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ABSTRACT

Static classification methods have been used to investigate the relationship
between foot type and structure with risk factors and to prescribe preventive and therapeutic
interventions such as orthotics and shoes. However, a weak relationship between static measurements
and foot movement performance has been reported, and studies have shifted towards using dynamic
foot classification methods based on movement patterns. Therefore, this study aimed to group runners
based on three-dimensional kinematic patterns of the ankle joint during running and to investigate
significant differences in kinematic patterns among the identified groups.

[VETEEE The deep temporal clustering algorithm was implemented during barefoot running to identify
homogeneous subgroups on three-dimensional ankle joint angle data of 108 healthy adults (age:
22.45+2.42 years; height: 1.69+0.11 m; body mass: 64.6619.54 kg; gender: 55 males, 53 females). After
identifying the clusters, a parametric statistical mapping was used to examine the differences in ankle
joint kinematic patterns across the stance phase of running in the identified clusters.

ST Three distinct subgroups were identified. A comparison of the time series curves showed that
individuals in cluster 1 had a larger average ankle joint dorsiflexion range compared to the other two
cluster patterns between 40% and 80% of the stance phase of running (P=0.004). Additionally, individuals
in cluster 3 showed a greater range of ankle joint eversion between 60% and 100% of the stance phase of
running compared to the patterns of individuals in the other two clusters (P=0.038). However, changes in
ankle joint angles in the horizontal plane during running were similar in all three groups.

[@TEERT The proposed model can automatically group runners based on the kinematic pattern of
the ankle joint during running. By identifying the movement pattern of homogeneous groups and
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Introduction

unning is a popular and affordable sport,

but it can lead to overuse injuries due to

its repetitive nature and high participation

rates [1]. Running-related injuries have an

annual incidence rate ranging from 19%

to 79%, with about 70% affecting the knee
and lower leg regions [2]. Evaluating lower limb function
involves considering foot type and functional movement,
as certain foot types can increase injury risk [3]. Previ-
ous studies have mainly relied on static foot classification
methods to predict foot movement function, but a weak
correlation has been observed. To overcome this limita-
tion, researchers are investigating dynamic foot classifi-
cation methods that capture foot movement during activi-
ties like running [4].

Recent research has focused on identifying movement
patterns in homogeneous groups using unsupervised
clustering algorithms [5—7]. However, these algorithms
have limitations when applied to biomechanical data due
to their design for static data with small dimensions [8§].
Principal component analysis is commonly used to cap-
ture data variance, but it may overlook subtle differences
in movement patterns [9]. A more effective approach is
the deep temporal clustering (DTC) algorithm, a deep
learning method that combines dimensionality reduction
and temporal clustering in an end-to-end framework. This
algorithm optimizes clustering and dimensionality reduc-
tion objectives simultaneously, making it suitable for ana-
lyzing time series data [10].

This study aimed to use the DTC algorithm to group
runners based on three-dimensional kinematic patterns of
the ankle joint during running. We hypothesized that iden-
tifying distinct subgroups based on ankle joint kinemat-
ics during the stance phase of running would be feasible,
and there are differences in kinematic patterns among the
identified groups.

Methods

A total of 108 healthy participants (age: 22.45+2.42
years; height: 1.69+0.11 m; body mass: 64.66+£9.54 kg;
gender: 55 males, 53 females) ran barefoot at a speed of
340.3 m/s. Kinematic data were collected using six Simi
Motion cameras from Germany, recording at 200 Hz.
Three successful attempts were recorded for each partici-
pant. The stabilization phase of running was determined
using vertical force reaction data from a force plate. Raw
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data were filtered with a fourth-order Butterworth low-
pass filter at a cutoff frequency of 16 Hz, determined
through residual analysis. Ankle joint angles were calcu-
lated in MATLAB software, version R2022b using the
Cardan (XYZ) sequence method and normalized to 100%
of the stabilization phase. Data were then transferred to
Python for further analysis.

In Python software, version 3.8, the DTC algorithm
was applied to cluster kinematic patterns. The process
involved three stages: Dimension reduction and learn-
ing short-scale waveforms with a convolutional neural
network, learning temporal relationships with a bi-di-
rectional long short-term memory (Bi-LSTM), and non-
parametric clustering on the hidden representations from
Bi-LSTM to identify spatiotemporal dimensions and cre-
ate clusters (Figure 1). The clusters were compared using
one-dimensional parametric statistical mapping.

