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Abstract

Knee injuries and mobility impairments often require long-term rehabilitation, for
which robotic exoskeletons have shown clinical potential. However, many existing
devices are limited by high weight, poor adjustability, and insufficient torque
generation, which restrict their usability in real-world clinical settings. This study
aimed to design and evaluate a lightweight, adjustable knee exoskeleton with enhanced
ergonomics and functional performance for rehabilitation. The exoskeleton was
developed using CAD-based structural optimization to balance strength and weight.
Materials were selected based on load-bearing requirements, combining acrylonitrile
butadiene styrene plastic for lightweight construction with reinforced steel components
for critical joints. A brushless direct current motor was employed for actuation, and the
system was designed to provide three-axis alignment adjustability. Simulation studies
assessed torque capacity, weight distribution, and biomechanical feasibility. The
optimized design achieved a projected weight of less than 7 kg, representing a
significant reduction compared to conventional devices. The actuation system
generated torques up to 120 Nm, sufficient to support common rehabilitation activities.
Biomechanical simulations demonstrated that the exoskeleton was feasible for walking,
sit-to-stand, and stair-climbing movements. The adjustable alignment mechanism
improved ergonomics, accommodating different body types and reducing the risk of
joint misalignment during use. The proposed knee exoskeleton, with its lightweight
structure, high torque capacity offers a promising solution for clinical rehabilitation.
Compared to existing designs, it provides improved safety, comfort, and adaptability,
making it suitable for diverse rehabilitation scenarios. Future work will involve
prototype fabrication, experimental validation, and pilot clinical testing.

Keywords: exoskeleton device, rehabilitation, knee joint, gait, walking, postural
balance.
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1. Introduction

Knee joint disorders represent one of the leading
causes of disability worldwide. Injuries to the anterior
cruciate ligament (ACL), meniscus damage, post-
traumatic arthritis, and neurological conditions such as
stroke or spinal cord injury often result in impaired
mobility and reduced quality of life [1,2]. According to
the Global Burden of Disease Study, musculoskeletal
and neurological disorders collectively affect more
than one billion people [3].

Rehabilitation is the cornerstone of functional
recovery in these patients. Traditional methods, such
as manual therapy and repetitive exercise, are effective
but limited. They require intensive therapist
involvement, often lead to inconsistent exercise
quality, and are difficult to maintain long-term [4].
These challenges underscore the need for technological
solutions that can provide consistent, intensive, and
patient-tailored rehabilitation.

Robotic exoskeletons have emerged as promising
devices to complement or even replace conventional
therapy. Exoskeletons are wearable electromechanical
systems designed to align with the human body and
assist or augment movement. Clinical studies have
demonstrated that powered exoskeleton-assisted
rehabilitation can improve gait speed, endurance, and
lower-limb activation [5-8]. However, limitations
remain: current exoskeletons are often heavy (>12-15

2. Materials and Methods

Design Concept: The exoskeleton was designed
using Autodesk Fusion CAD software, incorporating
adjustable mechanisms across three axes (X, Y, Z) to
accommodate anthropometric variations. This ensures
accurate alignment of the device with the user’s
anatomical knee axis. Actuation System: The

kg), lack anthropometric adjustability, and risk
misalignment that causes discomfort or injury [9-11].
Furthermore, achieving sufficient torque output
without compromising portability is a major
engineering challenge [12].

Recent advances emphasize lightweight
materials, ergonomic alignment, and modularity [13].
Brushless direct current (BLDC) motors provide
compact, high-torque solutions, and ankle modules
have been shown to improve gait symmetry [14].
Therefore, this study aimed to design and evaluate a
lightweight, adjustable knee exoskeleton that
addresses these limitations, with emphasis on clinical
applicability and rehabilitation outcomes.

Therefore, the aim of this study was to design and
evaluate a lightweight, adjustable knee exoskeleton
that addresses limitations of existing systems. The
proposed device incorporates a three-axis adjustable
mechanism to ensure accurate alignment with the knee
joint, employs acrylonitrile butadiene styrene (ABS)
plastic and reinforced steel for a balance of strength
and weight, and integrates a high-torque BLDC motor
to meet clinical torque requirements. This work
contributes to the growing field of rehabilitation
robotics by presenting a design tailored for clinical
applicability, patient comfort, and therapeutic
effectiveness.

