where key
components such as the base, universal joints, revolute
joints  (bearings), shoulder joint, pretension
mechanism, rigid robot links, human links, shoulder
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cuff, upper arm cuff, and cable links can be seen. One
of the crucial objectives of developing the miniature
model is to validate the kinematic models by
comparing mathematical predictions with practical
CAD simulations. Both forward and inverse
kinematics for the four-bar mechanism, as well as
inverse kinematics for the CDPM, were tested,
showing close alignment between theoretical
predictions and simulated outcomes. This confirmed
the accuracy of the mechanism’s design.

The first significant modification in the new
iteration is the redesign of the shoulder girdle
mechanism. The inverted slider-crank linkage, which
was a key part of the shoulder girdle mechanism in
HYBRID-1, has been replaced with a planar crank-
rocker four-bar linkage consisting of four revolute (R)
joints.

The second modification is the addition of a
novel pretension mechanism for the CDPM. This
mechanism includes adjustable straps or cables that
can be fixed to specific parts of the robot link and
connected to either springs, pneumatic/hydraulic
actuators, or motors [23, 24]. These straps/cables help
maintain tension in the driven cables, preventing
derailment and interference while also providing
assistive force to support the patient’s movement.

The prototype serves as a functional tool for
exploring different optimization scenarios in the
exoskeleton’s design for practical use. It allows for
adjustments in joint angles, ROM, and force feedback,
tailoring the therapy to individual needs. This level of

enables  precise control over
processes, potentially
recovery outcomes for patients with shoulder

customization
rehabilitation enhancing
impairments. Such a detailed approach in designing
and verifying the 3D-printed prototype highlights its
potential for clinical applications, providing a robust
platform for further research and development in
robotic-assisted rehabilitation. The creation of this
miniature model has not only validated the applied
modifications but has also initiated the design and
development process of a new version of the
exoskeleton.

B. Current Status of Hybrid Shoulder Rehabilitation
Exoskeleton

Based on the previous version of the exoskeleton
(HYBRID-1) [20] and  the
demonstratedin the miniature model, work on the new

modifications

iteration has begun with the implementation of these
changes in a CAD model of the exoskeleton. The
updated version of the CAD model of the exoskeleton

is represented in Fig. 2. With these changes, the
exoskeleton has been modified as a novel pretension
mechanism is now adapted into the base. Also, instead
of the inverted slider-crank mechanism, the subsystem
of the shoulder girdle mechanism, the crank-rocker
four-bar linkage has been proposed and integrated.
Furthermore, additional support at the base of the
exoskeleton has been added to improve the overall
stability of the structure.

The shoulder cuff, which is serially connected to
the crank-rocker four-bar linkage, is depicted in Fig.
3b. It is designed to be adjustable for different users.
Additionally, the cable connection points for the
CDPM, located on the shoulder cuff, can be
repositioned, which will be useful for future research.

The article by [23] discusses the development of a
novel mechanical system designed to address tension
management issues in cable-driven continuum
manipulators. These manipulators are commonly used
in biomechanical and medical robotics due to their
flexibility and their ability to transmit force over a
distance without requiring motors at each joint. The
paper highlights the challenges of tension and friction
in cable-driven manipulators, particularly in multi-
section actuated systems, where cable derailment and
interference are significant concerns. As stated by [24],
a pretension mechanism can stabilize cable-driven
systems by preventing cable derailment from pulley
grooves and reducing interference between cables. We
adapted this mechanism to our exoskeleton and placed
it on top of the main exoskeleton.

The pretension mechanism consists of eight rods
placed at the top of the exoskeleton, along with the
roller holders that are placed onto these rods. The roller
holder consists of linear bearings (with the help of
which the roller holder can slide up and down avoiding
excessive friction), rollers for cable movement, and pins
to secure the rollers [23]. Additionally, compression
springs are placed along and at the bottom of all rods to
provide the necessary tension force. For initial
experiments, the roller holders are 3D printed. In later
experiments, the materials may be changed to enhance
durability due to the high tension forces generated
during actuation.

Instead of the octagon-shaped pretension
mechanism presented in [23], the mechanism’s
structure has been adapted to suit the directions of
cables in the developed exoskeleton. The concept of
pretension still works, as compression springs keep
tension across the cables. The roller holders are pulled
down due to the load (the weight of a hand) and the
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Trauma & Ortho Kaz, 2026, 77 (1)

springs counteracting the downward force generate a
pretension force. The upper arm cuff is in the final stage
of assembly. This component consists of an orthotic
brace and a metallic cuff with cable connection points
for the CDPM.

