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Background: In 3D gait analysis, kinematics of the foot joints are usually reported via isolated time histories of joint
rotations and no information is provided on the relationship between rotations at different joints. The aim of this
study was to identify movement coordination patterns in the foot during walking by expanding an existing vector
coding technique according to an established multi-segment foot and ankle model. A graphical representation

is also described to summarise the coordination patterns of joint rotations across multiple patients.

Methods: Three-dimensional multi-segment foot kinematics were recorded in 13 adults during walking. A
modified vector coding technique was used to identify coordination patterns between foot joints involving
calcaneus, midfoot, metatarsus and hallux segments. According to the type and direction of joints rotations, these
were classified as in-phase (same direction), anti-phase (opposite directions), proximal or distal joint dominant.

Results: In early stance, 51 to 75% of walking trials showed proximal-phase coordination between foot joints
comprising the calcaneus, midfoot and metatarsus. In-phase coordination was more prominent in late stance,
reflecting synergy in the simultaneous inversion occurring at multiple foot joints. Conversely, a distal-phase
coordination pattern was identified for sagittal plane motion of the ankle relative to the midtarsal joint,
highlighting the critical role of arch shortening to locomotor function in push-off.

Conclusions: This study has identified coordination patterns between movement of the calcaneus, midfoot,
metatarsus and hallux by expanding an existing vector cording technique for assessing and classifying coordination
patterns of foot joints rotations during walking. This approach provides a different perspective in the analysis of
multi-segment foot kinematics, and may be used for the objective quantification of the alterations in foot joint
coordination patterns due to lower limb pathologies or following injuries.
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Background

The foot is responsible for finalizing the force transmis-
sion between the lower limb and ground during locomo-
tion. This is achieved by the complex kinematics and
transfer of forces across foot and lower limb joints aimed
at improving body propulsion and thus optimizing energy
expenditure [1, 2]. Alternation between flexibility and ri-
gidity of the foot joints during the stance phase allows the
foot to address different mechanical requirements, such as
adaptation to uneven terrains, absorption of the ground
reaction forces, and assisting in forward progression [3, 4].
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The complexity of foot dynamics, entailing the activation
of intrinsic and extrinsic muscles across a number of
joints to counteract the ground reaction forces throughout
stance, is reflected by characteristic motion patterns of the
foot joints [5, 6].

Temporal profiles of joint rotations are widely used in
3D gait analysis to report and assess foot motion during
common motor tasks, but these are often analyzed in
isolation thus preventing the observation of the complex
kinematic interaction between adjacent joints. A vector
coding technique [7] was devised to provide an easy repre-
sentation and understanding of coordination patterns
between body segments. The technique has been applied
to the analysis of the coordination between foot segments
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during walking [8, 9] and for further classification into
distinct coordination patterns [9-12]. While these
studies have demonstrated that this technique can be
applied to the analysis of the relationship between foot
joints rotations, no comprehensive investigation on the
coordination patterns between several foot joints, includ-
ing the first metatarso-phalangeal joint, has thus far been
reported. Moreover, coordination patterns between joint
rotations across different planes and according to known
anatomical and functional relationships in the foot, e.g.
between ankle eversion and midtarsal joint dorsiflexion
[13], has not been investigated.

The authors believe that the analysis of all joints is
critical to gain a better understanding of the mecha-
nisms controlling foot motion and deformation in gait.
Moreover, although different methods are emerging for
the presentation of movement coordination and vari-
ability [14], there is a lack of data pertaining specifically
to average coordination patterns across multiple sub-
jects and trials in the foot. Within this context, inter-
joint coordination can be considered as the relationship
in patterns of movement between joints. In particular,
it is related to the timing and extent of rotation
between joints involved in the same motor task. With a
dynamical systems approach, movement coordination
has been evaluated through continuous and discrete
measures of relative phase [15, 16] and vector coding
techniques [7].

In this study, a modified vector coding technique is ap-
plied to identify patterns of foot joint coordination during
walking using an established multi-segment foot model in-
corporating the calcaneus, midfoot, metatarsus and hallux.
This approach concurrently preserves the anatomical and
clinical meaningfulness of the coordination patterns. An
approach for visualising coordination patterns in the foot
across multiple subjects is also presented.

Methods

Participants

Thirteen healthy adults were recruited in this study
(5 M, 8 F; age 22.3 + 2.7 years; height 1.74 + 0.11 m;
BMI 235 + 3.6 kg/m?). All participants were free
from lower limb pain and had no history of surgery,
musculoskeletal or neurological conditions affecting
locomotion or foot function. Individuals were taking
part in a larger investigation on the effects of ageing
on lower limb kinematics [17].