CubeMars AKS80-64 BLDC motor was employed to
provide high torque output with compact design
(Table 1, Figure 1-3). Nominal torque of 48 Nm and
peak torque of 120 Nm ensured safe operation above
the therapeutic requirement range of 20-35 Nm [11].

Figure 1 — Image of the AK 80-64 Cubemars BLDC motor
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Figure 2 — Engineering drawing of the AK 80-64 engine from Cubemars
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Figure 3 — Analytical diagram of the AK 80-64 electric motor
Materials. Lightweight ABS plastic was selected rehabilitation. Structural reinforcements and motor
for adjustable components, providing tensile strength supports were fabricated in steel to enhance stability.

between 30-50 MPa and impact resistance suitable for

Table 1 — Technical characteristics of the CubeMars AK80-64 BLDC motor

Characteristic Meaning/Type Characteristic Meaning/Type
Drive type FOC Peak Current (DC, A 19
Operating ambient temperature -20°C~50°C KV (rpm) 80
Winding connection diagram Delta KT (Nm/A) 0.136
Insulation class H Ke (V/1000 rpm) 13.7
Insulation breakdown voltage 51120AO/\2/s Interphaz;ig;;sistance 220

https://doi.org/10.52889/1684-9280-2025-76-jto019
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Continuation table 1

Interphase inductance

Insulation resistance 1000V10MQ 133.5
(1H)
Phase 3 Inertia (gsm?) 564.5
. Torque constant
Pairs of poles 21 (NmAW) 0.29
Gear reduction ratio 64:1 Mechanical time 0.67
constant (ms)
Reverse torque (Nm) 47 Electrical time constant 0.61
(ms)
Backlash (°) 0.18 Weight (g) 850
Temperature sensor NTC MF51B Maximum torque to 1412
P 103F3950 weight ratio (Nm/kg) '
Noise in dB at a distance of 65 60 CAN port A1257WR-S-4P
cm from the motor
Max. axial load (dynamic) N 2000 UART port A1257WR-5-3P
Max. axle load (static) N 2520 Power port XT30PW-M
Nominal voltage (V) 24/48 Nominal speed (rpm) 23/48
Nominal torque (Nm) 48 Rated current (DC, A) 7

Additionally, itis planned to engrave a ruler on the

surface and along the length of all steel guide pipes.

Table 2 — ABS plastic properties

Later, it is planned to use anodized aluminum profiles to

build more precise and adjustable joints (Table 2).

Indicator Meaning
Limit strength on stretching 30-50 MPa
Limit strength on bend 45-80 MPa
Module elasticity ( bending ) 1.5-2.4 GPa
Impact strength (IZOD , notched) 10-15 kJ /m?
Temperature softening (Vicat) 95-110 °C

3. Results
3.1 Structural Design and Adjustability
The CAD prototype achieved full three-axis
adjustability, alignment with
anatomical knee axes. This reduces misalignment-

enabling precise

related torques and enhances user comfort [10].

The design shown in Figure 4 allows for
adjustment of the exoskeleton dimensions along three
axes (X,Y,Z). The main adjustments are located on the
upper part of the exoskeleton (Figure 5), where the

device is attached to the thigh with a wide belt. As for
the lower part of the exoskeleton (Figure 5), where the
structure is attached to the leg at the tibia and calf
muscles, rigid adjustment is possible only in depth
along the Y axis. At the bottom, along the Z axis there is
a free play to achieve passive alignment of the
exoskeleton during movement to match the natural
biomechanics and trajectory of the knee joint during
flexion and extension.

https://doi.org/10.52889/1684-9280-2025-76-jto019
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Figure 4 — Isometric views of the knee joint exoskeleton prototype. A —render; B — screenshot from Autodesk software. Fusion

with an exoskeleton and a life-size human mannequin

Figure 5 — Upper lower parts of the exoskeleton:1- Steel pipe, 2- Adjustable plastic block with mount, 3- Adjustable plastic
block, 4- Non-adjustable plastic block, 5- Steel plate, 6-Electric moto; 7- Bearing/bushing for stabilization, 8- Plastic pressure
block, 9- Plastic block with free play

Adjustment of the width of the lower part of the
exoskeleton (along the X-axis) depends on the
adjustment of the width of the upper part. In case of
significant deviations from the proportions of a person,

it is possible to change the width of the lower part by
adding additional washers at the attachment points to
the electric motor rotor and to the stabilizing bearing
or bushing.