Input time series data is encoded into a latent space us-
ing a convolutional autoencoder followed by a BI-LSTM,
forming a temporal autoencoder. The latent representation
from the BI-LSTM is then input to a temporal clustering
layer to generate cluster assignments (Figure 2).

Results

Three distinct clusters were identified, with a silhouette
index value of 0.74, indicating optimal clustering [11, 12].
Cluster 1 had the highest percentage of individuals (54%)
compared to clusters 2(24%) and 3(26%). Individuals
in cluster 1 exhibited larger average ankle dorsiflexion
between 40% and 80% of the stance phase compared to
the other clusters (P=0.004). Cluster 3 showed greater
variation in ankle eversion between 60% and 100% of the
stance phase (P=0.038). However, changes in ankle joint
angles in the horizontal plane during running were similar
across all three groups.

Conclusion

The main goal of this study was to use a DTC algorithm
to categorize healthy runners based on their ankle joint
movement patterns during running. Identifying three dis-
tinct clusters confirms the hypothesis that there are ho-
mogeneous subgroups with unique ankle joint movement
patterns during the stance phase of running. These dif-
ferences in movement patterns among the clusters could
help identify individuals at risk of injury and inform the
development of targeted preventive or therapeutic inter-
ventions. The second hypothesis of the research was con-
firmed through statistical analysis, showing significant
differences in movement patterns on the sagittal and fron-
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Figure 1. Overview of the proposed deep temporal clustering

tal planes among the identified groups. Group 1 showed
a greater range of motion in the sagittal plane from 40%
to 80% of the stance phase compared to the other groups,
while group 3 exhibited more eversion in the final 40% of
the stance phase compared to groups 1 and 2. This ever-
sion pattern in group 3 is consistent with previous findings
by Oliver et al. [1], who identified a pronation foot group
characterized by increased eversion during the stance
phase using the K-means clustering algorithm. Prolonged
ankle pronation, indicated by increased eversion during
running, is associated with injuries such as Achilles ten-
donitis and stress fractures. Recognizing the pronation
foot movement pattern in healthy runners may be linked
to their ability to control foot pronation dynamically. Re-
search suggests that foot muscles are less activated in a
static state, highlighting the importance of assessing foot
anatomy under dynamic conditions to understand individ-
ual pronation control. Static measurements may only re-
flect the response of inactive foot structures, such as bone
alignment and tendon support, to specific static loads.

Foot muscles are crucial in controlling pronation and al-
tering the foot arch shape when bearing 50% to 100% of
body weight, affecting compensatory mechanisms during
activities like walking. However, the limited volume of
foot muscles restricts their compensatory capacity. In this
study, the peak vertical reaction force during the stance
phase of running exceeded twice the body weight, sur-
passing the foot muscles’ control overpronation and arch
shape. Kelly et al. studied the role of foot muscles in con-
trolling pronation and altering the foot’s arch shape. They
discovered that these muscles are crucial during loading
up to 150% of body weight. This finding is consistent
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with Kelly et al.’s research, suggesting differences in run-
ning loads and the foot muscles’ inability to compensate
for ankle joint pronation during running. Dynamic clas-
sification of runners’ foot types can identify injury-prone
individuals based on ankle joint kinematics, supporting
existing literature on running movement patterns. This
study underscores the shift from static foot classification
to dynamic assessment for understanding foot movement
performance during activities.

Dynamic foot-type clustering through an unsupervised
approach provides significant advantages over static clas-
sification methods. The model evaluates and clusters
runners’ movement performance to recommend targeted
preventive and therapeutic interventions, including ap-
propriate sports shoes. By identifying similar movement
patterns within subgroups using a DTC algorithm, this
model reduces individual variability in response to in-
terventions and provides optimal guidance for functional
clustering and intervention prescription.
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Figure 2. SPM post hoc analysis of ankle joint kinematics in the sagittal (A), frontal (B), and horizontal (C) planes during barefoot
running

Mean joint angles for clusters 1 (C1), 2 (C2), and 3 (C3) are represented by blue, red, and green lines, respectively. Shading indicates
the standard deviation of each cluster. Gray areas indicate statistically significant differences from statistical parametric mapping.
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13, Statistical parametric mapping
14, Stochastic field theory
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17. Non-parametric clustering
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15. Convolutional neural network
16. Bidirectional long short-term memory

