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Abstract

The aim: To evaluate the kinematic performance of a cable-driven elbow-wrist
exoskeleton intended for upper limb rehabilitation in orthopaedic and post-traumatic
conditions.

Methods. A four-degree-of-freedom cable-driven exoskeleton was designed to assist
elbow flexion-extension and multi-axis wrist motion. To reduce distal inertia and
minimize joint misalignment commonly associated with rigid transmission systems, a
cable-based actuation architecture was implemented. The elbow mechanism was
configured as a single-degree-of-freedom joint powered by two antagonistic motors
enabling bidirectional torque generation and modulation of joint stiffness through co-
contraction principles. The wrist module provided three rotational degrees of freedom
actuated by four tendons, where three cables-controlled roll and pitch motions and a
diagonally oriented cable enabled yaw rotation. Kinematic modeling was performed
using homogeneous transformation matrices to establish forward and inverse kinematic
relationships from the proximal fixation point to the distal platform. Numerical
simulations were conducted in MATLAB, followed by experimental validation on a
scaled prototype. Cable displacement responses were compared with theoretical inverse
kinematic predictions throughout the operational workspace.

Results. The developed system demonstrated consistent agreement between theoretical
modeling and experimental measurements. The elbow module achieved controlled
flexion and extension within a range from minus sixty to sixty degrees, with stable
bidirectional motion and predictable cable displacement patterns. The wrist mechanism
preserved smooth multi-axis rotation and maintained mechanical transparency across
roll, pitch, and yaw movements without evidence of kinematic singularities within the
tested workspace. Experimental results confirmed accurate mapping between joint
angles and cable actuation lengths, supporting the validity of the proposed kinematic
model.

Conclusion. The proposed cable-driven elbow—wrist exoskeleton demonstrates reliable
kinematic performance and reduced mechanical inertia compared to rigid transmission

Trauma & Ortho Kaz, 2026, 77 (1)

PARASSATKZ


https://orcid.org/0009-0002-2739-4399
https://orcid.org/0009-0005-2630-0479
https://orcid.org/0009-0006-6875-0133
https://orcid.org/0000-0002-8762-2202
https://orcid.org/0009-0000-1767-3242
https://orcid.org/0009-0008-5910-3916
mailto:sharafatdin.yessirkepov@nu.edu.kz
mailto:adilet.toleshev@nu.edu.kz
mailto:u.shylmyrza@satbayev.university
mailto:y.igembay@satbayev.university
mailto:d.serik@satbayev.university
mailto:murat.alibek@astanait.edu.kz
mailto:sharafatdin.yessirkepov@nu.edu.kz
https://doi.org/10.52889/1684-9280-2026-77-1-jto037
https://doi.org/10.52889/1684-9280-2026-77-1-jto037

Trauma & Ortho Kaz, 2026, 77 (1)

systems. The validated modeling framework establishes a foundation for the future
implementation of hybrid position and torque control strategies in orthopaedic upper

limb rehabilitation technologies.

Keywords: exoskeleton devices, upper extremity, rehabilitation, biomechanics,

kinematics, robotics.

1. Introduction

Upper limb dysfunction is a frequent consequence
of orthopaedic trauma, postoperative immobilization,
peripheral nerve injury, and degenerative joint
disorders. Restoration of elbow and wrist mobility is
essential for recovering functional independence, as
these joints play a central role in positioning and
stabilizing the forearm during daily activities. In recent
years, upper-limb exoskeletons have gained increasing
attention in rehabilitation, assistive, and human
augmentation applications due to their ability to
provide controlled and repetitive motion while
operating in close physical interaction with the user.
Clinical research have reported that robot-assisted
rehabilitation can improve motor function recovery of
the upper limb after stroke. Early clinical studies using
robotic therapy systems such as MIT-MANUS
demonstrated measurable improvements in motor
function of the affected arm following repetitive robot-
mediated training [1]. A systematic review and analysis
which includes several randomized controlled trials
presented that robot-assisted training positively
influence arm motor function in comparison with
traditional therapy [2]. Unlike industrial robotic
systems, wearable elbow devices must function under
uncertain and variable human dynamics, which places
significant demands on both mechanical design and
control strategies.