Figure 7 — Mechanism for adjusting the upper part of the exoskeleton along the X- and Y axes

https://doi.org/10.52889/1684-9280-2025-76-jt0019
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The figure 7 illustrates the mechanism for
adjusting the upper part of the exoskeleton in width
and depth. Inside the plastic block there will be a steel
pipe, 30 mm wide, 15 mm high and with a wall
thickness of 1 to 1.5 mm. On the side/top of the pipe
there will be a steel plate 15 mm wide, 3 mm high and
the length of the plastic block. The plastic block will be
printed on a 3D printer from ABS plastic filament. This
type of plastic has a more flexible and impact-resistant
structure compared to other types.

To secure the block in place, an M6 nut and an
M6x20 bolt will be inserted into a pre-designed groove.
Tightening the nut will create pressure on the pressed
steel plate, which will lead to a strong connection
between the block and the steel pipe.

To regulate the position of the block along the Y
axis , a mechanism similar to the one described above
is used on the motor side. On the other side of the
exoskeleton, it was decided to insert a steel plate with
cut grooves (Figure 8).

==

Figure 8 — Image of the exoskeleton from the bearing/bushing side for stabilization

The lower part of the exoskeleton is adjusted in

depth (Y axis ) using a plastic insert, which is pressed by

1)

i\

=

ZSSS

a nut with a bolt of size M8 (Figure 9). This type of

mechanism is easy to use and maintain.

Figure 10 — Exoskeleton adjustment range

https://doi.org/10.52889/1684-9280-2025-76-jt0019
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3.2 Weight Optimization

Material selection lowered the projected device
weight to <7 kg, substantially lighter than many existing
systems (>12 kg) [9,11]. This supports longer
rehabilitation sessions with reduced user fatigue.

3.3 Actuation and Torque

The CubeMars AKS80-64 BLDC motor provided
nominal torque of 48 Nm and peak torque of 120 Nm,

4. Discussion

The proposed exoskeleton addresses limitations of
current devices by combining adjustability, torque
sufficiency, and lightweight construction.
Misalignment, a key barrier in exoskeleton comfort, is
mitigated by adjustable multi-axis mechanisms [7]. The
torque generated by the CubeMars motor exceeds
clinical requirements, enabling assistance across
rehabilitation stages from early supported ambulation
to advanced functional training [11].

Compared to rigid commercial systems weighing

over 12 kg, the use of ABS plastic and modular

5. Conclusions

This study introduces a lightweight and adjustable

knee exoskeleton specifically developed for
rehabilitation purposes. The design emphasizes
ergonomic three-axis adjustability, allowing precise
alignment with the human knee joint and thereby
reducing the risks associated with joint misalignment.
Through material optimization and modular structural
design, the overall device weight was substantially
reduced, improving portability and patient usability
compared with heavier existing systems.

These findings underscore the clinical relevance
and applicability of the design, while also highlighting
its potential to complement conventional rehabilitation
approaches. Although current validation is limited to
CAD modeling and simulation, the results lay a solid

foundation for future work involving physical

References

surpassing the clinical requirements of 20-35 Nm for
sit-to-stand and stair climbing tasks [12].

3.4 Biomechanical Feasibility

Simulations confirmed feasibility for walking gait
cycles, sit-to-stand movements, and stair climbing.
Knee flexion-extension support was effective up to 120°,
with torque assistance reducing quadriceps load.

reinforcements improves portability and usability [6,9].
Clinically, robotic exoskeletons have demonstrated
benefits in improving gait symmetry, reducing
spasticity, and enhancing endurance [12-14]. The
presented design holds potential to contribute to these
outcomes while offering improved comfort and
usability. Physical prototyping and clinical trials will be
required to validate mechanical integrity, usability, and
rehabilitation outcomes.

prototyping, biomechanical testing, and clinical trials
with patients to confirm mechanical integrity, safety,
and therapeutic effectiveness.

Conflicts of Interest. The authors declare no
conflicts of interest.

Acknowledgements. The authors thank the
Ministry of Science and Higher Education of the
Republic of Kazakhstan for supporting this study.

Funding. This research was funded by the
Ministry of Science and Higher Education of the
Republic of Kazakhstan, grant number BR24992820.

Author contributions: Conceptualization, O.K.A,;
Design, U.Sh. and A.O.; Writing—original draft
preparation, M.K.; Writing —review and editing, A.A.;
Supervision, O.K.A.

