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Abstract

The purpose of this study was to design and develop a robotic device for ankle
rehabilitation that is capable of reproducing physiological foot movements in three
anatomical planes and supporting both active and passive therapy modes. The device
is intended for use in rehabilitation therapy after injuries and surgeries of the ankle
joint, for patients with neurological impairments of the lower limb motor function, and
for biomechanical studies of foot motion. A computer aided design approach was
applied to construct a platform capable of dorsiflexion and plantarflexion, inversion
and eversion, and internal and external rotation. The mechanical system included a
perforated fixation platform adapted to the anatomy of the foot, arc guides with roller
supports, three linear actuators for movement conversion, and a central bearing unit to
provide vertical axis rotation. Structural elements were manufactured from anodized
aluminum and tool steel to ensure strength, low weight, and resistance to corrosion.
The control system was based on a microcontroller architecture with position encoders,
drivers, and safety mechanisms. The software supported manual, semi-automatic, and
automatic therapy modes, with the ability to calibrate and store patient parameters.
Kinematic modeling confirmed the possibility of achieving the required range of
motion: dorsiflexion and plantarflexion up to +25 degrees, inversion and eversion up
to +15 degrees, and smooth internal and external rotations. Simulation demonstrated
accurate trajectory control with high repeatability. Biomechanical analysis indicated
that the required force range could be achieved with selected actuators, while structural
verification in the design software showed maximum stresses and deformations within
safe limits. The developed robotic prototype demonstrates feasibility for clinical
rehabilitation of the ankle joint, enabling precise reproduction of natural foot
movements, secure patient fixation, and adaptable therapy modes. This system
provides a promising technological solution to improve recovery outcomes after
trauma or surgery and to expand research opportunities in biomechanics.

Keywords: ankle joint, rehabilitation, robotics, exoskeleton device, orthopedic
procedures.
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1. Introduction

Ankle joint dysfunctions, whether due to trauma
or neurological conditions, frequently impair gait and
decrease independence, affecting quality of life across
a broad patient population. Rehabilitation of the ankle
is vital, as it plays a fundamental role in balance,
ambulation, and functional mobility. However,
conventional therapy methods are constrained by
therapist availability, low training intensity, and
patient-therapist variability. In contrast, robotic-
assisted rehabilitation is emerging as an effective
adjunct, enabling precise, reproducible, and high-
intensity therapeutic sessions [1,2].

Despite increasing innovation, many ankle
rehabilitation robots cover only one or two motion
planes, wusually limited to dorsiflexion and
plantarflexion, failing to reproduce full physiological
motion including inversion/eversion and rotation [3].
Wearable exoskeletons often lack Multi-Degree-Of-

Freedom (MDOF) capability, whereas platform-based

2. Materials and Methods

This study presents the design, development, and
validation of a robotic platform for ankle joint
rehabilitation. The system was conceived as a parallel
kinematic mechanism with three active degrees of

systems with 2-DOF cannot support comprehensive
ankle biomechanics or research needs [4]. Although
recent designs incorporate three-degree-of-freedom (3-
DOF) mechanisms using spherical or parallel
configurations , challenges remain in aligning
mechanical axes with anatomical joints and in
integrating both  active/passive  therapy and
biomechanical assessment in a single system [5,6].

The aim of this study was to design and develop a
robotic prototype for ankle rehabilitation providing
three anatomical degrees of freedom:
dorsiflexion/plantarflexion, inversion/eversion, and
internal/external rotation with accurate alignment to
the ankle joint. The device incorporates both active and
passive  therapeutic modalities, programmable
trajectories, safety features, and biomechanical sensing
capabilities. It targets applications including post-
injury/surgery rehabilitation, neurological motor

dysfunction therapy, and biomechanical research.

freedom aimed at replicating physiological ankle
movements. The methodology included mechanical
design, kinematic modeling, actuator selection, control
system development, and trajectory simulation.

