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1. Introduction

Abstract

Lower limb dysfunction resulting from neurological or musculoskeletal disorders
often leads to impaired gait and reduced mobility. Robotic exoskeletons are
increasingly used in medical rehabilitation to support gait retraining, reduce therapist
workload, and improve patient outcomes. However, conventional knee joint
mechanisms in exoskeletons fail to fully replicate the complex biomechanics of the
human knee, causing misalignment and patient discomfort during therapy. This
study aims to design and optimize a bioinspired knee joint mechanism for a medical
exoskeleton to improve biomechanical efficiency, enhance alignment with natural
knee motion, and increase patient safety and comfort during gait rehabilitation. The
proposed design is based on anatomical data obtained from magnetic resonance
imaging of a healthy adult knee. Two mechanical configurations were developed
using computer-aided design (CAD) modeling: a noncircular spur gear mechanism
and a bearing-guided curved surface mechanism. Simulations were performed to
evaluate joint kinematics, torque distribution, and mechanical stability under realistic
gait conditions. The curvature profile of the femoral condyle was used to replicate the
natural flexion-extension trajectory of the human knee. Simulation results
demonstrated that the bioinspired knee mechanism achieved smoother motion and
improved torque distribution compared to the conventional single-degree-of-
freedom design. The proposed configuration minimized lateral misalignment,
reduced parasitic forces at the exoskeleton-limb interface, and improved mechanical
stability throughout the gait cycle. The study confirms that a bioinspired knee joint
mechanism can significantly enhance gait rehabilitation performance. The findings
provide a foundation for developing next-generation exoskeletons that are
biomechanically consistent, energy-efficient, and safe for clinical use.

Keywords: Exoskeleton, Knee joint, Optimization, Biomechanics, Rehabilitation.

Lower limb dysfunction is a common medical
condition that may result from stroke, physical trauma,
or other injuries. Many patients affected by such
impairments have the potential to regain partial or full
mobility = through  proper rehabilitation.  Gait

rehabilitation exoskeletons have been developed to
enhance the effectiveness of physiotherapy for semi-
paralyzed patients by performing repetitive movements
with gradually reduced robotic assistance during
recovery [1-3]. According to survey studies [4,5], robotic
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exoskeletons have demonstrated strong potential to
improve rehabilitation efficiency and significantly
reduce the physical workload of therapists.

The successful development of lower limb
exoskeletons requires an in-depth understanding of
human anatomy, particularly the complex biomechanics
of the joints. The knee joint, in particular, exhibits multi-
degree-of-freedom (DOF) kinematics that include
rotation and translation components Figure 2 [6].
However, to simplify design and control, most orthoses,
prostheses, and exoskeletons implement only a single-
DOF revolute joint. While this simplification may suffice
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for non-actuated orthoses, it introduces alignment issues
and undesired orthogonal forces in actuated systems.
Clinical tests conducted under the supervision of
rehabilitation specialists revealed that one-DOF knee
mechanisms cause instability in the lower leg and
frequent loosening of fixation belts during
physiotherapy sessions. As a result, patients were
unable to complete even short 10-minute sessions
without repeated readjustment. These findings highlight
the limitations of existing designs and the need for
improved knee joint mechanisms that can better
replicate natural human motion.
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Figure 1- Natural human knee DOF-s [6]

This study aims to develop and evaluate
improved conceptual designs for an exoskeleton knee
joint mechanism that align more accurately with human
knee kinematics. Several design concepts were identified
through a literature review and assessed for
compatibility with the AK80-64 motor and alignment

2. Materials and methods

Research Design

This study employed an experimental design
approach to develop and evaluate bioinspired knee joint
mechanisms for a lower limb rehabilitation exoskeleton.
Several existing knee joint designs were reviewed to
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with the anatomical joint. Selected designs were
modeled using SolidWorks CAD software and virtually
simulated. The design validation was carried out
through ergonomic testing on a human leg to identify
potential improvements and ensure proper alignment
with human movement.

identify models capable of achieving close alignment
between human knee kinematics and robotic motion.
Among the concepts considered, bioinspired
mechanisms were selected for further development due
to their superior alignment accuracy Figure 2.
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Figure 2 - Bio inspired knee joint [12]
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Materials and Data Sources

The proposed knee joint concepts were modeled
using SolidWorks CAD software and simulated
virtually. The bioinspired design was based on the
curvature of the femur bone derived from sagittal plane
magnetic resonance imaging (MRI) scans of a healthy 25-

year-old female subject, obtained from the publicly
available dataset of Tim Luijkx [7]. The MRI images were
used to extract the curvature profiles of the femoral
condyles and to design the trajectory for the
instantaneous center of rotation (ICR) of the knee joint.