1. GBD 2021 Other Musculoskeletal Disorders Collaborators (2023). Global, regional, and national burden of
other musculoskeletal disorders, 1990-2020, and projections to 2050: a systematic analysis of the Global Burden of
Disease Study 2021. The Lancet. Rheumatology, 5(11), e670-e682. https://doi.org/10.1016/S2665-9913(23)00232-1

2. GBD 2019 Stroke Collaborators (2021). Global, regional, and national burden of stroke and its risk factors,
1990-2019: a systematic analysis for the Global Burden of Disease Study 2019. The Lancet. Neurology, 20(10), 795-820.

https://doi.org/10.1016/51474-4422(21)00252-0

3. Cieza, A., Causey, K., Kamenov, K., Hanson, S. W., Chatterji, S., & Vos, T. (2021). Global estimates of the need
for rehabilitation based on the Global Burden of Disease study 2019: a systematic analysis for the Global Burden of
Disease Study 2019. Lancet (London, England), 396(10267), 2006—2017. https://doi.org/10.1016/S0140-6736(20)32340-0

https://doi.org/10.52889/1684-9280-2025-76-jto019


https://doi.org/10.1016/S2665-9913(23)00232-1
https://doi.org/10.1016/S1474-4422(21)00252-0
https://doi.org/10.1016/S0140-6736(20)32340-0

Trauma & Ortho Kaz, 2025, 76 (5)

4. Reinkensmeyer, D. J.,, & Dietz, V. (Eds.). (2016). Neurorehabilitation technology (Vol. 106). Springer.
https://doi.org/10.1007/978-3-319-28603-7

5. Marchal-Crespo, L., & Reinkensmeyer, D. J. (2009). Review of control strategies for robotic movement training
after neurologic injury. Journal of neuroengineering and rehabilitation, 6, 20. https://doi.org/10.1186/1743-0003-6-20

6. Esquenazi, A., Talaty, M., Packel, A., & Saulino, M. (2012). The ReWalk powered exoskeleton to restore
ambulatory function to individuals with thoracic-level motor-complete spinal cord injury. American journal of
physical medicine & rehabilitation, 91(11), 911-921. https://doi.org/10.1097/PHM.0b013e318269d9a3

7. Louie, D. R., & Eng, ]. J. (2016). Powered robotic exoskeletons in post-stroke rehabilitation of gait: a scoping
review. Journal of neuroengineering and rehabilitation, 13(1), 53. https://doi.org/10.1186/s12984-016-0162-5

8. Molteni, F., Gasperini, G., Cannaviello, G., & Guanziroli, E. (2018). Exoskeleton and End-Effector Robots for
Upper and Lower Limbs Rehabilitation: Narrative Review. PM & R : the journal of injury, function, and rehabilitation,
10(9 Suppl 2), S174-5188. https://doi.org/10.1016/j.pmrj.2018.06.005

9. Contreras-Vidal, J. L., A Bhagat, N., Brantley, J., Cruz-Garza, J. G., He, Y., Manley, Q., Nakagome, S., Nathan,
K., Tan, S. H,, Zhu, F., & Pons, J. L. (2016). Powered exoskeletons for bipedal locomotion after spinal cord injury.
Journal of neural engineering, 13(3), 031001. https://doi.org/10.1088/1741-2560/13/3/031001

10. Sarkisian, S. V., Ishmael, M. K., & Lenzi, T. (2021). Self-Aligning Mechanism Improves Comfort and
Performance With a Powered Knee Exoskeleton. IEEE transactions on neural systems and rehabilitation engineering :
a publication of the IEEE Engineering in Medicine and Biology Society, 29, 629-640.
https://doi.org/10.1109/TNSRE.2021.3064463

11.Wang, Q., Yang, L., Song, Z., Xu, G., & Liu, H. (2018). Comfort-centered design of lightweight backdrivable
knee exoskeleton. IEEE Robotics and Automation Letters, 3(2), 289-304. https://doi.org/10.1109/L.RA.2018.2864352

12. Gautam, S. M., Singla, E., & Singla, A. (2024). Modelling, design optimization and prototype development of
knee exoskeleton [Preprint]. arXiv. https://doi.org/10.48550/arXiv.2409.02635