Control strategies for upper-limb and elbow
exoskeletons have traditionally relied on either
position-based or torque-based approaches [3]. Position
control is widely adopted because of its simplicity and
its capacity to ensure accurate trajectory tracking;
however, when applied to wearable systems, it may
result in stiff interaction and reduced adaptability to the
user’s natural motion [4]. To address these limitations,
torque-based, impedance, and admittance control
methods have been introduced to enhance compliance
and safety during human-robot interaction [5].
Although these approaches improve interaction
quality, they may compromise positional accuracy or
stability when precise motion guidance is required [5].
Consequently, several studies have emphasized the
limitations of exclusively position- or torque-based
control, motivating the development of hybrid

strategies that integrate the advantages of both
paradigms [6].

To bridge the gap between clinical settings and
home wuse, recent research has prioritized the
development of low-cost exoskeleton arms specifically
tailored for rehabilitation, ensuring that financial
constraints do not limit patient recovery [7]. Beyond
mere affordability, the effectiveness of these devices
relies heavily on their mechanical alignment with the
user's physiology. Recent implementations have
emphasized using specific anthropometric data to
customize robot dimensions, which ensures a better
ergonomic fit and safer joint alignment during
repetitive exercises [9].

The evolution of these systems also involves the
integration of sophisticated control and actuation
strategies. Modern devices are increasingly
incorporating intention detection techniques to foster
active patient participation, allowing the exoskeleton to
respond dynamically to the user's motor volitions
rather than providing purely passive movement [8].
Furthermore, there is a growing interest in alternative
hardware configurations, such as cable-driven designs,
which offer a lightweight and flexible alternative for
assistive tasks, though they require rigorous
experimental evaluation to validate their performance
in real-world scenarios [10]. By integrating these
diverse approaches—ranging from cost-effective
hardware to intent-based control —the next generation
of upper-limb exoskeletons aims to provide more
effective and inclusive rehabilitation solutions.

Beyond control methodology, the mechanical
actuation architecture plays a critical role in elbow
exoskeleton performance, particularly in systems
involving close physical human-robot interaction.
Conventional rigid transmission mechanisms, such as
geared electric drives, increase reflected inertia and
sensitivity to joint misalignment, potentially reducing
mechanical transparency and user comfort [11]. As an
alternative, cable-driven actuation has been widely
adopted in upper-limb exoskeletons because it enables
remote actuator placement, reduces distal mass, and
introduces inherent mechanical compliance [12].
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Within  cable-driven  systems, antagonistic
actuation where two cables generate opposing torques
about the same joint allows bidirectional torque
generation and supports joint stiffness modulation
through co-contraction [13,14]. These characteristics
make  antagonistic = cable-driven =~ mechanisms
particularly suitable for elbow exoskeletons that aim to
combine accurate motion control with safe and
compliant physical interaction.

Despite these advancements, comprehensive
kinematic modeling and experimental validation of

2. Materials and methods

Study design

This study was an experimental laboratory-based
engineering validation of a four-degree-of-freedom
cable-driven elbow—wrist exoskeleton. The
investigation focused on mechanical design and
kinematic modeling, followed by prototype-based
validation. No human participants were involved.

Mechanical Design of the Exoskeleton

The proposed mechanism is a laboratory-
developed miniature prototype of a four-degree-of-
freedom exoskeleton robot designed for preliminary

(a) 4

multi-degree-of-freedom cable-driven elbow-wrist
exoskeletons remain limited. In particular, the
integration of an antagonistic elbow mechanism with a
tendon-based multi-axis wrist module requires
rigorous kinematic analysis to ensure predictable
motion transmission and coordinated joint behavior.

Therefore, the aim of this study was to develop a
laboratory-scale four-degree-of-freedom cable-driven
elbow-wrist exoskeleton and to evaluate its kinematic
performance through mathematical modeling and
experimental validation.

mechanical testing and kinematic assessment. The
prototype was modeled using SolidWorks software to
ensure precise geometric alignment of structural
components.