Figure 3: Curvature profile drawing on a lateral condyle MRI picture’s projection

Design and Prototyping Procedure

Three main knee joint configurations from
previous studies were analyzed, including four-bar
linkages [8,9], multi-revolute planar mechanisms [10,11],
and bioinspired designs [12]. Based on comparative
assessment, two bioinspired models were developed in
this work:

¢ Gear-based knee joint concept —
incorporating a non-circular gear profile that replicates
the femoral condyle curvature, improving motion
stability and mechanical reliability.

*  Bearing-based knee joint concept -
employing ball bearings rolling along a curved surface

of the femur analog, connected via springs and metal
bars to allow smooth flexion and extension.

The curvature of the lateral femoral condyle was
chosen for trajectory modeling, as it exhibited a larger
curvature profile. MRI images were scaled to match the
average male knee dimensions (ages 23-25). Curvature
profiles were constructed using uniform radius arcs with
radii values of R; =27.8 mm, R, = 79.21 mm, R3 = 47.13
mm, Ry = 18.61 mm, and Rs = 24.48 mm Figure 3. The
models were scaled to accommodate the AK80-64 BLDC
motor (Figure 4) ensuring mechanical compatibility and
maintaining natural knee motion kinematics.

Figure 4 - AK80-64 BLDC motor

Kinematic Analysis

Kinematic evaluation was conducted by applying
the Denavit-Hartenberg (DH) convention using
parameters derived from the mechanical design (Table
1). Although each prototype includes a single actuated

joint, the curvature profile of the upper segment induced
a secondary translational motion along the connecting
bars, resulting in effective two-degree-of-freedom
(revolute and prismatic) kinematics.

https:/ldoi.org/10.70439/2075-8790.2025.98.4.006



Cent Asian | Med Pract & Res 2025, 98 (4)

Table 1 - Denavit-Hartenberg parameters

i a1 Aj-1 di, 0;
1 0 0 6,
90° D, 0

Design Validation

Prototype testing was performed to assess
ergonomic performance and alignment accuracy. 3D-
printed prototypes were fitted on a human leg to verify
comfort, joint motion smoothness, and potential
interference with exoskeleton belts or braces.
Observations were recorded to identify design flaws and
guide refinements.

3. Results

To evaluate the developed prototypes, the
SolidWorks motion analysis tool was first employed.
This tool enables simulation of the assembly by
between

incorporating interactions

physical

a)

Ethical Considerations

This research complies with the basic ethical
principles of human subject research as outlined in the
Declaration of Helsinki. No direct patient involvement
or personal data collection was conducted. The MRI data
used in this study were obtained from open-access
medical imaging databases and contained no
identifiable personal information.

components and allows tracking of point trajectories
(Figure 5). Subsequently, practical experiments were
performed to assess the ergonomics of the knee joint and
to identify any design shortcomings.

6)

Figure 5 -Trajectory graphs Assembled model: (a) Geared concept. (b) Ball bearing

Software design validation concept

SolidWorks-based  design  evaluation  is
particularly advantageous in the initial development
stages, as it provides detailed insights into assembly
kinematics and enables comparison with existing human
knee motion data. Prior studies have characterized knee
joint trajectories, making such comparisons feasible [12].
Data from published experimental plots were digitally
extracted, and analogous data from the assembly model
were gathered using the same method to ensure
consistency.

In [12], the researchers recorded the swing phase
of gait using reflective markers placed on the thigh (T1,
T2) and shank (S1, S2). Because the thigh remained fixed
and only the lower leg moved, the analysis focused on
the shank markers, with thigh markers serving as the
reference. This process yielded the trajectory diagram
shown in Figure 6. The marker spacing on the human leg
was 250 mm, whereas the spacing in the assembly model
was 230 mm, producing an observable offset between
the respective trajectories.

https://doi.org/10.70439/2075-8790.2025.98.4.006
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Exoskeleton knee and human knee trajectory comparison
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Figure 6- Diagram with trajectories of markers on a human leg and knee joint concept

Practical design validation

Following software-based validation of both
concepts, a physical prototype was developed, enabling
practical experiments for final design verification. The
braces of the prototype were fabricated from solid
plastic; therefore, soft pads were added between the
braces and the straps to improve user comfort. The
straps were secured using plastic fastex buckles, which,
in some cases, introduced minor inconveniences. Each
prototype model was tested individually to determine
the more suitable design (Figure 7).