13. Pacheco-Chérrez, J., Tudon-Martinez, J. C., & Lozoya-Santos, J. D. J. (2025). Recent advances in pediatric
wearable lower-limb exoskeletons for gait rehabilitation: A systematic review. IEEE Access.
https://doi.org/10.1109/ACCESS.2025.3552757

14.Yang, H. D., Cooper, M., Eckert-Erdheim, A., Orzel, D., & Walsh, C. J. (2022). A soft exosuit assisting hip
abduction for knee adduction moment reduction during walking. IEEE Robotics and Automation Letters, 7(3), 7439-
7446. https://doi.org/10.1109/LRA.2022.3182106

Onaartyra apHaaraH )XeHia JKoHe peTTeaeTiH Ti3e DK30CKeaeTiH JKacay

Oxikenos K.A. !, IlTsrameipsa Y. K. 2, Oxiken A.K. 3, Axmaansa A. 4,
Kapammesa M. ° Mycnna A. ©

! PoOOTTHI TEXHMKa YK9HEe aBTOMaTMKaHbIH TeXHMKAABIK Kypaaapsl Kadeapacbiabiy MeHrepyici, K.J1. Corbaes aTeiHaarsl Kazak yATTHIK
TeXHUKaABIK 3epTTey yHusepcuteTi, Aamarsl, Kasakcran
2 PhD cryaent, K.J1. Corbaes atbigarsl Kazak yATTBIK TEXHMKAABIK 3epTTey yHuBepcureTi, Aamarsl, Kasakcran
3[Toctaokropant, A. )KoasacOekoB aTeiHAaFbl MeXxaHUKa >KoHe MalllMHaTaHy MHCTUTYTh, AaMarsel, Kazakcran
4 Accucrent npogeccop, C. Cerigyaann atsingars Kasak arporexnnkaaslk seprrey yHusepcuteti, Acrana, Kasakcran
5FprapiMu accucrent, HasapOaes Yausepcnrerti, Acrana, Kazakcran
¢FrrapiMu accucrent, HasapOaes Yausepcnrerti, Acrana, Kasakcran

Tyninaeme

Tise OyBIHBIHBIH >KapaKaTTapbl MeH KO3FaAbIC OY3bLABICTAphI XK Y3aK Mep3iMAl OHaATYAbI KaKeT eTedi, OChl
MakcarTa poOOTTaHABIPBLAFaH DK30CKeAeTTep KAMHUKAABIK d4eyeTiH KepceTTi. Aaaiida, Kasipri KypbhlAFblaapAbIH
KOIIIIIiAiri )KOFaphl caaMaKIIeH, JKeTKiAiKTi TypJe peTTe1MeyiMeH KoHe TOMeH alfHaly MOMeHTiMeH IIIeKTeATeH, 6y A
OJap4blH KAMHMKAABIK OpTaja KOAJAAHBIAYBIH IIeKTelAi. 3epTTeyAiH MakcaTbl: BSPTOHOMUKACHl MeH
(PYHKIIMOHAAABIK, CUIIaTTaMaAaphbl JKeTiaaipiareH >kKeHia api peTTeaeTiH Tize K30CKeAeTiH >Kacay >KoHe Oarasay.