B)

Figure 1 — Achievable ranges of motion of the prototype ankle rehabilitation robot. A: dorsiplantar flexion /extension, B:

O)

inversion/eversion, C: internal/external rotation
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No human participants were included in this
stage of the work. The research was carried out using
CAD models, engineering calculations, and
biomechanical data used from published literature
[7,8]. The mechanical components were modeled using
SolidWorks CAD environment, with stress and
deflection simulations performed for structural
verification.

Device Construction

The mechanical system of the device consists of
several key components designed to ensure stability,
precision, and durability. The foot fixation platform,
constructed as a perforated support, is anatomically
adapted to the human foot to provide rigid fixation and

300

uniform load distribution. Controlled movements in
two angular degrees of freedom are achieved through
guide arcs with precision roller supports, which enable
smooth and repeatable trajectories. Three linear
actuators, positioned around the base, convert
translational motion into angular displacement, with
each actuator equipped with feedback sensors to
ensure accurate positioning. In addition, a central
bearing unit provides vertical axis rotation, thereby
enabling the third degree of freedom. To guarantee
both  mechanical
construction, all structural elements were fabricated
from anodized aluminum and tool steel, offering
corrosion resistance and long-term reliability.

strength and  lightweight

438

159.29

Figure 2 — Isometric views of the ankle rehabilitation robot prototype

Control System

The exoskeleton control system was based on a
microcontroller/embedded computer architecture,
coordinating all three DOFs. Each actuator
incorporated an encoder, positioning driver, and safety
stop mechanism. The software supported manual,
semi-automatic, and automatic therapy modes, with
adjustable amplitude limits and patient parameter

calibration. Data exchange was enabled via
USB/UART/CAN protocols.

Kinematic Modeling and Drivers Selection

The mechanism is a parallel structure with three
active axes, each of which converts linear motion into
angular rotation. Two of the three degrees of freedom
are realized through movement along arc-shaped

https://doi.org/10.52889/1684-9280-2025-76-5-jto021
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guides with rollers, and the third through the rotation
of the platform on the central bearing.

Kinematic parameters of the arc:

Arcradius: R=110 mm;

Maximum rotation angle:

©® dorsi=+25 o =+0.436 rad
® inversion =+15 o =+(0.262 rad

Translation into linear drive movement:
S=RO©
e For dorsiflexion/plantarflexion (6= +25°), Smax
=47.96 mm.
e For inversion/eversion (0 = £15°), Smax = 28.82
mm.
Selecting actuators
Requirements for linear actuators:
e Stroke: 250 mm;
e Force: 2150 N with reserve;
e Speed: not less than 10-20 mm/s for passive
therapy;
e Accuracy: £0.1 mm;
e Compactness and integration with the curved
guide.
In the selected engine and propeller pair:
e NEMA 17 stepper motor with gearbox (if more
torque is required);
e Screw with pitch p=2 mm/rev p=2
text{mm/rev} p=2 mm/rev;
e Gear ratio: 1:10 (if planetary gear is used);
e Encoder: optical or magnetic, 1024 imp/rev.
Calculation of the required torque on the engine shaft:
150-0.318-1073

= ~ 0.0596H
n 0.8

_ FTshast
Meng =

Table 1 — Typical moments of resistance

2
=——=10.318 mm

p
Fioaa =150 H, Tshaft = E ~ 56283

Taking into account the 1:10 gearbox:
M output = 0.596 N/m

Which is within the capabilities of compact
stepper motors with gearboxes.

Structural verification

To confirm the strength of mechanical elements,
stress and displacement assessments were carried out
in the CAD environment.

To confirm the strength of mechanical elements,
stress and displacement assessments were carried out
in the CAD environment:

Materials:

e Main arms and arches - 6061-T6 aluminum;

e Bearing units - steel 45;

Analysis in SolidWorks Simulation:

e Maximum stress: 42 MPa (with permissible 250

MPa);

e Maximum deflection: 0.4 mm (within the

permissible limits).

Biomechanical efforts

The required force was determined based on
published biomechanical data on the resistance of the
foot to movement in adults weighing 70-90 kg [7,8].

Translation into linear force (via lever radius R =

110 mm).
M 15
F=— = ~136.
R F 011 136.4H
Dorsiflexion:

¢ Inversion:
e Rotation (axis): if the radius of rotation of the
center is Rrot=80 mm.