Decoder

Minimize MSE

UpSample
Deconvolution

clusters

Minimize KL
Divergence

Activation

a1 Jis 4 5 (AD-CNN) ingdgilS 15045 1138 50, S5 5l ooliiwl b (84,5 Sloj 5y (sloools ¢ Guoe Jloj (saisaiigs o oSl (5 loro Y yiguai
SYsb abtls ac a5l g Jubgdgls JS0g3 (0550 0ed e (6,10505 Hlaty slad S o (BI-LSTM) a8l g0 o oS SYsb alabl> ac
sloclul g 05 co ools Jloj (gamadss Y S a3 BI-LSTM atigs ioled (e i oo oS35 1) (TAE) Sboj 5055 iS50, S cbiaolisS

S e Sl ] (glasgs

(Sloj Sksduigh s 1951 b (Guamsds Sl bl 32 GBS (Gaiug o5 oo g (Gir0ma L5


http://medrehab.sbmu.ac.ir/

Sloj oS 0o )80 (65 5 Shagy (nl (Lol Sun
S Sl iy @il (slaosiss (saiug)S sl Gros
4 plaie adigs o (QLulid 392 (93 (o> 0L e Joao
Plge Jabe 5> 65N (Kan claog 5 55 0979 i e sl
Sy (55 > axald ) 09,508 o 9B, (g il al> o
&S Jo sl (Las Y g Y og )8 s Jlualu &5 > azas o
Glocglas . culls 1555 09,5 90 4y S |y (g i (pdiygl ¥ oS
B IR llid & 09 )T a5 > sl o oline
ooy anugi 4 Wlgi o g 95 g0 SaS sl Jlas
Db i glo o b il Xy S 3925 (6l el

ol el b)) @l sk pss and b il
&S o azmao j o olulil glreg S S5 > (693l oly
AMLCLA 5 \ 09; .0)‘0 S99 )‘QLJJ.A ujl.cu JL"'BJB 9 JL...D'LM:
S o Ao 1D (6 pudien £S5 2 dialo gl (S gleeg L
05,5 a5 Jb o g lmiilals oas A B o Jlole
Odgs il al>pe (Sbl oy Fe o) (6t (20l ¥
5o eddodslive S > (gofl ol LIS Y g ) 05,8 A o
IVl o g )Sam 5 j5ull s &2 s e ¥ 09,5

odd olulid slaadss o La,_s'»o,.aﬂ &9 Y pogad

SWrodls (55, 2 B Sloj gmaiss w53l 25l g
28 (plolid zme ddg ;o Juado (gantnr Slotew
e g dlee Cudglw a3l jleolanul b gandies Lol
oS cal ol o lis oo opl [YF] sl s 4y - /VE
Sl galg> (Red Sileizs 65N Lol b o
V abgs ol 3l Jlgld asys [VY Y8 Al el oo 5 121 1,
SYL (0o, 0VF g TF) S0 ddigm 90 b dunlio 10 (ao )0 OF
ol sz gloy (6w duslie (Y o led yygual) Cowl 009
L g Jate piSIE swjg0 koo gyl ) algs ol 8l ols
Av g ¥ m s 50 K00 aligs 90 (o8I L anlie po 1255
ol 3l ¢ yuizmars (P=+/++ F) 0y yaug0 |yl alo o 5l sy
Froml i be Jate (gl Sl eis (65X Y ados
30 01,3l 6oL avglie jo fyaves JLaiulal> oo Ve e b
o9zl (F o lads pguad) (P=+/+YA) olo jlid Koo adig>
OS> (Bl amio 1L e Jade slily) Ol i
ol sl (565 05,5 s yo

o gogejl cliticures Slasuin ) Joua

Sasacdl oot 1 Silee )
- B UiCunon 6 F 39
A duigs 95 ddgd S Adgd B gdg03l J5
Vsat- [y ANt [AY WV-£ [ VisaE-/y (yie) 8
FEI-YESIEY FEINSEN -0 FOI-FESIYE SYIFFERDE (psSokS) o
AATESES TN YYIFALY/ VY YYIAPEYIYD YYVAEY/SY (e 520 2 oSS Loy o393 sl
YYIV-V/AY YYISYE-/A Y/ eV [-A YYISOY/SY () oy