The system consists of:

* a one-degree-of-freedom elbow joint;

¢ a three-degree-of-freedom wrist joint.

Figure 1 provides a direct comparison between the
mechanical design of the exoskeleton and the human
arm it is intended to assist.

Elbow

with 1DOF  with 3DOF

Figure 1 - Comparison between the modeled robotic arm and a human arm: a) 3D assembly designed in SolidWorks: 1 -
Upper elbow motor assembly that Includes an EC Maxon motor, a winding shaft, and a motor bracket; 2 - Lower elbow motor
assembly; 3 - Brachium (Upper arm) segment; 4 - Elbow articulation joint; 5 - Antebrachium (Forearm) segment; 6 -Cable
anchor points; 7 - Wrist base featuring elbow cable connections; 8 - Wrist spherical joint; 9 - Platform interface; 10 -
Actuation cables; 11 - Wrist motor assembly: Comprising QB motors, a drive shaft, and a motor housing; 12 - Wrist-specific
cable attachments; b) The anatomical human arm used for reference

Elbow Mechanism

The elbow joint is actuated by two antagonistic
motor assemblies (upper and lower). This configuration
enables bidirectional torque generation and allows joint
stiffness modulation through controlled co-contraction
of opposing cables. The antagonistic cable-driven
architecture was selected to enhance compliance and
reduce distal inertia, which is essential for
rehabilitation-oriented wearable systems.

Cable anchor segments are equipped with
spherical joints that allow consistent cable displacement
while maintaining alignment even under slack
conditions. These spherical joints reduce friction and
allow the cables to rotate freely during complex joint
movements, thereby improving mechanical efficiency
and transmission smoothness.

Wrist Mechanism
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The wrist mechanism is actuated by four tendons
connected to a distal platform interface. Three cables
facilitate roll and pitch rotations, while a fourth
diagonally oriented cable generates torque for yaw
adjustment. The three primary cables are uniformly
spaced, and their attachment points form the vertices of
an equilateral right triangle on the moving platform.

This tendon-based design reduces distal mass and
enhances system wearability, which is advantageous
for upper limb rehabilitation applications.

Kinematic Modeling

The kinematic architecture of the device was
established using homogeneous transformation
matrices to define the spatial relationship between the
stationary upper arm base and the functional segments
of the exoskeleton.

A fixed coordinate system was defined: Frame 0:
stationary shoulder reference; Frame 1: static elbow
reference; Frame 2: rotating elbow frame;

Elbow Kinematics

The elbow joint was modeled as a pure rotational
transformation about the x-axis by an angle 01,
representing motion. The
transformation from Frame 1 to Frame 2 is therefore
defined as a single-axis rotation.

flexion-extension

To reach the wrist base (Frame 3), a translation d0
along the y-direction of Frame 2 was applied.
Subsequent translations defined the cable attachment
geometry:

- Translation d1 along the z-direction;

- Translation — d2 along the y-direction.

These sequential transformations resulted in
Frame 5, which defines the attachment point of the first
cable on the elbow platform. The spatial relationship
between Frame 1 and Frame 5 was derived by
multiplying the individual transformation matrices.

The cable displacement between Frames 5 and 6
was determined by solving the inverse kinematics
problem. This displacement corresponds to the cable
length change subtracted from the reference length of
the cable.

Antagonistic Cable Configuration

To complete the antagonistic setup, a symmetrical
lower assembly was introduced. Frames 9 through 13
represent the mirrored configuration of the upper
motor and cable system. Sequential translations defined
the lower cable attachment geometry, and the
displacement between Frames 10 and 11 determined the
required cable length variation for the second motor.

(a) Elbow part
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Figure 2 (a) - Schematic representation of the robotic arm (elbow part), illustrating the spatial configuration of coordinate

frames, joints, structural links, and the cable-driven transmission system

This symmetrical configuration enables controlled
bidirectional torque generation at the elbow joint.