Degree of freedom Range  Required moment, Nm
Dorsiflexion / Plantarflexion +25° 10-15 Nm
Inversion/Eversion +15° 5-8 Nm
Internal/External Rotation +20° 3-5 Nm

3. Results

Structural Verification

e Maximum stress: 42 MPa (below material limit
of 250 MPa);

e Maximum deflection: <
permissible safety limits.

04 mm, within

Trajectory Simulation
o Dorsiflexion/plantarflexion: fastest movement at
0.5 Hz, maximum amplitude;

https://doi.org/10.52889/1684-9280-2025-76-5-jto021
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e Inversion/eversion: moderate speed, smaller
amplitude;

e Rotation: smoothest trajectory, representing
natural but infrequent ankle movements.

The simulation confirmed the ability of the device

to reproduce physiological ankle motions across three
DOFs.

Simulated Joint Trajectories of 3-DOF Ankle Exoskeleton

Joint Angle [deg]
(=)

if

—— Dorsiflexion/Plantarflexion
— Inversion/Eversion
= Internal/External Rotation

=20k
0 2 4 6 8 10
Time [s]
Figure 3 — Joint trajectories of 4-DOF Ankle Exoskeleton
The graph shows Inversion - slightly slower, smaller amplitude;

Dorsiflexion is the fastest (0.5 Hz), with maximum
amplitude;

4. Discussion

The proposed exoskeleton platform addresses an
important gap in ankle rehabilitation technologies by
enabling three controlled degrees of freedom with high
accuracy and repeatability. Unlike many existing ankle
rehabilitation devices, which are often restricted to
dorsiflexion and plantarflexion training [1,2], this
platform provides a more comprehensive replication of
ankle biomechanics by incorporating
inversion/eversion and internal/external rotation. This
versatility expands its potential applications, making it
suitable not only for post-injury rehabilitation but also
for patients with neurological impairments where
multidirectional ankle control is crucial [3].

The kinematic analysis confirmed that actuators
with a 50 mm stroke and force capacity of at least 150 N
are sufficient to reproduce physiological ankle ranges of
motion. These values are consistent with biomechanical
standards established in prior foundational work and
align with requirements reported in contemporary

Rotation - the smoothest, reflects rare rotational
movements.

robotic rehabilitation studies [4-6]. Additionally,
and CAD-based
demonstrated that the selected materials (aluminum
6061-T6 and steel 45) provided adequate strength, with
maximum stress levels well below material yield limits,

structural  testing simulation

while maintaining a lightweight and portable design.
Such properties are critical for ensuring both device
safety and patient comfort during repeated
rehabilitation sessions [7].

The integration of three DOFs also enables diverse
therapy modes, including passive, active-assistive, and
resistive exercises, which are considered essential for
promoting motor recovery in both orthopedic and
Furthermore, the
validation through CAD-based stress and trajectory

neurological rehabilitation [9].

simulations adds robustness to the preliminary design
phase, ensuring that the mechanical and control
systems are adequately prepared for future clinical
implementation.

https:/Idoi.org/10.52889/1684-9280-2025-76-5-jto021



Trauma & Ortho Kaz, 2025, 76 (5)

Future work will therefore focus on clinical
validation of the device in patients recovering from
ankle injuries, stroke, and other neurological disorders,
as well as long-term mechanical reliability testing.
Moreover, the incorporation of advanced sensing