4. Discussion

The development of the hybrid shoulder
exoskeleton shoulder rehabilitation exoskeleton
addresses critical limitations identified during the
evaluation of its predecessor, HYBRID-1. A primary
challenge in the initial prototype was the instability of
the cable-driven parallel mechanism (CDPM), where
cable tensions frequently dropped below zero during
position-control trials. This lack of consistent tension
not only risked cable derailment but also
compromised the accuracy of the assistance provided
to the patient. The integration of a novel pretension
mechanism in hybrid exoskeleton, featuring eight rods
and spring-loaded roller holders, provides a passive
yet effective solution to maintain tension and prevent
interference. By adapting this mechanism from
continuum manipulator research to an exoskeleton
framework, the system can now better manage the
gravitational loads of the human arm while ensuring
the cables remain securely within their paths.
Furthermore, the transition from an inverted
slider-crank to a planar crank-rocker four-bar linkage
for the shoulder girdle represents a significant
improvement in anatomical alignment. The shoulder
is a biomechanically complex joint where the motion
of the glenohumeral (GH) joint is inextricably linked

5. Conclusions

The development of the hybrid shoulder
rehabilitation exoskeleton marks a significant
advancement in therapy by
addressing the critical mechanical shortcomings of its
predecessor. By replacing the previous inverted slider-
crank mechanism with a planar crank-rocker four-bar
linkage, the device achieves better alignment with the
complex biomechanics of the human shoulder girdle.
This modification, alongside the integration of a novel
passive pretension mechanism, effectively mitigates
the issues of cable derailment and tension loss that
hindered the performance of the HYBRID-1 prototype.

The successful validation of these design
changes through CAD simulations and a 3D-printed
miniature model confirms the accuracy of the system's
kinematic models. With the manufacturing of a real-
scale prototype featuring an adjustable shoulder cuff

robotic-assisted

All actuators have been installed at the back of the
exoskeleton. Before installing the actuation units,
preliminary tests were conducted, with detailed
information provided in the next section.

to the movement of the shoulder girdle. Traditional
robots that focus solely on the three rotational degrees
of freedom often cause discomfort due to
misalignment with the shifting center of rotation. The
modified four-bar linkage in  hybrid shoulder
exoskeleton is designed to better accommodate these
translations, potentially reducing the nonphysiologic
synergies and compensatory movements often seen in
stroke survivors.

The successful validation of these changes
through a 3D-printed miniature model and CAD
simulations confirms that the theoretical kinematic
models align closely with practical application. This
iterative design approach allowed for optimization of
joint angles and range of motion before committing to
the full-scale manufacture. While the current
prototype demonstrates improved structural stability
through additional base support and adjustable
components, the next critical phase involves assessing
how these mechanical improvements translate to a
clinical setting. Future performance testing with a
diverse group of healthy subjects will be essential to
determine how variations in body parameters, such as
height and arm diameter, affect the system's ability to
provide precise, task-specific therapy.

and enhanced structural stability, the project has
established a robust platform for providing intensive,
task-specific exercises. These improvements are
essential for reducing nonphysiologic compensatory
strategies and ensuring a safe, comfortable, and
standardized rehabilitation experience for patients.

Moving forward, the focus will shift to
preliminary performance testing through position
control experiments involving 12 healthy subjects.
These tests will evaluate how variations in individual
body parameters—specifically height, width, and
upper arm diameter —impact the system’s physical
performance. Ultimately, the hybrid exoskeleton aims
to bridge the gap in current rehabilitation services,
offering a scalable solution to the growing demand for
stroke recovery interventions.
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Tyiingeme

JKb14 caliblH MHCYABT CcaAjapblHaH TYBIHAAFaH JKOFApPFHI asK-KOA KbI3METiHiH OY3bLAybl OyKia 94eM OOMbIHIIIA
MMAAMOHAAFAaH ajaMHBIH eMip callacklHa acep eTedi. A1 MOTOPABIK OaKblaayAbl KaAIlbIHa KeATipy YIIiH KapKbIHABI
OHAATYABI KaXKeT eTedi. AacTypai pusmnoeM MeH COHFHI yATigeri OybIHABI poOOTTap KOAAaHBLAFaHBIMEH, 01ap KebiHece
JKOFaphl eHOeK IIBIFbIHAAPBI, TepamleBTTiH IIapIlaybl >kKoHe aJaM KOABIHBIH epKiHAIK AdpeXkecCiHiH apThIKTBIFHIH
Oaxplaail aaMay CUAKTHI IIeKTeyAepre Tarl 0oaaabl. bya 6eridpnusnoa0rnsaabK KOMIIEHCAaTOPABIK KO3FaABICTapFa oKeAyi
MyMKiH. Makaaaga HYBRID-1 aaAbIHFBI IPOTOTUITIHIH JKeTiAAipiaTeH HYCKAchl OOABI TaObLAaTBIH ITMOPUATI MBIKTHI
OHaATY 9K30CKeAeTiH a3ipAey >KYMbICTaphl YCHIHBIAFaH.