Wrist Kinematics

The wrist assembly consists of a base and a moving
platform connected by a central link of length h. Frames
3 and 19 were defined at the centers of the base and
moving platform, respectively.

A spherical joint was incorporated between these
components. To model this structure:

e A translation of h/2 along the y-axis defined an
intermediate frame;

* A three-axis  rotational  transformation
represented roll, pitch, and yaw about the x-, z-, and y-
axes;
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e A final translation of h/2 along the y-axis
completed the transformation sequence.

The composite transformation matrix defined the
spatial relationship between the wrist base and moving
platform.

(b) Wrist part
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Figure 2 (b) - Schematic representation of the robotic arm (wrist part), illustrating the spatial configuration of coordinate

frames, joints, structural links, and the cable-driven transmission system

Cable attachment points on the wrist platform
were determined using additional transformation
matrices. By solving the inverse kinematics equations
for the parallel cable-driven mechanism, the required
cable lengths for roll, pitch, and yaw movements were
calculated.

Experimental Validation

A laboratory prototype was constructed to validate
the proposed kinematic model. Controlled joint
rotations were introduced at the elbow and wrist, and
corresponding cable displacements were measured.
The experimentally obtained cable length variations
were compared with theoretical predictions derived

3. Results
Owerall Kinematic Validation
The experimental evaluation assessed the

relationship between joint rotations and corresponding
cable displacements in both the elbow and wrist
mechanisms. The results quantified the operational
workspace and confirmed the predictable behavior of the
cable-driven architecture.

The cable-driven actuation system enabled remote
actuator placement while maintaining consistent motion
transmission across the defined rotational ranges.
Measured cable displacements demonstrated stable and
repeatable trends throughout the tested workspace.

Elbow Mechanism

The kinematic assessment of the elbow module
focused on the relationship between the elbow rotation
angle 01 and the displacement of the antagonistic cables.

from the inverse kinematic model across the defined
operational workspace.

Agreement between experimental measurements
and model predictions was used to evaluate the
accuracy and consistency of the proposed kinematic
formulation.

Ethical Considerations

This study involved mechanical modeling and
prototype testing only. No human participants, patient
data, or biological materials were used. Therefore,
ethical approval was not required in accordance with
institutional and national research regulations.

During the upward lifting motion (Figure 4), as the
elbow angle increased from minus sixty to sixty degrees,
the displacement of the upper cable dL (5-6) increased
progressively, while the displacement of the lower cable
dL (10-11) decreased correspondingly. During the
downward motion, the opposite pattern was observed:
the upper cable displacement decreased as the lower
cable displacement increased.

This reciprocal displacement behavior confirmed
the functional symmetry of the antagonistic actuation
mechanism and demonstrated consistent bidirectional
cable response across the tested range of elbow motion.

https://doi.org/10.52889/1684-9280-2026-77-1-jt0037
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Figure 4 - Graphs of elbow rotation with respect to the antagonistic cable displacements: (a) upward lifting;

(b) downward putting
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Wrist Mechanism

The wrist mechanism was evaluated across roll,
pitch, and yaw rotational movements with respect to
the four cable displacements (Figure 5).

During roll motion, cables 16-22 and 15-21
exhibited opposing linear displacement trends.

During pitch motion, cables 14-20 and 15-21
demonstrated

symmetrical ~displacement curves
relative to platform rotation.
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Yaw rotation produced a smaller displacement
range compared to roll and pitch, typically between
minus eight millimeters and six millimeters.

Across all three rotational axes, cable displacement
patterns remained continuous and consistent within the
defined operational workspace.