5. Conclusions

The aim of this study was to design and simulate a

robotic  exoskeleton capable of reproducing
physiological ankle movements in three planes for
rehabilitation purposes. The developed device
demonstrated accurate kinematic performance,
structural reliability, and the ability to provide versatile
therapy modes, thereby addressing the limitations of
existing rehabilitation technologies that are often
restricted to single-plane movements. The findings
confirm that the proposed system has significant
potential for clinical application in the rehabilitation of
patients with musculoskeletal injuries and neurological
disorders, as well as for use in biomechanical research.
While the current results are based on simulation and

mechanical validation, future work will focus on
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ToObIK OyBIHBIH OHaATy¥a apHaAfaH pOoOOTTaHABIPbIAFaH IIPOTOTUITI JKOOaaay
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Tyiingeme

bya seprreyain Mmaxcatel TaGaHHBIH (PU3MOAOTMAABIK KO3FaABICTAPBIH YII aHATOMILIABIK >Ka3BIKTBIKTa
KaliTalayfa >KoHe OeAceHAl 9pi maccuBTi Tepammsl peXXMMJepiH KoaJayra KabiaeTTi TOOBIK OYBIHBIH OHaATyFa
poOOTTaHABIPBLAFaH KYPLIAFLIHEL JK00alay KoHe >kacay 001451. KypblaFsl >)KapakaTTap MeH ollepansilapAaH KeiiHri
OHAATYZAa, TOMEHTI asKThIH KMMBLAABIK, (PYHKIVIICBIHBIH HEBPOAOTMAABIK OY3bLABICTaphI Oap HayKacTapaa, COHAal-aK
asK KO3FaABICBIHBIH OMOMeXaHMKaAbK, 3epTTeyAepiHje KoAJaHyFa apHaaraH. llaardopmansl asipaey ymiiH
aBTOMaTTaHABIPBLAFAaH >KoDaJay d4ici KoadaHbiaabl. Kypblarel TaGaHHBIH Oyridyi MeH >Ka3blAYBIH, MHBEPCH MeH
DBepPCIIHBI, COHAal-aK iIlTKi >koHe CBIPTKBI alfHaAyBIH KaMTaMachls eTedi. MeXxaHNKaAbIK >Kyiie TabaHFa OelliMgeareH
nepdopanusaianral OexiTy naatgopmacsiHaH, AOFa Topi3Ai OaFpITTayIIBlAapAaH POAUKTI TipeKTepMeH, KO3FaAbICTEI
OYpBIIITHIKKA aiiHaAABIPATHIH YII CBIBIKTBIK >KeTEeKTeH >KoHe TiK OCh OOVbIMeH alHaady YIIiH OpTaablK Tipek
TopabbIHaH TypaAbl. bapAbIK D1eMeHTTep aHOATA/AFaH aAIOMUHNII MeH acIaIlThIK 0OAaTTaH >KacaafaH. bya Oepik,
JKeHia api KopposusAra Te3iMAiAIKTI KamMTaMachl3 eTeai. backapy >xylieci ®sHKogepaepMeH, gpaliBepaepMeH >KoHe
Kayimcisaik MexaHmsMJepiMeH >KaOABIKTaafaH MMKPOKOHTpOAJepre HeTizgeareH. baridapaaMaablk >KacaKTaMma
KOAMeH, >KapTbldall aBTOMaTTHl >KoHe aBTOMATTHl Tepanus peXMMAepiH K0AJaliabl, COHBIMEH KaTap HayKacTBhIH
ITapaMeTpAepiH KaamuOpAeyre >KoHe CaKTayFa MYMKiHAIK Oepegi. KuHemaTnkaabslk MoAeabAey Ka’kKeTTi KO3FaabIC
ayKbIMBIHa KOA >KeTKi3y MYMKIiHAITiH pacTagbl: TaOaHHBIH OYTidyi MeH >Ka3blAybI +25° AeifiH, MHBEPCHST MeH DBePCILsT
*15° geitiH, coHAa-aK iIlIKi >KoHe CBIPTKBI alfHaAyBIHBIH OipKaABIIITH OpPHIHAAAYH. MoJAeabaey TpaeKTopusaapAbIH
SKOFaphl 494AITiH >KeHe KaliTalaHyblH KepceTTi. bruoMexaHmnkaablk Taagay KylmITepAiH KeTKiAiKTi ayKbIMBIH pacTajbl,
aa OepiKTik ecerrTeyaepi Kayiricis MoHAep IIeriHAeri KepHeyaep MeH depopManusaiapabl KopceTTi. ToOBIK Oy bIHBIHEIH
OHAATybIHAa 93ipAeHTeH POOOTTHIK HPOTOTMI KAMHUKAABIK KOAJaHy MYMKiHAiriH kepcerri. Oa Tabnru
KO3FaAbICTapABI 49 KaliTadayAbl, ceHiMAi OeKiTyAl >koHe OelfiMAeaeTiH Tepamsl peXXuMAepiH KaMTaMachs eTedi. bya
Kylle >KapakaTTap MeH omepaumusdapJaH KeWiHIl KaAIlblHa KeATipyAiH THMIMAIAiriH apTThIpyFa >KoHe
O6moMexaHMKaABIK 3epTTeyaepAiH MYMKIHAIKTepiH KeHelTyre apHaAFaH IepPCIIeKTUBAABIK TeXHOAOTUAABIK, IIeITiM
00ABIII TAOBLAAABI.