Omnimaizixri Garasay >koHe OacTalKbl HyCKada aHBIKTaAFaH apKaH Kepilyi MaceaeaepiHe Herizgele OTBIPBIII,
TMOPMATI DK30CKeAeT AM3aliHbIHA eKi Herisri esrepic eHrisiaai. bipiamrigeH, mpIk OeageyiHiH MexaHM3Mi agam
aHaTOMMSICBIHA >KaKCBIPAK, COVIKECTEHAIPY YIIiH TOPT aliHa/AMaAbl IIapHUPAEH TYPaTHIH >Ka3bIK TOPT OYBIHABI UiHAI-
0eaaik (KpMBOIIUII-KOPOMBICA0) MeXaHM3MiHe ayBICTHIPBLAALL. EKiHITizeH, apKaHAapABIH IILIFHII KeTyiH 0044bIpMay
>KoHe CTep>KeHbAep, POAMKTEP MeH CBIFy cepillieepi XylieciH MnaligalaHa OTBHIPBII, TYPaKThl Kepiayai cakray yIIiH
apKaHabl Hapaadeab Mexanusmre (CDPM) sxaHa aa4bIH ada Kepidy MexaHu3Mi 0ipikTipiaai.

AwnzaitH aaapiMeH 3D-Oacpll MIBIFApbLAFaH MUHMATIOPaAbIK MoJeab koHe CAD cumyasumsaapsl apKblAbl
Tekcepiaai, Oya Typa >koHe Kepi KMHeMaTHKaABIK MOAeAbAePAiH A9AAiriH pacTaabl. KeitliHHeH KAMHMKAABIK, KOAAaHY
YILiH KYPBIABIMABIK TYPaKTBIABIKTEI apTTHIPY MaKcaTbIHAA PeTTeAeTiH UbIK MaHKeTi JKoHe KOChIMIIIa HeTisTi Tiperi 6ap
TOABIK ayKBIMABI IIPOTOTUII AaifbIHAAAABL bacTalKbl KypacThIpy >KoHe aAAbIH aJa ChIHaKTap O6ya Moaudukanusiap
KapKBIHADBI, apHalbl TallCBIpMaJapfa OarbITTaAFaH OHAATY VIIH ceHiMAi maaTdopMaHBl KaMTaMachl3 eTeTiHiH
Kepcereai. boaamak >KyMmbIC XylieHiH 0ol OMIKTIri MeH WBIK AuaMeTpi CUSAKTHL 9pTYpAi AeHe IapaMmeTpAepiHe
Gertimaeayin Oaraaay YIIiH cay ajaMJAapMeH ©HIMAiAiKTi cbiHayFa OarbITTaaalbl.

TyjiiinH ce3aep: MHCYABTTEH KelliHTi OHaATY, UBIK DK30CKeAeTi, MbIK DeaeyiHiH MeXxaHU3Mi, TacCUBTi aaAbIH ada

Kepidy MexaHmsMi, TopT OyBIHABI UiHAI-0ea4iK MexaHM3Mi.

PoGoTusmpoBanHasi peaOuanTanysi I1a1e4eBOro cycrasa nocae nHcyabra: Pazpadborka n

BaayvAanyisi IMOPUAHONM TPOCOBOJ CHCTEMBI 9K30CKeaeTa
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Pesiome

Exxerogno HapyueHms (QpyHKIMI BEepXHMX KOHEYHOCTE, BBI3BAHHBLIE MHCYABTOM, 3aTparuBalOT MILAAVIOHBI
AI04e¥i BO BCeM MIUpe, 9TO TpeOyeT MHTEeHCHBHON peadMAMTalNM AAsS BOCCTAaHOBAEHINSI MOTOPHOTO KOHTPOAs. XOTs
TpaAMIIMOHHas uanoTepanys M poOOTH C KOHIEBHIMU D(P@PeKTopaMM y>Ke HaXOAAT IIpMMeHeHUe, OHI 4acTo
CTaAKMBAIOTCs C TaKMMV OTPaHMYEHNSIMMY, KaK BLICOKNE TPyA03aTparsl, YTOMASIEMOCTh TeparieBTa 1 HeBO3MOXKHOCTb
KOHTPOAMPOBATh U30OBITOYHOCTD CTEIIeHeN CBOOOABI Ye10Be9eCKOl PyKH, YTO MOKET MPUBOAUTH K He(PU3MOAOTMIHEIM
KOMITEHCAaTOPHBIM JABIVDKEHUAM. A A5 peleHMs STUX 3ajad B 4aHHOI paboTe IpeicTaBaeHa pa3paboTKa IMOPMAHOTO
I1.1€4eBOr0 peabUAMTAIIMIOHHOIO DK30CKeAeTa, sBASIONIErocs YCOBepIIeHCTBOBAHHON uTepalueil IIpeAbIAyIero
npororuita HYBRID-1.