4-20

Cable displacement AL (mm)

-10 0 10
Platform roll (deg)

20 30 -20 -10

0

Platform pitch (deg)

10 20 -20 -10 0 10

Platform yaw (deg)

20

Figure 5 - Graphs of wrist joint rotation with respect to four cable displacements. Rotations represent the following

directions: (a) roll; (b) pitch; (c) yaw

4. Discussion

The present study developed and experimentally
validated a cable-driven elbow—wrist exoskeleton
designed to provide accurate motion transmission
while maintaining mechanical compliance suitable for
rehabilitation applications. The results demonstrated

predictable and symmetrical cable displacement
behavior across the defined operational workspace for
both elbow and wrist mechanisms, supporting the
correctness of the proposed kinematic model. For the
elbow module, the antagonistic cable configuration

https://doi.org/10.52889/1684-9280-2026-77-1-jto037
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produced reciprocal displacement patterns during
flexion and extension. This behavior confirms the
mechanical feasibility of generating bidirectional
torque through opposing cable actuation. The
symmetrical response observed during upward and
downward movements indicates stable torque
transmission and consistent geometric alignment.

Such antagonistic architecture mimics the
functional principle of human muscle pairs, where
agonist-antagonist activation enables both motion
generation and joint stabilization. This biomimetic
approach is supported by [4], who emphasized that
mimicking human muscle dynamics through variable
stiffness is essential for natural human-robot
interaction. Furthermore, the use of cables instead of
rigid links aligns with the findings of [12], who
demonstrated  that  cable-driven  differentials
significantly enhance the transparency of upper-limb
rehabilitation devices by decoupling motor mass from
the moving segments. This reduction in distal mass is
a critical factor; as noted by [12], minimizing joint
misalignment and reflected inertia is vital to
preventing secondary injuries during robotic therapy.

The wrist mechanism demonstrated coordinated
multi-axis motion through a four-cable tendon-driven
configuration. The observed linear displacement
trends during roll and pitch rotations confirm effective
force distribution among the primary cables. The
comparatively smaller displacement range during yaw
rotation reflects the geometric constraints of the
platform-based parallel structure. Importantly, no
discontinuities or irregular cable behavior were
observed within the tested workspace, indicating
mechanical transparency and predictable kinematic
coupling. This stability is consistent with the optimized
cable-driven shoulder-elbow designs proposed by [13],
which utilize tendon tension to maintain a singularity-
free operational workspace.

One of the principal advantages of the proposed
design lies in the cable-driven actuation strategy. By
relocating actuators proximally, distal mass and
reflected inertia are reduced compared with rigid
transmission systems. Lower inertia at the joint level
may improve wearability and comfort, which are
critical factors in orthopaedic rehabilitation devices

5. Conclusions

This study developed and evaluated a four-
degree-of-freedom cable-driven elbow—wrist
exoskeleton and assessed its kinematic performance
through mathematical modeling and prototype-based
validation. The antagonistic cable-driven architecture
reduced distal mass and joint-level inertia while

intended for prolonged use. This design choice is
further validated by [5], who argued that adaptive
impedance control—made possible by compliant
transmission—is superior for assisting patients with
variable biological signals. Additionally, the
incorporation of spherical joints at cable anchor points
enhances alignment and reduces friction during
complex joint maneuvers.

The integration of these mechanical features
provides a foundation for more advanced control
schemes. As demonstrated by [6], hybrid
position/force control is particularly effective in
exoskeletons when the mechanical structure is
lightweight enough to allow for rapid corrective
movements. Furthermore, the ability to estimate and
modulate stiffness via antagonistic cables, as explored
by [13], ensures that the device can adapt to the
patient's specific stage of recovery, shifting from rigid
guidance to high-compliance assistance. While the
current study focused on mechanical modeling and
prototype validation without human subjects, the
validated kinematic framework provides a robust basis
for implementing these hybrid control algorithms in
future clinical trials.

The developed cable-driven architecture
addresses a critical gap in wearable robotics by
balancing kinematic accuracy with mechanical safety.
As noted by [15], cable-driven systems offer a distinct
advantage over rigid-link counterparts by providing a
high power-to-weight ratio, which is essential for
patients with significant muscle weakness. The
antagonistic configuration used in the elbow module
not only mimics biological muscle pairs but also allows
for the implementation of safety-oriented control
strategies. [16] demonstrated that such compliant
transmission systems inherently protect the user from
excessive torque, a feature that is paramount in post-
traumatic orthopedic rehabilitation.