TyiiH ce3aep: TOOBIK OyBIHBI, OHAATy, POOOTOTEXHMKA, DK30CKeAeT, OybIHAAFBI KO3FAaABIC KeeMi,
OpTOIeAVAABIK IIpolieaypadap.
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5 Hayunsii accucrent, Hasapbaes Yamsepcntet, Acrana, Kasaxcran
¢ Hayunsi accucrent, Hasapbaes Yamsepcntet, Acrana, Kasaxcran

Pes3omMme

Ileaplo AaHHOTO WMCCA€AOBaHM:A sBAAJAach paspabOTKa U CO34aHMe POOOTUIMPOBAHHOIO YCTPOMCTBA A4S
pea6I/I/H/ITaI_U/II/I TOA€HOCTOIIHOIO CYCTaBa, CHOCO6HOFO BOCHpOI/ISBO,ZI,I/ITI) CI)I/IBI/IOAOFI/I‘«IGCKI/IQ ABVI>KeHIs CTOIIbI B Tpex
AHATOMMNYECKUX IIAOCKOCTIAX U HOAAep)KI/IBaTL KaK aKTHUBHbIE, TaK I IIaCClIBHDbIE pe)KI/IMLI Tepanl/m. YCTpOﬁCTBO
HpeAHaaHaquo AAs1 pea6I/I/H/ITaI_H/II/I I10cAae TpaBM nu xmpyprmquKI/Ix onepaumﬂ Ha T'OA€eHOCTOIITHOM CYCTaBe, AA5L
ITalIMMeHTOB C HeBpO/lOFI/I‘IECKI/IMI/I HapymeHMHMM ,ZLBI/IFaTe/leOﬁ Cl)yHKLU/II/I HI>KHEN KOHEUYHOCTI, a TakKXe AAs
HpOBeAeHI/I}I 6I/IOM€X8HI/I‘IECKI/IX I/ICCAe,ZLOBaHI/IIZ ,ZI,BI/I)KeHI/Iﬁ CTOIIBI. 'Zl/l}l pa3pa6OTKI/I HAaTCI)OpMI)I JICIIOADb30BaH METO/,
aBTOMaTI/IZ’:I/IpOBaHHOFO HpOQKTMpOBaHMH. KOHCTPYKLU/ISI O6eCHe‘{I/IBaET TbIAbHOE I ITOAOIIIBEHHOEe CFI/I6aHI/Ie, I/IHBepCI/IIO
n 9BepCI/IIO, a TaKKe BHyTpeHHIOIO u HaPY)KHyIO pOTaL[I/IIO. MexaHI/I‘«IeCKaH CucCreMa BKAKYaeT nep(l)opmpOBaHHon
HAaTCI)OpMy AASL (I)I/IKCaLU/II/I CTOIIbI, ,Zl,yl"OBbIe HaHpaB/UIIOH_U/Ie C pO/lI/IKOBbIMI/I OHOpaMI/I, TpI/I AVIHETHBIX aKTyaTopa AAsL
npeo6paaoBaHI/m HOCTyrIaTeAbHI)IX ,ZI,BI/I)KeHI/If/] B yrAOBbIe nu I_IeHTpaAbHLIﬁ OHOprIﬁ y3€/l AASL BpaLHeHI/I;I I10
BepTI/IKaALHOIZ OCI. Bce KOHCTPYKTI/IBHI)IG D1€eMEeHTbI M3IrOTOBAEHBI nus3 aHO,ZI,I/IpOBaHHOl"O AAIOMUHU n