(Floj (ki w1081 b gumgams Suiloiaw (bl 32 (509D (Gidg oS ] Ko 9 ghoxo Ll


http://medrehab.sbmu.ac.ir/

& * * ** z Y o;Ln.{;‘a Ald 090 R ¢ )ﬁ)@,&jé'é,&

- .
(ol doxdo dyglj duylie (ol dordus gl duylie (ol doxdo dyglj duylia
% % %
%J % |
2 s <y ey i pasgs
£ pag E i = wap
& ot KA oS 4 oSk
3 ke ol splul Byt ybatzal e
Sy s o Sy dloye Sy dloye
= =) =)
= E=2 E=2
= = =
o a o
72 7] %]
Sy dloye Sy oo Syl Al yo
(558 doxuo dugl; duylin (038 Ao dg; dulie (558 doxchio dg; dulie
S Sasg »ag
P st wu
5 oSt = oSk = ot
‘3; a,bsttud il E3 e E3 > fital ot
» ® ?
H : 2
) 3 3
£ £ %
£ K i
Sy dlsya Syl dloye izl dloye
= = =
= = =
a o o
n n 7
Sy oo Sy s o Sy s o
8 doeiio dygl; dunlie sl d%ehao dygl; duylia B doeiuo dygl) duylie
S S P
padg il ey
oS ashe e
= bl Byl = skl ot = sl 8ot
E N =
& & &
sl als ya Sl al> ya Szl alsya
= = =
: = :
o
7] 7] 2]
il dls 5o il als 5o i) dbsyo

. ‘ “_‘,J'
Y o) 09,8 sblas 5uSilin () JLi 3,02 ¢ () Jla,d (&) Jluobu oad olulids slaades 55, (5o duglio S il ly LS)L‘T S gl F pguad
c,...:lemooloum,..u,)a)é‘@"x“bbu.g;«\",

(Sloj Sksduigh s 1951 b (Guamsds Sl bl 32 GBS (Gaiug o5 oo g (Gir0ma L5



http://medrehab.sbmu.ac.ir/

|, 5y ool s bacalos b ams s 3 Slaice |,
oSl i b slaslis Ll b oplply i et
lagsl 5l s Jolow col 0B 5Sus, cnl 55>
Sowd At (68 ,5hoe (09,5 4 9w dl)| augs &S >
S0 Sloy giadsS 5 olal alS oS S eiaren L
@ 1) piesd Gl )l e b 6550k oozl
s e (S slagsl olulid Gl Fhe )l
ln ) alogate (ohg) 0Bl 0,505 i a5 (o0
sl ity 2S5 cB LU oyl 00l Sty

S (G09S g Jalowigh 25 ], (55 >

Dy 0509 » (el £95 SLgy (skeg S jlooliu
Sl diw] (s ganaib sla b, sl ol g0
95 i)l b aganeg,S Jae cnl S)ls olen 4 | (g LB
Mg > o Lbo\.\.sjd @S)} é)S.Lo.C » LS»-AM 6&.1.309;
oidS aile ey 5wl Sty OBl wiedus g 4
(93 Cnl )3 edailil by (izres WIS oo SS (2559
Sadg> 3,509 plal ) (5 > (XU e sl 5 5
AL was o ialS wlSinn 5 Sleps OBl 4 &uly
2975 3 O Shee g0y S sl Sl Jesdligiws
25l s0 wal8 D

098 Zadgicns jl s ke e haghy plo siles yol (lags,
S il plaled 3850 Glisee Jalge aSiulsg gl
Ode9d Sslotons o J 0S8 3l gy 50 (e (slaog S
5 ol Slite (s g5 Sk ol b Lo gingasl o
OE%ig ded eanles i glolid glaeg,S ol Sas
ISP CO R ROW RPN MERY | g JRERI
sl 5 Gtalesl g9 Sl ot b laoaigs 5l (555 )%
e 4 00 Ll (Slvog ) easly (o) 2 (e 39
Sy dewgs |y Joe ol Wlgs oo ail ) Sty o Slojo

bl L gy Gl gonegS Jao Ghegh ol
G095 )1, E8 52 (i 3 (U slatasgazs s oo,
Solre glas b pleie (25,0 (663! (glyls oo oluliss
5 @loled b oolpls wie Jluzle 5 JLig b axio o
u‘ysa ‘LDOS; L}"‘ )l &):b 6‘;: wl..\.a u)&?"d& LJ"““'”
S sbeye g 4l Kig Ol 539265 10 cawlin Joadlygis
Sl drwgi ) uaS B