Data collection

Reflective markers were placed on the right foot and leg
according to the Rizzoli Foot Model [6, 18]. Accordingly,
local reference frames are defined on the shank, calca-
neus, midfoot, and metatarsus segments. Intersegmental
rotations in the three anatomical planes between shank
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and calcaneus (ShCa), calcaneus and midfoot (CaMi),
midfoot and metatarsus (MiMe), and calcaneus and meta-
tarsus (CaMe) were calculated according to the conven-
tion established by Grood & Suntay (i.e. Joint Coordinate
System) [19] and to the segmental reference frames
described in the Rizzoli Foot Model [6, 18]. Sagittal- and
transverse-plane motion of the hallux with respect to the
metatarsus (MeHa) were also tracked [17]. For each joint
coordinate system, rotation about the medio-lateral axis
(x) was defined as plantarflexion/dorsiflexion, rotation
about the antero-posterior axis (y) as inversion/eversion,
and rotation about the longitudinal axis (z) as adduction/
abduction. For the purpose of this manuscript, and for a
better clinical interpretation, the ShCa joint will be also
referred to as ankle joint, the CaMi as midtarsal joint, the
MiMe as tarso-metatarsal joint, and MeHa as the 1st
metatarso-phalangeal joint.

Twelve cameras (MX-F20, Vicon Metrics, UK) tracked
markers’ trajectories at 100 Hz during level walking. Two
floor-embedded platforms (9281B, Kistler Instrument
Corp, Switzerland) recorded the ground reaction forces at
400 Hz. Walking speed was measured using two infrared
photocells (Speed Light v2, Swift Performance Equipment,
Australia). A static trial with each participant standing in
relaxed bipedal upright posture was recorded to deter-
mine the joint angles neutral position. Each participant
performed five walking trials at self-selected comfortable
speed.

Data processing

Marker trajectories were filtered using a 4th order low-
pass Butterworth filter with a 6 Hz cut-off frequency
[20]. Kinematic data were time normalized to stance
phase duration using the ground reaction force data to
detect stance events. Kinematic data processing was
performed in Visual3D (v5.0, C-Motion, USA).

Inter-joint coordination and vector coding technique

A modified vector coding technique, first described by
Chang et al. [10] was implemented for the analysis of
the coordination patterns in each of the following pairs
of joint rotations:

(1
(2
(3
(4

CaMi (y) and ShCa (y);
CaMi (x) and ShCa (y);
MiMe (y) and ShCa (y);
MeHa (x) and ShCa (y);

= = —

where (x) and (y) refer to the sagittal- and coronal-plane
joint rotations, respectively. These pairs of joint rota-
tions were selected according to clinical interpretation of
foot function and evidence from previous experimental
studies [21-23]. Angle-angle plots were created for all
trials from each participant (Fig. 1a) for the four pairs of
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Fig. 1 a Polar coordinate chart for the identification of coordination patterns between foot joints rotations. An exemplary trajectory of the coupling
angle between ShCa (y) and CaMi (y) rotations is superimposed to the polar coordinate chart. b the frame-by-frame slope of the coupling angle is
analysed to determine the coordination patterns. ¢ Graphical representation of the four possible coordination patterns: in-phase; anti-phase; proximal,
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rotations listed above. The frame-by-frame slope of the
relationship between pairs of joints’ rotations was calcu-
lated (Fig. 1b) and will be further referred to as the
coupling angle [10]. The coupling angles were classified
according to four categories [10], defining four patterns
of inter-joint coordination (Fig. 1c):

(i) anti-phase: coupling angle between 112.5-157.5 deg.
or 292.5-337.5 deg., i.e. joints rotations have
opposite directions;

(i) distal phase: coupling angle between 67.5-112.5 deg.
or 247.5-292.5 deg., i.e. distal joint rotation being
more predominant than the proximal joint rotation;

(iii) in-phase: coupling angle between 22.5-67.5 deg. or

202.5-247.5 deg., i.e. joints rotations have the same
direction;

(iv) proximal phase: coupling angle between 0 and

22.5 deg., 157.5-202.5 deg. or 337.5-360 deg., i.e.
proximal joint rotation being more predominant
than the distal joint rotation.

Since the direction of rotations in any anatomical plane
is merely based on the adopted convention [6], anti-phase
and in-phase coordination patterns can not be univocally
assigned to pairs of joints rotations occurring in different
anatomical planes (e.g. between CaMi (x) and ShCa (y)).
Therefore, in this study, coordination patterns between
joints rotations not occurring in the same anatomical
plane will be conventionally defined as in-phase, if joints
rotations are both positive or both negative according to
the adopted convention (e.g. simultaneous CaMi dorsiflex-
ion and ShCa eversion), and anti-phase if rotations have
opposite directions in the adopted convention (e.g. simul-
taneous CaMi dorsiflexion and ShCa inversion).