I/IHCprMeHTaAbHOﬁ Ccraay, 4ToO O6eCHe‘II/IBaeT HpO‘{HOCTb, ACTKOCTh U YCTOI7[‘II/IBOCTI) K KOppOBI/II/I. CI/ICTeMa
yr[paB/leHI/I}I OCHOBaAHa Ha MI/IKpOKOHTpOA/lepe C 9HKO,ZI,epaMI/I, 4pa17[BepaMI/I 1 MexXaHunusmMamMm 6630HaCHOCTI/I.
HpOFpaMMHOG o6ecnequI/Ie HOAAep)KI/IBaeT py‘-IHOf/I, HOAyaBTOMaTI/I‘IeCKI/Iﬁ U aBTOMAaTUYeCKUIT pe)KI/IMBI Teparn/n/[ C
BO3MO>KHOCTBIO KaAI/I6pOBKI/I n COXpaHeHI/I}I HapaMeTpOB ITaltVieHTa. KI/IHeMaTI/I‘{ECKOG MO,ZLe/H/IpOBaHI/Ie HOATBepAI/I/lO
BO3MO>KHOCTDb AOCTV>KEHIISI TpeGyeMoro Aviaria3OHa ABI/I)KeHI/IIZS ThIAbHOE U ITOAOIIIBEHHOEe CTI/I6aHI/Ie 40 i250, I/IHBepCI/IH
n BBEPCI/I}I A0 i150, a TaK>Ke ITAaBHasl BHYTpeHH}I}I n Hapy>KHa;1 pOTaL{I/I}I. MOAEAI/IPOBaHI/Ie ITIOKa3aAa0 BbICOKYIO TOYHOCTH
n HOBTOp}IeMOCTb TpaeKTOpI/HZ. BI/IOMexaHI/I‘IeCKI/Iﬁ aHaANM3 HOATBep,ZI,I/IA AOCTaTO‘IHbIﬂ AViaria3OH YCI/IAI/II7[, a
HpO‘IHOCTHLIe pacqubI ITOKa3aAun HaHp}I)KeHI/I}I u ,ZI,eCl)OpMaLU/II/I B HpeAeAax 6e3OHaCHbIX 3Ha4YeHUII. PaSpa6OTaHHbII7[
HpOTOTI/IH po60Ta AAs1 pea6I/I/lI/ITaLU/II/I TOA€eHOCTOIIHOIO CyCTaBa AeMOHCTpI/IpyeT BO3MO>KHOCTh KAMHMNYECKOI'O
HpI/IMeHeHI/I}I, O6eCHE‘II/IBa}I BOCHpOI/ISBeAeHI/Ie eCTeCTBEeHHBIX ,Zl,BI/I)KeHI/HZ CTOIIbI, HaAE)KHYIO qDI/IKCaLU/IIO " agallITVIBHbBIE
pe)KI/IMBI Teparu/m. CI/ICTeMa SIBASIETCSI HepCHeKTI/IBHI)IM TEXHOAOIMYECKIM peH_IeHI/IeM AA51 ITOBBIITIIECH ST
9(1)(1)6KTI/IBHOCTI/I BOCCTAaHOBAEHUSI I10CAe TpaBM u OHepaLU/Iﬂ, a TakKxe AA4s1 paCIJ_II/IpeHI/I}I BO3MO>KHOCTE
6I/IOMexaHI/I'-IeCKI/IX I/ICCAe,ZI,OBaHI/II?I.

KAIO‘-IEBI)IE CA0Ba; TOACHOCTOITHLIN CYCTaB, pea6I/I/lI/ITaLU/I}I, pO6OTOTeXHI/IKa, DK30CKeAeT, O6”beM ABI/I)KeHI/HZ B
CycTaBe, OpTOIleAMYecKye IIponeAypsl.
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