K'means soaiios o ,o30 3l eolal b ighy ol jo
Sl il al> 5o 55 (6t (5l 45 Laosigs 5l (o295
oo i gl [Vl s pme gy sy siea;
Sl b e Jado (pidy p 0aam00LiS (pegd (o> 0 b e
S g Sl Slgigall Jod 5 ol Sop L &S
T RSP J DO RN | 7 SRS RO BN SO SN
Sbgy Jr5 Ul b ol (Ko plles slaonigs p3 odg
oo ools ylas IYA] wily das po calises ol 31 0 by cypinso
b Jsd 5l 2ol zsbaw bl a0 b S Edlas ol
5 Ll cdlo o b Sengill (g S0l ol by I¥A] W )ls
b Jld e (sl sl esly Byo 3 (Dlis S5 o0
o Sy ]y S9ul colex o Syl s5liee ale|
L] ams oo olas bl b Jles! 51 ols

P IS8 58 9 pidg p U5 U 2bsS Dlae
Sy 1y e Gyg ey Ve B0 LSk (e o S
RSSO [P JOX [P IRK GOSN W ET L 238 L
Jb ol sl 38 5T Dl oy sl 428 ol ol
5 Lo o Jodoay (Dlae (i (el bl
So ggl eyl imgi o [¥ o]l sgame by S e
AV G odags JlEd al> e 55 (s0g9ee Josll S
OMas SUlgs 5l 51,8 b Jlade plaS cnl oads Cud (3 59
S Sl b 98 SS9 (pedeny J5S gl b S
@S e olls cwyp 4 095 Guizs 0 Y SKen 4
s Al by BT B SO sS 9 pien S 0 b
2oy 100 B 6,05l i o Mlae ol a5 win,S b liE
b ganed e el [YA] 05l (glabasde LB 256 0oy 039
S NIl (o293 (Lol () Seon g (LS s
R o..)...i;JLo.C‘ 6L"")l€ LS )| G“’L’ \.\.:‘5.164 sy g ‘_;L:
S 58 (e Glra GlapasdlSin (5135 5 pac 5 g
Ive Al wil (ouss o> 0 b e e opdudgp <5 >
b 5 Shigy (sai0g,S 0,5 edl Gl oo Laadly (nf ez gl
69@‘ uuL..ul)J ‘) w] U")M 5o ulf..\.:5o Sl )Olé sLQ:o..\.;so
Oy () sloaidly aes el os b g Jate Siledw
S Sl () de 53 99290 Dol L (95 Bl
Goadds | A5 Coonl g [YA -] O, g 4o
A 5l S, o Shos b b e lalllas (gl b (sbiws!
A5 o 0ST S o S5 gl 2
@ Buas Sloj (gaiuddior 1 563 5l oslaiul b asllas oyl
S Slagsl alal (EALSES 18 Gaeg)S 5 (o)
S o oolail osls sl yralS” jalaieas Lol sleadlse
9o il al o (slaosls golos JalS” jsboas o550l 0

18. Kelly)2014)

(Floj (ki w1081 b gumgams Suiloiaw (bl 32 (509D (Gidg oS ] Ko 9 ghoxo Ll


http://medrehab.sbmu.ac.ir/

& o of o z Y o jlosds N 090 NP ¥ 599 1o g 010 40

NN
OARg G Jgel 31 s95m

Jolljgiws b gillae B Sllaxde iagsy sl 5o
NS aS g oo aid 5 Lo o ol iaiile olKisls SIS aneS
pled .l oals b o (IR.UMZ.REC.1403.097) o )lois 4
6me5) 9 g_S‘..\.m‘ w‘ o wl.c) dJLM U"‘ )b ‘;)1-7‘ J}.o‘
Sy5e o gl a4 ad sl Ml EaSeS b 4 daalllas
S0 aiags ol3Tla T g o ools ylicedsl LasleMol y0gs aile yro

Bz bl (blad Oy 50 g Wigd 7)1 aslllas 5l e y0
23,5 algs 8 T L o

S ol

05; (GO )L..J) ‘_g).:_f.b 4."..») )1 w)f).a dlas L)"‘

03,55 2l el 5 sogas o g slaplosles 51 e

.\_A-\.\J‘
‘:’@M' “53&5)&‘&»
@slllas (Hhb g pogie 10 Gy jobas (Sainyss aon

O Ak 5 gl S dmosls Juloxigdy 3255 5 (5 yolaos
ils oS e allie

&8lo (45 )0
55 glie o5 allio Lyl S e
;é‘b)ﬁ 9 M

45 (31,3l (ol 5 (relns o sl )S TN S 1 4,5
RYRIPPRL WA PRI NP LGNS S TR pp- JES

(Sloj Sksduigh s 1951 b (Guamsds Sl bl 32 GBS (Gaiug o5 oo g (Gir0ma L5



http://medrehab.sbmu.ac.ir/
https://umz.ac.ir/
https://umz.ac.ir/

References

[1] Hamill J, Palmer C, Van Emmerik RE. Coordinative variabil-
ity and overuse injury. Sports Medicine, Arthroscopy, Reha-
bilitation, Therapy & Technology: SMARTT. 2012; 4(1):45.
[DOI:10.1186/1758-2555-4-45] [PMID]