DK30cKeeT OepiKTik MeH Macca apachlHAAFBI Telle-TeHAIKTI cakTay YIIiH KOMIIBIOTepPAiK MOJAeAbJeyre HeTi3JeAreH
KYPBbLABIMABIK, OHTallAaHABIPYAbI KOJAJaHa OTHIPBII >Kacaadbl. Marepuaajap >KykTeMeAik TaJaIrTapra coaiikec
TaHAAAADBL >KeHid KYPBLABIMABIK DAeMeHTTep YIIiH aKpUAOHUTPUA-OyTasueH-CTUpPOA, ad >KOFaphl >KyKTeMere
YIIBIPAMTHIH TOpanTap YIIiH apMaTypadaHfaH 604aT K0A4aHblaAbl. K03raapICThl KaMTaMackl3 eTy YIIiH TYKIIeci3
TYPaKThl TOK KO3FaATKBIIILI IlaligalaHblAAbl, ad >Kylie yII ec OOMbIHINIA Typaday MYMKiHAiTiMeH >Ko0alaHABL.
CuMyasImMAABIK 3epTTeyAep ailHady MOMEHTIH, caaMak, yAecTipiMiH >koHe OMoMexaHMKaABIK COMKeCTiriH Oarasay
YIIiH Xypriziagi. OnTuMmsanmsaiaHFad KypPhLABIMHBIH 004KaMABl caaMarbl 7 KIAOTpaMMHaH a3 OOABII IIBIKTHI,
Oya AscTypai KypBlAFbLAapFa KaparaHJa aliTapAbIKTall TOMEeH.
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Kertek >xyreci 120 HBIOTOH-MeTpre JeifiHri aliHaly MOMEHTIH >Kacadbl, OA KeH TapaAfaH OHaATy
JKaTThIFyAapblH KOAJAayFa >KeTKiAikTi. bromexaHmkaablK MogeabAey 9K30CKeAeTTiH >KYPY, OTHIPBII-TYPY >KoHe
DacltaagakIleH KoTepidy KoO3faAbICTapbl VINIH KOAJaHyfa >KapaMAbl eKeHiH kepceTTi. PeTrezeriH Typaaay
MeXaHI3Mi DpTOHOMMKAABIK TUIMAIAIKTI apTTBIPHIIL, 9pTYpAi AeHe OiTimMiHe OeliiMaeayre >koHe OyBIH OCiHIH colikec
KeaMeyi KayHiH aszaliTyFa MYMKiHAIK Oepai. YChbIHBIAFaH Ti3e DK30CKeAeTi >KeHiA KYPBLABIMBIMEH >KoHe >KOFaphl
KyaTTBIABIFBIMEH KAMHMKAABIK OHAATY YIINiH THiMAl mremriM Ooabmn TaOblaadbl. KoagaHbICcTarsl KypBLAFBLAapMEH
ca/AbICTBIPFaHAa 04 KaYilCi3AiK, 5KailAbIABIK JKoHe OeifiMaeAy TYPFBICBIHAH JKaKCapThlAFaH KacueTTepre 1e, Oy OHBI
9pTYpAi OHaATy >KarAaiilapblHa OeliiM ereai. boaarak seprrey KedeHAepiHe IPOTOTMITI Kacay, ToKipmOeaix
TeKCepy >KoHe KAMHUKAABIK, ITMAOTTLIK ChIHAKTap Kipeai.