During these trials, several plastic components
were damaged, prompting minor redesigns of the CAD

models to enhance durability without altering the
kinematics. In the ball-bearing concept, misalignment
between the upper and lower components was
observed, leading to the addition of guiding tracks to
improve stability.

Midway through the practical validation, it was
found that the gear-based concept caused overbending
of the lower brace beyond a certain flexion angle.
Nevertheless, for slow gait motion involving low flexion
angles, alignment remained adequate and did not lead
to discomfort. For the ball-bearing design, insufficient
support at the ankle resulted in slight twisting of the
exoskeleton during the gait cycle.

(a)

(b)
Fiqure 7 - Practical test pictures: (a) Geared concept, (b) Ball bearing concept
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4. Discussion

The software-based evaluation demonstrated that
designing the curvature profile to match the lateral
condyle of the femur enables proper alignment between
the human knee and the exoskeleton joint. Although
further experiments with the actual exoskeleton are
required for definitive verification, the current analysis
already incorporates the real system’s kinematic
constraints.

Practical testing helped identify several structural
design issues, most of which were resolved through

5. Conclusions

Misalignment between the human knee and the
exoskeleton joint often results in noticeable discomfort.
Although many exoskeleton manufacturers adopt
simplified single-revolute-joint mechanisms, medical
and rehabilitation applications require highly accurate
alignment. In this study, several approaches were
explored to develop a knee joint mechanism capable of
achieving proper alignment while remaining compatible
with an existing gait rehabilitation robot. Taking into
account the biomechanical constraints of the human
knee and the design requirements of rehabilitation
exoskeletons, two concepts were proposed, prototyped,
and evaluated through both simulation and practical
testing.

The results indicated that the ball-bearing concept
achieved more accurate alignment across all flexion
angles. The geared design also demonstrated potential,
though further refinement of the gear tooth
configuration is likely needed. The ball-bearing
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MeauimiHaabIK 9K30CKeleTTepre apHaAfaH Tise OybIHAapbIH OHTanaaHAbIpy: JKypyai
KaAIlbIHa KeATipyaeri OMoMexaHMKaAbIK THIMAi2iKTi apTTBIPY
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Tyiingeme