[2] Hreljac A. Etiology, prevention, and early intervention of over-
use injuries in runners: A biomechanical perspective. Physical
Medicine and Rehabilitation Clinics of North America. 2005;
16(3):651-67, vi. [DOI:10.1016/j.pmr.2005.02.002] [PMID]

[3] Razeghi M, Batt ME. Foot type classification: A critical review
of current methods. Gait & Posture. 2002; 15(3):282-91.
[DOI:10.1016/50966-6362(01)00151-5] [PMID]

[4] Cornwall MW, McPoil TG. Influence of rearfoot postural align-
ment on rearfoot motion during walking. The Foot. 2004;
14(3):133-8. [Link]

[5] Behling AV, Nigg BM. Relationships between the foot posture
Index and static as well as dynamic rear foot and arch variables.
Journal of Biomechanics. 2020; 98:109448. [DOI:10.1016/j.
jbiomech.2019.109448] [PMID]

[6] Nigg BM. Biomechanics of Sport Shoes. Calgary: University of
Calgary;2010. [Link]

[7]1 Senevirathna AM, Pohl AJ, Jordan MJ, Edwards WB, Ferber R.
Differences in kinetic variables between injured and uninjured
rearfoot runners: A hierarchical cluster analysis. Scandinavian
Journal of Medicine & Science in Sports. 2023; 33(2):160-8.
[DOI:10.1111/sms.14249] [PMID]

[8] Watari R, Suda EY, Santos JPS, Matias AB, Taddei UT, Sacco ICN.
Subgroups of foot-ankle movement patterns can influence the
responsiveness to a foot-core exercise program: A hierarchical
cluster analysis. Frontiers in Bioengineering and Biotechnolo-
gy. 2021; 9:645710. [DOI:10.3389/fbioe.2021.645710] [PMID]

[9] Watari R, Kobsar D, Phinyomark A, Osis S, Ferber R. Determina-
tion of patellofemoral pain sub-groups and development of a
method for predicting treatment outcome using running gait
kinematics. Clinical Biomechanics (Bristol, Avon). 2016; 38:13-
21. [DOI:10.1016/j.clinbiomech.2016.08.003] [PMID]

[10] Chalmers O, Page R, Langley B. A step towards dynamic
foot classification: Functional grouping using ankle joint fron-
tal plane motion in running. Gait & Posture. 2022; 97:35-9.
[DOI:10.1016/j.gaitpost.2022.07.005] [PMID]

[11] Phinyomark A, Hettinga BA, Osis S, Ferber R. Do intermedi-
ate- and higher-order principal components contain useful
information to detect subtle changes in lower extremity bio-
mechanics during running? Human Movement Science. 2015;
44:91-101. [DOI:10.1016/j.humov.2015.08.018] [PMID]

[12] Jolliffe IT, Cadima J. Principal component analysis: A review
and recent developments. Philosophical Transactions. Series
A, Mathematical, Physical, and Engineering Sciences. 2016;
374(2065):20150202. [DOI:10.1098/rsta.2015.0202] [PMID]

[13] Algahtani A, Ali M, Xie X, Jones MW. Deep time-series cluster-
ing: A review. Electronics. 2021; 10(23):3001. [Link]

Scientific Journal of

[14] Abdi H, Williams L. Principal component analysis. Wiley
interdisciplinary reviews: Computational statistics. 2010;
2(4):433-59. [Link]

[15] Ghojogh B, Crowley M, Karray F, Ghodsi A. Principal compo-
nent analysis. In: Elements of dimensionality reduction and
manifold learning. Cham: Springer; 2023. [DOI:10.1007/978-
3-031-10602-6_5]

[16] Aghabozorgi S, Shirkhorshidi AS, Wah TY. Time-series cluster-
ing—A decade review. Information Systems. 2015; 53:16-38.
[Link]

[17] Sai Madiraju N, Sadat SM, Fisher D, Karimabadi H. Deep tem-
poral clustering: Fully unsupervised learning of time-domain
features. arXiv e-prints. 2018 Feb:arXiv-1802. [Link]