The reliability of the forward and inverse
kinematic models established in this study provides
the necessary framework for task-specific training,
which was identified as a key factor in accelerating
neuroplasticity and functional recovery in upper-limb
patients [17].

enabling bidirectional torque generation at the elbow
joint. The derived homogeneous transformation
framework defined a consistent operational workspace
and established the relationship between joint
rotations and cable displacements. Experimental
findings confirmed agreement between theoretical
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Tyiingeme

Bbya seprreyain MakcaThl: OpTONeAUAABIK KoHe >KapakKaTTaH KeiHTi >KaFJalidapAarbl KOFapFbl asK-KOAJbI
OHaATYyFa apHaAfaH TPOCTBIK >KeTeKTi ITbIHTaK—0iAe3iK DK30CKeAeTiHiH KMHeMaTHUKaAbIK KopceTKimTepiH Oaraaay.

Oaicrepi. IIbIHTAKTHIH OyTiayi—Ka3blAybIH JKoHe 0iae3iKTiH KenOarbITTh KO3FaAbICTapBIH KOAJayFa apHaAraH
TOPT epKiHAIK Jopekeci Oap TPOCTHIK >KETEKTi DK30CKeaAeT >kKoOaaaHABL KaTTel MexaHMKaABIK >Kyliedepae >Kui
Ke3JeceTiH AMCTaAbAbl MacCaHBl a3aliTy >KoHe OYBIH CoOIKecCi3AiriH TOMeHJeTy MaKCaThIHJa TPOCTHIK >KeTeKTi
MexaHu3M KoaAjaHbiAAbl. IlbiHTaK OybIHBI Oip aliHaaAMaaAbl MeXaHM3M peTiHAe KYPBIABII, eKi aHTaroHMCTIiK
KO3FaATKBIIIIIIEeH XaOAbIKTaAAbl, OYA eKi OaFrbITTHI aliHaly MOMEHTIH KaABIITaCThIPYFa JKoHe KO-KbICKapy KaFuAaThl
apKblABl OYBIH KaTTBLABIFBIH peTTeyre MyMKiHAIK Oepeai. biaesik MoAyai yIII aliHaaMaAbl KO3FaAbICTBI KaMTaMachl3
eTeAl KoHe TOPT CiHip apKblABl icke KOCBLAabl. 3 TpOC alfHaAy >KoHe eHKel0 KO3FaAbICTapblH Oackapadsl, aa
AVarOHAaAbABl OpHaJlacKaH TPOC OYphL1y KO3FaABICBIH KaMTaMachl3 eTesi. KunemaTukaaslk mModeabey OipTekTi
TYpA€HAipy MaTpmIalapsl apKbIABl JKYpPridiaai >keHe OybIH OyphIIITaphl MeH TPOCTapABblH OPBIH ayBICTHIPYAaphl
apacbhlHAAFbl Toyeaaiaik aHbiKTaaasl. CaHabK Mogeabaey MATLAB opraceiHga OpeIHAAAABI JKoHe KelliHHeH IIaFbIH
KeeMAi IPOTOTUIITe ToXKipnbeaik TekcepyMeH pacTaaabl. ©OAIIeHIeH TpOoC OPLIH ayBICTHIPYAaphl TEOPVIABIK Kepi
KITHeMaTWKaAbIK ecellTeyaepMeH JKYMBIC aliMarbl OOVIBIHIIA CaABICTHIPBLAABL.