JKyiike HeMece TipeK-KMMBIA >KYyifeCiHiH Oy3BLABICTapBl TOMEHTI asgK-K0A KBI3METIiHIH a4cipeyiHe >KoHe KYpy
KaOizeTiHiH TeMmeHJAeyiHe oKeaeai. MeaunMHaALIK DK30CKeAeTTep >KYpPyAli KaAIlblHa KeATipy eMiHJe KeHiHeH
KoadaHberaaabl. CeGebi oaap HayKacTapAbIH KO3FaABICBIH KoaJdam, (PpU3MOTepamneBTTepAiH >KYKTeMeCiH a3aliThIIl,
OHAATYABIH THUIMAIAITiH apTTEIpassl. JerenmeH, Aactypai Oip aiiHaay oci Gap Tize OybIHBI MexaHM3MAEpi adaMHBIH
Taburn OybIH OMOMeXaHMKachIH TOABIK KaiiTadall aamanabl. HerTmokecinge OybiH coiikecci3Airi MeH HayKacTBIH
>KalICBI3ABIFBI TYbIHAAMABL bya sepTreyiH MakcaTbl — JXYpyAi OHaATyFa apHaAraH MeAMIIMHAABIK DK30CKeJeTKe
61oOMIMeTHKAABIK Ti3e OYBIHBI MeXaHM3MiH >KoDaaay >KoHe OHTalldaHABIPY apKbLABI OMOMeXaHMKaABIK TUiMAIAIKTI
apTTHIPY, TAOMEM KO3FaABIC TPaeKTOPUACBIMEH COVIKECTIKTi KYIIeNTy >KoHe HayKacThIH KayiIlci3Airi MeH >KailAbLABIFBIH
KaMTaMachl3 eTy. YCBIHBIAFaH MeXaHM3M cay epeceK ajaMHBIH Tide OYBIHBIHBIH MarHUTTiK-pe30HaHCTBIK
ToMOTrpadUACH AepekTepiHe Herizgeaai. Exi MexaHMKaabIK KOHQUIypaljus >KacaaAbl: OeligeHreaek Ticti Oepiaic
MexaHI3Mi >KoHe JoOfaa OeTHeH alHalaTBIH MOWBIHTiIpekTi >Kyite. Kommpiotepaik mogeansey (CAD) apkbrabt
OyBIHHBIH KMHEMaTMKachl, MOMEHTTIH TapaAybl >KoHe TYpPaKTBIABIFBI HaKTBl XXYPY >KarjdaiidapblHAa TaaAaHABL
@emopaplH (caH CyIieriHiH) AaTepaaAbl aiiJapIIBIFBIHBIH KMCBIK ITINIHI ajaMHBIH TaOMFM Ti3e KO3FaABICHIH
MMUTaIMsAay YIIiH NaiigalaHblaasl. Mojeabaey HoTiKeepi OMOMUMeTHKAABIK Tize OyBIHBI 49CTypAi O6ip epKiHAIK
Adpexxeai MexaHM3MMEH CaABICTBIPFaHAA KO3FAABICTBIH OipKaABIITHIABIFBIH >K9HE aliHaly COTiH >KaKCapTKaHBIH
KepceTTi. ¥CBIHBLAFaH KOHQUTypaIMs DK30CKeAeT IIeH asK apacblHAaFbl KOAJeHeH COMIKeCCi3AiKTi a3aliTHII, apThIK
KYIITepAiH oCepiH TOMEHJETTi >KoHe KYpy UMKAiHIH OapABIK Ke3eHiHJe TYPaKTBIABIKTHI apTTHIPABL. JepTTey
HOTIDKeAepi OMOMMMeETMKAaABIK Tize OYBIHBI MeXaHM3Mi XXYpPy4i OHaATy TMIMAiAiriH eAdyip apTThIpa aAaTbIHBIH
KepceTTi. bya >JKyMbIC KAMHNMKaABIK KOAJaHyFa apHaAFaH, OloOMeXaHMKaABIK TYPFbIAA 491 JKoHe DHeprus YHeMAENTiH
>kaHa OyBIH DK30CKeAeTTepiH a3ipaeyre HeTi3 KaaaliAbL.

TyiiiH cesgep: sK30cKea€eT, Tize OyBIHBI, OHTall1aHABIPY, O1IOMeXaHMKa, OHAATY.
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Pes3omMme