TyiiH ce3gep: DK30CKeAeT KYPBIAFBICH], OHAATY, Tide OYBIHBL XXYPY, KYPY YATicCi, TYPaKTBLABIK TeIle-TeHAiri.
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Pes3romMme

TpaBMbI KOA€HHOTIO CYCTaBa n HapyLueHmI ITOABVI>KHOCTIM 4acCTO Tpe6}7IOT A/l]/[Te/leOﬁ pea6I/IAI/ITaL[I/H/I, AN
KOTOpOﬁ pO6OTI/ISI/IpOBaHHbIe DK30CKeAeTHI IT0OKa3aAu KAMHUIEeCKI II0TeHI1IaA. OAHaKO MHOTI1e CymeCTBy}OLLU/Ie
YCTpOﬁCTBa OFpaHI/I‘IeHLI BBICOKOI MaCCOI7I, HeAOCTaTO‘IHOﬂ BO3MOKHOCTBIO pel"y/lI/IpOBKI/I M HUSKUM ypOBHeM
CO34aBaeMOrIo prT}II_T_[el"O MOMEHTa, YTO CHIM>KaeT uX HpI/IMeHI/IMOCTb B peaALHLIX KAVMHNYEeCKUX yC/lOBI/I}IX. He/lb
AAQHHOTO MCCAeAOBaHMS 3aKAI04YaeTCs B pa3pa60TKe 1 OLIeHKe AerkKoro peryAI/IpyeMoro KOAEeHHOIro YK30ckKkeaeTa C
YAy‘{LUeHHOIZ E)pl"OHOMI/IKOIZ u Cl)yHKLU/IOHaAbeIMI/I XapaKTepI/ICTI/IKaMI/I AAs1 peaGI/I/lI/ITaL[I/II/I. BKSOCKeAeT
pa3pa60TaH C UCIIOAB30OBaHUMEM CprKTypHOﬁ OIITUMM3alII1M Ha OCHOBe KOMHbIOTepHOFO MOAEAI/IpOBaHI/I}I AA5L
AOCTU>KEeHST 6aAcha Me>1<4y HpquOCTBIO I MaccCoIl. MaTepI/IaABI HOA6I/IpaAI/ICL C y‘«IeTOM Harpysoqm)lx
Tpe6OBaHI/II7[Z AAsl AeTKUX KOHCTPYKTI/IBHBIX DAeMEeHTOB MCIIOAb30BaACS aKpI/IAOHI/ITpI/I/l-6yTaAI/IeH-CTI/IpOA, a AAs1
KpI/ITI/IlIeCKI/I Harpyn(eHHbe y3/lOB apMI/IpOBaHHa}I CTaAb. B KauyecCTBe HpI/IBOAa HpI/IMeHH/lCH 6eCI_L[eT0‘{HbII7[ ABUTraTeAb
ITIOCTOJAHHOIO TOKa, a C1CTeMa 6bl/la CHpOGKTI/IpOBaHa C BOBMO>KHOCTBIO TpeXOCGBOﬂ pEI'yAI/IPOBKI/I BpraBHI/IBaHI/I}I.
CI/IMYA}ILU/IOHHIJIQ CcCAeAOBaHVIA HpOBOAI/IAI/ICb AAs5l OLIE€HKIM prT}IH_[el"O MOMEHTa, pacnpeAeAeHM;I MaCCbhl "
6MOMeX3HI/I‘I€CKOI7[ LIe/leCOO6paSHOCTI/I. OHTI/IMI/ISI/IpOBaHHaSI KOHCprKLU/UI mumeeT pacquHon Maccy MeHee 7
KI/IAOl"paMMOB, 9TO HpeACTaBAHeT C06OI7I 3HaUMTEeAbHOE CHIJKEeHMe II0 CpaBHeHI/IIO C TpaAI/IL[I/IOHHbIMI/I
YCTpOﬁCTBaMI/I. HpI/IBOAHa}I cucremMa o6ecneqMBaAa prT}II_LU/IIZ MOMEHT A0 120 HbIOTOH-MeTpOB, 9TO A40CTAaTO4YHO
A5l BBITIOAHEHVI pacnpOCTpaHeHme pea6I/IAI/ITaLII/IOHHbIX 3agad. Bbromexanuueckue CI/IMYZU[I_II/II/I II0Ka3aAaun, 41O
DK30CKeAeT MOKeT HpI/IMeHﬂTBC}I AL XOAI)6I)I, HEPEXOAa M3 IIOAOKEHIUA CUAS B ITIOAOKEeHIVe CTOA U IToAbeMa ITO
JAeCTHUIIe. Mexanusm peryAMpyeMoro BLIpaBHI/IBaHI/I}I IIOBBICUA 9pTOHOMI/I‘~IHOCTL, II0O3BOANB aAaHTI/IpOBaTb
yCTpOI7[CTBO K paSAI/I‘{HbIM TUIIaM T€AOCAO>KEeHISI I CHU3UTD pI/ICK HEeCOOCHOCTI CYCTaBOB BO BpeMi[ BKCHAyaTaI_II/II/I.
Hpeﬂ,AO)KeHHLIiI KOJAEHHBIVI DK30CKeJAeT C AerkKoit KOHCprKLII/IGIZ U BBICOKOIL MOITHOCTBIO HpI/IBOAa SIBASIETCSI
HepCHeKTI/IBHbIM pGIJ_IeHI/IeM AN KAVHIYECKOM peaGI/IAI/ITaI_II/II/I. ITo CpaBHeHI/IIO C CYLLIECTByIOI_LII/IMI/I pa3pa60TKaMM
OH O6€CH€‘~II/IBa€T 60]188 BBICOKUI ypOBeHL 6e3OHaCHOCTI/I, KOMq)OpTa n adallITUBHOCTNM, 4YTO JdeaaeT ero
HpI/IMeHI/IM])IM AA51 paSAI/I‘{HbIX pea6I/IAI/ITa]_II/IOHHLIX cueHapmeB. B AaAbHefIIIII/Ie DTallbl pa6OTbI BOI7I£I,yT
M3roToBA€HIE HpOTOTI/IHa, 9KCH€pI/IM€HTaALHa}I BaanAanusa " MIMMAOTHBIE KAVIHNYECKNEe VCITIBITaHVIA.

KaroueBble caosa: DK30CKeAeT, peaGI/IAI/ITaI_II/I}I, KO/AEHHBIN CyCTaB, x0456a, II0XO04Ka, HOCTypaAbHOe
paBHOBeCI/Ie.
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