https://doi.org/10.52889/1684-9280-2026-77-1-jt0035


https://orcid.org/0009-0002-2739-4399
https://orcid.org/0000-0002-9611-0313
https://orcid.org/0009-0009-7665-9104
https://orcid.org/0000-0002-2945-8213
https://orcid.org/0000-0003-0160-1943
https://orcid.org/0009-0000-1767-3242
mailto:sharafatdin.yessirkepov@nu.edu.kz
mailto:madina.karasheva@nu.edu.kz
mailto:bauyrzhan.askarov@nu.edu.kz
mailto:a.ozhiken@satbayev.university
mailto:c.alimbayev@satbayev.university
mailto:zh.alimbayeva@satbayev.university

Trauma & Ortho Kaz, 2026, 77 (1)

B rubpmaHoM sK30cKeaeTe BHeAPEHBI ABa OCHOBHBIX KOHCTPYKTMBHBIX M3MEHEHIISI, OCHOBAaHHBIX Ha OIIeHKe
MPOMU3BOAUTEABHOCTY ¥ IHpoOJAeMax C HaTsDKeHMeM TPOCOB, BBISIBAEHHBIX B IIepBOI Bepcuu. Bo-liepsbix, Obla
IepepabOTaH MeXaHM3M II1e4eBOTO II0sca: MHBEPTUpOBaHHas II0/A3YHHO-IIATyHHas Ilepejada Oblla 3aMeHeHa Ha
MAOCKUII YeTBIPEeX3BeHHBI IIapHUPHO-PhIYaKHBI MeXaHU3M (KPMBOIINUII-KOPOMBICAO), COCTOSIIIMIA M3 4YeThIpex
BpalllaTeAbHBIX IIIaPHUPOB A5 Ay4IlIer0o COOTBeTCTBUA aHaTOMUM deaoBeKa. Bo-BTOPHIX, B TPOCOBLIN MapaaaeAbHbIi
mexannusm (CDPM) ©Opia  uHTerpupoBaH MHHOBAIIMOHHBIMI —~ MeXaHM3M  IIpeABapUTEABHOTO  HaTSDKEHUS,
NpejHa3sHauyeHHBIl AAs IIpejOTBpallleHMsl COCKaKMBaHMS TPOCOB U TIOAJAEP>KaHMs TIOCTOSIHHOTO HAaTsKeHMS C
IIOMOIIIBIO CUCTEMBI CTEP>KHEl, POAUKOB U IIPY>XUH CKaTUA.

Koncrpyknus Oblaa HpegBapuTeAbHO BaAMAMpPOBAaHA Ha HalledaTaHHON Ha 3D-mpuHTepe MUHMATIOPHON
Mogean u B cpede CAD-MozeanpoBaHs], YTO MOATBEPANAO TOYHOCTh MOJeAell TIPsIMOI ¥ 0OpaTHON KMHEMAaTUKI.
Brnocaeactsum ©6Bl4 M3rOTOBAEH IIOAHOMACIITAOHBI IPOTOTUII C PeryAupPyeMOl I11e4eBOll MaHXXeTOl U
AOIIOAHUTEABHOV OIIOPOI OCHOBAHMS AASl TIOBBIIIEHUS] CTPYKTYPHOM YCTOMYMBOCTY B KAMHUYIECKUX YCAOBVISIX.
Ilepsuunas cOopka M IIpeABapMUTeABbHbIE VICIIBITAHMS IIOKAa3BIBAIOT, YTO JaHHBle MoAMpUKaumy oOecredmnBaioT
HaAe>XHYIO I11aTQOPMYy A5 MHTEHCUBHOI Ile1eHallpaBAeHHON peabuantauuu. byaymias pabora 6yseT cocpedoToueHa
Ha TeCTUPOBaHMUM ITPOU3BOAUTEABHOCTU C yJacTUeM 3J0POBBIX UCHBITYeMBIX A5 OLIeHK! ajallTMBHOCTU CUCTEMBI K
PpasAMYHBIM aHTPOIIOMETPUYECKUM MapaMeTpaM, TaKUM KaK pocT U AMaMeTp I11eda.

KaioueBble caoBa: peaOmamranys IocJe MHCYAbTa, I1A€4eBOi DK30CKeAeT, MeXaHWU3M I11e4eBOro II0:ca,

MeXaHN3M IMaCCMBHOIO IIpeABapUTEAbHOIO HATKEHII, ‘IETI)IPEXZBBQHHLIIZ LHapHI/IpHO-pr‘Ia)KHI)II‘/I MeXaHI3M.
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