Hoatmoxeci. Toxxipnbeaik HoTUKeAep TeOpUAABIK DoAKaMAap MeH ©/IIIeHIeH TPOC KepCeTKIlTepi apachiHAa
JKOFaphl coiiKecTikTi KepceTTi. IIpiHTaK MexanusMi -60 rpagycran 60 rpagycka 4eifiH TYpaKThl OyTidy >KoHe >KasbLly
KO3FaABICBIH KaMTaMachl3 eTTi. biaesik Moayai 3 och OolibiMeH OipKaABINITH aifHaAy KO3FAaABICBIH KOPCETTi >KoHe
CBIHAK aliMaFbIHAA MeXaHMKaABIK allKbIHABIKTHI CaKTaabl. MoaeAbAiK JKoHe ToKipubeaik TpOC OpBIH aybICTBIPYAaphl
apacblHAa eAeyi aybITKyAap aHbIKTaAFaH )OK, OyA YChIHBLAFaH KMHEMAaTUKaABIK MOJAeAbAiH A9AAITiH pacTaAbl.
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KophITeIHABL. O3ipAeHreH TPOCTHIK >KeTeKTi IIBHTaK-0ile3iK DK30CKeJeTi KaTThl JKeTeKTi >KylielepMeH
caAbICTBIPFaHAa TOMEH MeXaHUKaAbIK MHepLs MeH CeHiMAl KMHeMaTHKaAbIK KepceTKilTepai KopceTTi. ¥ ChIHbLAFaH
KOHCTPYKIMA >KOHEe MOJAeAbAeYy Tocial >KOFapF¥bl asK-KOAABl OPTOINEAMSIABIK OHAATY TeXHOAOIMSAAapbIHAA
KeTiaaipiareH 6ackapy cTparermsdapblH AaMBITY YIIiH Oepik MeXaHMKaAbIK Heri3 KaAbIITacThIpaAbl.
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TEXHOAOTIMsIAap.

OHEHKa KMHeMaTN4YeCKNX XapaKTepUCTUK TPOCOBOTIO 3K30CKeaeTa AA5I A0KTeBOTO

" Ay1e3arrsiICTHOIO CyCTaBOB
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Pe3romMme

ITeanio gaHHOTO MccAeAOBaHUS SIBAsSAACh OlleHKa KMHeMaTIeCKMX XapaKTePUCTUK TPOCOBOTO 9K30CKeAeTa A5
AOKTEBOTO U AYy4e3aIlsICTHOTO CyCTaBOB, IIpeJHa3HauYeHHOTO AAsl peadMANUTAIIUM BepXHell KOHeYHOCTU MpHU
opTONeANYecKNX U IMOCTTpaBMaTUIeCKIX COCTOSTHMSIX.

Metoapl. bs1a pazpaboTaH TPOCOBBII HK30CKeAET C YeTHIPhMS CTEIIEHSIMI CBOOOABI A4S TTOAAEPKKU CTUOaHMS
1 pasrmbaHMs AOKTeBOTO CycTaBa M MHOTOILAOCKOCTHBIX ABVDKEHMII Ay4Ye3arlsICTHOTO cycTaBa. /As CHUKEHIS
AVICTAaAbHOM MacChl U YMEHBIIEHMs HECOOCHOCTU CyCTaBOB, XapaKTepHOM AAs JKeCTKUX MEeXaHMYeCKUX CHUCTeM,
MCII0Ab30BaHa TPOCOBasl apXUTeKTypa MpuBoja. /l0KTeBOil MOAYAb BBHIIIOAHEH KaK OAHOCTEIIeHHOI BpalllaTeAbHbIN
MeXaHU3M C AByMs aHTarOHMCTUYECKUMM ABUTATeAsIMM, YTO OODecIleuMBaeT AByHaIlIpaBAeHHOe (POpPMUpOBaHUE
KPYTIIero MOMeHTa U peryAupoBaHMe JKeCTKOCT!U CyCTaBa 3a CdeT KOaKTUBaIl M.