The stance duration was divided into three periods:
early (1-33% stance), middle (34—-66% stance) and late
stance (67-100% stance), approximately corresponding to
the stance phases of loading response, mid-stance, and
propulsion [10]. The duration (number of frames) of each
of the four coordination patterns was determined for the
three stance periods. Descriptive statistics (median and
interquartile range) of the duration of each coordination
pattern, in each stance period, were computed.

Moreover, the percentage of each coordination pattern
across all samples was calculated and graphically repre-
sented via colour maps. This representation allows for an
easy comprehension of the most predominant coordin-
ation pattern in each stance period. All computations were
performed in MATLAB (R2015b, Mathworks, MA, USA).

Results

The average walking speed across all walking trials was
1.35 + 0.14 ms™". The average time histories and angle-
angle plots for the selected pairs of joints rotations are
shown in Fig. 2 (a-d and al-dl).

Proximal phase coordination between ShCa (y) and
CaMi (y) was predominant throughout early and middle
stance (Fig. 3a and Table 1). In late stance, when the
tarso-metatarsal joint also begins to invert, in-phase co-
ordination becomes more predominant due to the sim-
ultaneous motion at both joints (Fig. 2a).

A shift from in-phase (simultaneous ankle eversion and
midtarsal dorsiflexion) to proximal phase coordination in
early stance was observed for coordination between ShCa
(y) and CaMi (x) (Fig. 2b and Fig. 3b). A predominant
anti-phase coordination was observed in middle stance
and in the early part of late stance, due to the combined
ankle inversion and midtarsal dorsiflexion. Subsequently,
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Fig. 2 Left (a-d), mean temporal profiles of pairs of foot joints rotations (+1 standard deviation band) normalized to stance duration across all
walking trials of all subjects. Right (a1-d1), angle-angle trajectories (i.e. coupling angle) for the pairs of joints rotations on the left. Where: ShCa (y)
is the coronal-plane rotation of the midfoot with respect to the calcaneus; CaMi (x) and CaMi (y) are the sagittal and coronal-plane rotations of
the midfoot with respect to the calcaneus; MiMe (y) is the coronal-plane rotation of the metatarsus with respect to the midfoot, and MeHa (x) is
the sagittal plane rotation of the hallux with respect to the metatarsus. The trajectory initial point (0% stance) is highlighted by the +" symbol

a shift to distal phase coordination pattern was detected
due to rapid midtarsal plantarflexion (Fig. 3b).

Proximal phase coordination between ShCa (y) and
MiMe (y) was found in early and middle stance (Fig. 3¢
and Table 1), primarily due to the limited mobility of the
tarso-metatarsal joint relative to the more mobile ankle
joint (Fig. 2c). Similar to coronal plane motion at the

midtarsal joint, a shift to in-phase coordination was ob-
served in late stance due to simultaneous inversion of
tarso-metatarsal and ankle joints.

Anti-phase coordination between ShCa (y) and MeHa
(x) was prominent in early stance, due to simultaneous
ShCa eversion and MeHa plantarflexion (see Fig. 2d and
Fig. 3d). This pattern shifts to proximal phase coordination
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Fig. 3 For each pair of joints rotations (a-d), color maps of the frame-by-frame percentage of walking trials in each coupling state during normalized
stance duration. Where dark colors indicate lower percentages of walking trials in each coupling state and bright colors indicate larger percentages
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Table 1 Median frequency (# of frames) spent in each of the

as the ankle continues to evert once the hallux reaches the
supporting surface. During late stance, a large gradient of
1st metatarso-phalangeal joint dorsiflexion compared to
that of ankle inversion results in a strong distal phase
coordination pattern (Table 1).

four coordination phases during early, middle and late stance.

Values are presented as median [interquartile range] D'scu‘ss‘.'on . o ) ) )
GMi0) - CaMi - MMe o) - MeHa 00 - Foot joints mobility and coordination is achieved via
ShCa (y) ShCa () ShCa (y) ShCa (y) interaction of intrinsic and extrinsic muscles acting
Early (1-33%) across several joints under the constraint of soft tissues
Anti-Phase 3 [35] 5 [45] 31 105 [55] and ligaments. However, traditional l‘<1nemat1c a‘nal}‘/s1s
) does not allow to capture the complexity of coordination
Distal 212 4514 = 10073l between foot joint rotations. This study aimed at apply-
In-Phase 7 [6] 66l 2[4 5 53] ing a modified vector coding technique for the analysis
Proximal 195 [8] 17 [7.5] 25 [6] 6.5 [6] and representation of patterns of coordination between
Mid (34-66%) foot joints, comprising calcaneus, midfoot, metatarsus
Anti-Phase 45 [7.5] 1 0115] 4155 6.5 [6] and hallux segments, in order to provide more insight
Distal 24 5[0 2 4] 1 025 into foot f.unct‘lon during wall<1flg. N
The main difference to previous analyses of foot joint
In-Phase > [45] 35 173] 4 16] > (8] coordination based on the vector coding technique is
Proximal 19[7.3] > [73] 20 3] 78] the inclusion of other foot joints, such as the midtarsal
Late (67-100%) and first metatarsophalangeal joints, and the assessment
Anti-Phase 1 [2] 8 [6.5] 1[2.5] 303 of coordination patterns across different planes accord-
Distal 517] 16 [7.5] 418] 28 [3.5] ing to known anatomical and functional relationships in
In-Phase 125 (8] 6 [65] 1401 ol the foot. This study also used the proximal segment ra-
_ ther than the global coordinate system as the reference
Proximal 13 [5.5] 4 [3.5] 1211] 11