[18] De Cock A, Willems T, Witvrouw E, Vanrenterghem J, De
Clercg D. A functional foot type classification with cluster
analysis based on plantar pressure distribution during jog-
ging. Gait & Posture. 2006; 23(3):339-47. [DOI:10.1016/j.gait-
post.2005.04.011] [PMID]

[19] Turner A, Hayes S. The classification of minor gait altera-
tions using wearable sensors and deep learning. IEEE Trans-
actions on Bio-Medical Engineering. 2019; 66(11):3136-45.
[DOI:10.1109/TBME.2019.2900863] [PMID]

[20] Leardini A, Caravaggi P, Theologis T, Stebbins J. Multi-seg-
ment foot models and their use in clinical populations. Gait &
Posture. 2019; 69:50-9. [DOI:10.1016/j.gaitpost.2019.01.022]
[PMID]

[21] Malisoux L, Theisen D. Can the "Appropriate" footwear
prevent injury in leisure-time running? Evidence Versus Be-
liefs. Journal of Athletic Training. 2020; 55(12):1215-23.
[DOI:10.4085/1062-6050-523-19] [PMID]

[22] Hoitz F, von Tscharner V, Baltich J, Nigg BM. Individuality
decoded by running patterns: Movement characteristics that
determine the uniqueness of human running. Plos One. 2021;
16(4):e0249657. [DOI:10.1371/journal.pone.0249657] [PMID]

[23] Pataky TC, Mu T, Bosch K, Rosenbaum D, Goulermas JY. Gait
recognition: Highly unique dynamic plantar pressure patterns
among 104 individuals. Journal of The Royal Society, Interface.
2012; 9(69):790-800. [DOI:10.1098/rsif.2011.0430] [PMID]

[24] Pataky TC, Robinson MA, Vanrenterghem J. Vector field sta-
tistical analysis of kinematic and force trajectories. Journal of
Biomechanics. 2013; 46(14):2394-401. [DOI:10.1016/].jbio-
mech.2013.07.031] [PMID]

[25] Winter DA. Biomechanics and motor control of human move-
ment. New Jersey: John Wiley & Sons; 2009. [Link]

[26] Dudek A. Silhouette Index as Clustering Evaluation Tool.
In: Jajuga K, Batdg J, Walesiak M, editors. Classification and
Data Analysis. SKAD 2019. Studies in Classification, Data
Analysis, and Knowledge Organization. Cham: Springer; 2020.
[DOI:10.1007/978-3-030-52348-0_2]

[27] Tomasev N, Radovanovi¢ M. Clustering Evaluation in High-Di-
mensional Data. In: Celebi M, Aydin K, editors. Unsupervised
Learning Algorithms. Cham: Springer; 2016. [DOI:10.1007/978-
3-319-24211-8_4]

Mohamadi Z, et al. Clustering Runners Using 3D Ankle Kinematics With a Deep Temporal Algorithm. Sci J Rehab Med. 2025; 14(3):418-433.