Moayab Ay4de3arsICTHOTO CycTaBa oOecriedmBaeT TPHM BpaljaTeAbHBIX ABVKEHNS U IPUBOAUTCA B AeVICTBUE
YEeTBIPbMS CyXOXXMAMAMU. Tpu Tpoca ynpasAsioOT BpallleHeM U HaKAOHOM, a AMaroHaAbHO PaclOA0XKEeHHBI TpOC
obecrieunBaeT ABIUKeHMe IO ocu IToBopora. KuHeMarndeckoe MoJeAMpOBaHNUE BBIITOAHEHO C MCIIOAB30BaHUEM
OAHOPOAHBIX MaTpMIl IpeoOpasoBaHMsA AASl YCTaHOBAEHM: 3aBUCUMMOCTM MeXJy yIAaMM CyCTaBOB U
IepeMemieHUAMN TpocoB. UmcaeHHoe MogeaumpoBaHue IiposedeHo B cpede MATLAB c¢ mocaeayromert
SKCIIepUMeHTaAbHOI MPOBEepPKOIl Ha YMEHBIIIeHHOM ITpoToTuIle. J3mepeHHbIe ITepeMelleHNsI TPOCOB CpaBHUBAANICH
¢ pacgeTaMu OOpaTHON KMHEMAaTHUKI B IIpejeaax pabodero mpoCcTpaHCTBa.

PesyapTaTthl. OKcnepuMeHTaAbHblE JaHHBIE IPOAEMOHCTPUPOBAAM  BBICOKOE  COOTBETCTBME — MEXKAY
TeopeTUYecKMMM pacdeTaMy u (PaKTMIeCKUMU IIepeMelIeHNMsIMI TPOCOB. /lOKTeBOV MeXaHM3M olecredna
cTabnuabHOe crubaHme U pasrubaHMe B AMalla3oHe OT MMHYC IIeCTUAECATU A0 ILIeCTUAECATH TpaaycoB. Moayab
Ay4e3aIsICTHOTO CyCTaBa oOecriednma IIAaBHbIe BpalllaTeAbHble ABVDKEHUsI IO BCEM TpeM OCAM U COXpaHMA
MeXaHI4YeCcKyIO IIPOo3pavyHOCTh B IIpejelax MccAeA0BaHHOTO pabodero mpocrpaHcTsa. CyIiecTBeHHBIX pacXoXKAeHNI
MeXJy MOAEABHBIMU U DKCIEPUMEHTAAbHBIMI JaHHBIMM BBIIBAEHO He OBLAO, UTO IOATBEPIKAaeT KOPPEKTHOCTh
pPeAA0XKEHHONU KMHEMaTUYeCKO MOAEAN.

BoiBoabl. Pa3paOoTaHHBINI ~ TPOCOBBIMI ~ DK30CKeAeT A4Sl AOKTEBOTO U Ay4e3aIlsICTHOTO  CyCTaBOB
IPOAEMOHCTPUPOBaA HajeKHble KMHeMaTudecKue XapaKTepUCTUKM M CHIDKeHMe MeXaHM4YecKol MHepLuU IO
CpaBHEHMIO C >KeCTKMMU IIPUBOAHBIMM cucTteMaMU. [Ipeaa0>KeHHbIT KOHCTPYKTUBHBINA ¥ MOAEAMPYIOLINI TI0OAXO/,
dopMupyer NnpouHy0 MexaHMYECKYIO OCHOBY AAsl JaAbHeNIell pa3paOOTKM YCOBEPIIIEHCTBOBAHHBIX CTPaTEruil
yIIpaBAeHMs B OpTOIe decKoll peadMANTaIII BepXHell KOHEYHOCTI.

KaioueBble ca0Ba: 9K30CKeA€TH, BEPXH:A KOHEYHOCTh, peadbmamTanys, OMoMeXaHNMKa, KMHEMaTHKa,
pOOOTOTEXHMKaA.

https://doi.org/10.52889/1684-9280-2026-77-1-jto037


https://orcid.org/0009-0002-2739-4399
https://orcid.org/0009-0005-2630-0479
https://orcid.org/0009-0006-6875-0133
https://orcid.org/0000-0002-8762-2202
https://orcid.org/0009-0000-1767-3242
https://orcid.org/0009-0008-5910-3916
mailto:sharafatdin.yessirkepov@nu.edu.kz
mailto:adilet.toleshev@nu.edu.kz
mailto:u.shylmyrza@satbayev.university
mailto:y.igembay@satbayev.university
mailto:d.serik@satbayev.university
mailto:murat.alibek@astanait.edu.kz