HapymeHI/M CI)YHKL[I/IIZ HVIKHIX KOHe‘{HOCTeﬁ, BbI3BaHHBbIE HeBpO/lOl"I/I‘{eCKI/IMI/I namn OHOpHO-,Z!,BI/IraTeAI)HLIMI/I
3360AeBaHI/IHMI/I, qacTo HPI/IBO,ZIJIT K OrpaHI/I‘IeHI/IIO ITIOABV>KHOCTII U HapymeHI/Ho ITOXOAKI. Me,ﬂ,I/IL[I/IHCKI/Ie
DK30CKeAeThl BCe 4Jale HpI/IMeHHIOTCH B pea6I/I/lI/ITaLU/II/I AAsL HO,ZI,,ZI,ep)KKI/I ITalIVIeHTOB BO BperI BOCCTAaHOBAEHI L
IIOX0A4KM, CHIVI>KEHII HaFPYSKI/I Ha Cl)I/I3I/IOTepaHeBTOB 1 TIIOBBIIIICHST Bq)q)eKTI/IBHOCTI/I Tepam/m. O,Zl,HaKO
Tpa,Zl,I/ILU/IOHHI)Ie MeXaH3Mbl KOA€HHOTIO CYCTaBa C O,ZI,HOI7[ OCBIO BpaHleHI/I}I He CHOCO6HLI TOYHO BOCHpOI/IBBO,ZI,I/ITb
CAO)KHyIO 6I/IOMexaHI/IKy Je10Be4YeCKOTO KOZ1eHa, 4YTO BbI3bIBaeT K CMeIlleHIIO CyCTaBOB u ,ZI,I/ICKOMCI)OPT y ITaltyieHTa BO
BpeMSI 3aHITUINA. Lle/lbIO AaHHOI'O MCCAeAOBaHUS sIBASIETCA pa3pa60TKa " OIITMMWM3alivst 6I/IOI/IHCHI/IpI/IpOBaHHOTO
MeXaHn3Ma KOAE€HHOIO CyCTaBa AAsl MEeAVLIMMHCKOIO 3K30cCKeZeTa C ILIeAbIO IIOBBIIIIEHVIS 6MOM€X&HI/I‘«I€CKOI7I
Bq)q)eKTMBHOCTI/I, y'/ly‘{H_IeHI/ISI COOTBETCTBUI TpaEKTOpI/II/I €CTeCTBEHHOI'O ABVI>KEHISI N 06ecnequm1 6830HaCHOCTI/I nu
KOMCl)OpTa ITaltyieHTa BO BPEM}I pea6I/IAI/ITaLU/II/I. HpeAAO)KeHHa}I KOHCTPYKL[I/I}I OCHOBaHa Ha AaHHBIX MarHMTHO-
p€3OHaHCHOI7I TOMOFpaCl)I/II/I KOA€eHHOI o CyCTaBa SAOPOBOFO B3pOC/lOFO ye0BeKa. brlan paspa60TaHb1 ABe
MeXaHn4yeckKume KOHCI)I/II'ypaHI/H/IS MeXaH3M C Heryerﬁ 3y6an017[ nepeaaqeﬁ n MeXaHU3M C IIOAINUITHUMKaMMU,
MepeMemalomMUC TT0 U30THyToM nosepxHocT. C nomonisio CAD-MoaeAnpoBaHms MPOBeAeHBl CUMY AU AAS
OLleHKNM KINHeMaTUuKIM CYCTaBa, pacnpezl,eAeHM;I prT}ILT_[el“O MOMEHTa ¥ MeXaHN4eCKOuI yCTOI7['-II/IBOCTI/I HpI/I
peaAI/ICTI/I'-IHbIX YCAOBI/IHX IIara. Hpoq)l/[/lb KpI/IBI/ISHLI AaTepaAbHOFO MBIIITeAKa 6e4peHH017[ KOCTUM NUCITOAB30BAACA AASL
BOCHpOI/ISBeAeHI/I}I ©CTeCTBeHHO TpaeKTOpI/II/I CFI/I6aHI/I}I n pa31"1/[6aHI/I}I KO/Z€eHa. PeS}UleaTLI MOAQAI/IPOBaHI/I}I
ITI0Ka3aAau, 94To HpeAAO)KeHHBIﬂ 6I/IOI/IHCHI/IpI/IpOBaHHBII7[ MeXaHM3M KOAeHHOTIO Cy'CTaBa O6€CH€‘U/IB3€T 60/188 I11aBHOeE
ABVIKeHNe U paBHOMepHoe pacnpeAeAeHI/Ie Kp}I'T}IH_[el"O MOMEHTa I10 CpaBHeHI/IIO C TpaAI/ILU/IOHHOIZ KOHCTPYKLU/IQIZ C
OAHOI7[ CTeIIeHbIO CBO6OABI. KOHq)I/II'ypaI_II/I}I YMeHI)H_IaET 60KOBO€ cMeIlleHmne, CHm>XaeT napa3MTHme CH1AbBI B MeCTaxX
KOHTaKTa DK30CKeaeTa C KOHEUYHOCTBIO I ITOBBIIIIaeT MexaHquCKon yCTOﬁI‘II/IBOCTB Ha HpOT)I)KeHI/II/I BCero IIKAa I11ara.
HpOBeAeHHOG mccaeagoBaHue HOATBep)KAaeT, YgTO MCIIOAB30OBaHUE 6I/IOI/IHCHI/IPI/IPOBaHHOTO MeXaHn3Ma KOAEHHOTIO
CYCTaBa MOZKET 3BHAaUUTeAbHO ITOBBICUTH 9(1)(1)6KTI/IBHOCTI) pea6I/I/lI/ITaLU/II/I ITOXOAKI. HOAy‘{eHHbIe peSy'/leaTbI C/ly>KaT
OCHOBOIL AAS51 paspa60TKM HOBOTO IIOKOJAEHWMsI DK30CKeAeTOB, OTAMYAIOILIVIXCS 6MOM€X&HI/I‘I€CKOI7[ TOYHOCTBIO,
BHQPTOBCI)CI)QKTI/IBHOCTBIO nu 6830HaCHOCTbIO HpI/I KAVMHNYEeCKOM HpI/IMeHeHI/II/I.

Kaiogesble ca0Ba: DK30CKeAeT, KOAEHHBIN CyCTaB, ONTUMM3aI s, OroMexaHMKa, peaduANTAI V.
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