http://medrehab.sbmu.ac.ir/issue_1066_1067.html
https://doi.org/10.1186/1758-2555-4-45
https://www.ncbi.nlm.nih.gov/pubmed/23186012
https://doi.org/10.1016/j.pmr.2005.02.002
https://pubmed.ncbi.nlm.nih.gov/16005398/
https://doi.org/10.1016/S0966-6362(01)00151-5
https://www.ncbi.nlm.nih.gov/pubmed/11983503
https://www.sciencedirect.com/science/article/abs/pii/S0958259204000227
https://doi.org/10.1016/j.jbiomech.2019.109448
https://doi.org/10.1016/j.jbiomech.2019.109448
https://www.ncbi.nlm.nih.gov/pubmed/31677779
https://books.google.com/books/about/Biomechanics_of_Sport_Shoes.html?id=DPagZwEACAAJ
https://doi.org/10.1111/sms.14249
https://www.ncbi.nlm.nih.gov/pubmed/36282596
https://doi.org/10.3389/fbioe.2021.645710
https://www.ncbi.nlm.nih.gov/pubmed/34169063
https://doi.org/10.1016/j.clinbiomech.2016.08.003
https://www.ncbi.nlm.nih.gov/pubmed/27522485
https://doi.org/10.1016/j.gaitpost.2022.07.005
https://www.ncbi.nlm.nih.gov/pubmed/35868095
https://doi.org/10.1016/j.humov.2015.08.018
https://www.ncbi.nlm.nih.gov/pubmed/26340274
https://doi.org/10.1098/rsta.2015.0202
https://www.ncbi.nlm.nih.gov/pubmed/26953178
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A.+Alqahtani%2C+M.+Ali%2C+X.+Xie%2C+and+M.+W.+Jones%2C+%E2%80%9CDeep+Time-Series+Clustering%3A+A+Review%2C%E2%80%9D+Electronics%2C+vol.+10%2C+no.+23%2C+p.+3001%2C+Dec.+2021%2C+&btnG=
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=53b9966a0333c9c9198cdf03efc073e991647c12
https://doi.org/10.1007/978-3-031-10602-6_5
https://doi.org/10.1007/978-3-031-10602-6_5
https://www.sciencedirect.com/science/article/abs/pii/S0306437915000733
https://ui.adsabs.harvard.edu/abs/2018arXiv180201059S/abstract
https://doi.org/10.1016/j.gaitpost.2005.04.011
https://doi.org/10.1016/j.gaitpost.2005.04.011
https://www.ncbi.nlm.nih.gov/pubmed/15990311
https://doi.org/10.1109/TBME.2019.2900863
https://www.ncbi.nlm.nih.gov/pubmed/30794506
https://doi.org/10.1016/j.gaitpost.2019.01.022
https://www.ncbi.nlm.nih.gov/pubmed/30665039
https://doi.org/10.4085/1062-6050-523-19
https://www.ncbi.nlm.nih.gov/pubmed/33064799
https://doi.org/10.1371/journal.pone.0249657
https://www.ncbi.nlm.nih.gov/pubmed/33793671
https://doi.org/10.1098/rsif.2011.0430
https://www.ncbi.nlm.nih.gov/pubmed/21900318
https://doi.org/10.1016/j.jbiomech.2013.07.031
https://doi.org/10.1016/j.jbiomech.2013.07.031
https://www.ncbi.nlm.nih.gov/pubmed/23948374
https://www.google.com/books/edition/Biomechanics_and_Motor_Control_of_Human/_bFHL08IWfwC?hl=en&gbpv=0
https://doi.org/10.1007/978-3-030-52348-0_2
https://doi.org/10.1007/978-3-319-24211-8_4
https://doi.org/10.1007/978-3-319-24211-8_4

Scientific Journal of

Rehabilitation Medicine

[28] Zhang X, Yang F, Zhao K, Vanwanseele B. Symptomatic and
asymptomatic pronated feet show differences in the forefoot
abduction motion during jogging, but not in the arch deforma-
tion. Sports Biomechanics. 2024; 23(12):2521-32. [D0OI:10.108
0/14763141.2022.2109506] [PMID]

[29] Kelly LA, Cresswell AG, Racinais S, Whiteley R, Lichtwark G.
Intrinsic foot muscles have the capacity to control deformation
of the longitudinal arch. Journal of the Royal Society, Interface.
2014; 11(93):20131188. [DOI:10.1098/rsif.2013.1188] [PMID]

[30] Kelly LA, Lichtwark G, Cresswell AG. Active regulation of
longitudinal arch compression and recoil during walking
and running. Journal of The Royal Society, Interface. 2015;
12(102):20141076. [DOI:10.1098/rsif.2014.1076] [PMID]

[31] Quan W, Zhou H, Xu D, Li S, Baker JS, Gu Y. Competitive and
recreational running kinematics examined using principal
components analysis. Healthcare (Basel). 2021; 9(10):1321
[DOI:10.3390/healthcare9101321] [PMID]

Mohamadi Z, et al. Clustering Runners Using 3D Ankle Kinematics With a Deep Temporal Algorithm. Sci J Rehab Med. 2025; 14(3):418-433.



http://medrehab.sbmu.ac.ir/issue_1066_1067.html
https://doi.org/10.1080/14763141.2022.2109506
https://doi.org/10.1080/14763141.2022.2109506
https://www.ncbi.nlm.nih.gov/pubmed/35959794
https://doi.org/10.1098/rsif.2013.1188
https://www.ncbi.nlm.nih.gov/pubmed/24478287
https://doi.org/10.1098/rsif.2014.1076
https://www.ncbi.nlm.nih.gov/pubmed/25551151
https://doi.org/10.3390/healthcare9101321
https://www.ncbi.nlm.nih.gov/pubmed/34683001

This Page Intentionally Left Blank