for joint rotations. From a biomechanical perspective, the
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present definition of proximal phase implies that while the
proximal joint rotates the distal joint follows. The authors
believe that this definition is more appropriate to describe
the coordinative behaviour between foot joints as “prox-
imal phase” and better reflects the idea of the proximal
joint leading the motion of the distal one. With the previ-
ous definition such behaviour would be characterized as
in-phase, which implies a synergistic mechanism [10].

Good qualitative consistency was found for kinematics
of the foot joints with comparable results from previous
studies [6, 17, 18, 24]. For coordinative patterns, similar to
what was reported by Chang et al. [10], late stance in-
phase coordination pattern between coronal-plane motion
of the ankle and tarso-metatarsal joints was detected. The
same coordination pattern was also found for the midtar-
sal joint. This suggests that late stance in-phase coordin-
ation may be present also in other foot joints. This seems
in contrast to the classic view of simultaneous opposite
rotations assisting foot stability during push-off [25].
Moreover, the presence of a predominantly distal coordin-
ation pattern, due to the rapid midtarsal joint plantarflex-
ion in late stance, further reflects the complex interaction
between joints in the foot across multiple planes of
motion. Unlike what reported in previous studies [10], an
increased frequency of proximal coordination between
ankle and tarso-metatarsal joints was detected, associ-
ated to a less frequent distal coordination pattern
(Table 1 and Fig. 3c). This difference is likely due to
differences between foot models across studies, with
less tarso-metatarsal motion probably biasing the pat-
tern toward proximal coordination, as highlighted by
the rather flat angle-angle relationship (Fig. 2 c1).

In addition to the intrinsic limitations of kinematic ana-
lysis based on skin markers, and to the relatively small
sample size used here, it should also be pointed out that
the vector coding technique is sensitive to small joint rota-
tions and rotation velocities [10]. We attempted to miti-
gate this limitation by using kinematic measures from an
established and reliable foot model [26], and by excluding
further coupling relationships which could have been
more susceptible to errors [24]. Methods for presenting
detailed coordination profiles along with additional data
on segmental dominancy and variability are also emerging
[14]. Since this was the first study reporting coordination
patterns using the vector coding technique for all joints
within the Rizzoli Foot Model, we adopted an established
technique specifically designed for foot analysis [10].
Future studies can benefit from using different techniques
to reveal additional details about coordination of foot joint
motion during walking and other activities [14].

Conclusions
This study has identified and classified coordination
patterns across a number of joints in the foot during
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walking. Identifying coordination patterns of foot joint
motion offers a different perspective in the analysis of
multi-segment foot kinematics, and may be used for the
objective quantification of alterations in foot joint coord-
ination patterns thus assisting in the clinical interpretation
of foot and lower limb pathologies.

Abbreviations

CaMi (x) and CaMi (y): sagittal- and coronal-plane rotations of calcaneus -
midfoot joint; MeHa (x): sagittal-plane rotation of first metatarso-phalangeal
joint; MiMe (y): coronal-plane rotation of midfoot-metatarsus joint; ShCa
(y): coronal-plane rotation of shank - calcaneus joint

Acknowledgements
Not applicable.

Funding

DT is currently supported by a National Health & Medical Research Council
Career Development Fellowship (ID: 1,126,229).

JBA is currently supported by a National Health & Medical Research Council
Early Career Research Fellowship (ID: 1,120,560).

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions

JBA designed the study, acquired the kinematic data, performed the data
analysis, and helped with the interpretation of the results and the
preparation of the manuscript. PC assisted with the interpretation of the
results and the preparation of the manuscript. FF performed the data
analysis, assisted with the interpretation of the results and preparation of the
manuscript. DT assisted with designing the study, preparation of the
manuscript and interpretation of the results. AL helped with the interpretation
of the results and the preparation of the manuscript. All authors read and
approved the final manuscript.

Ethics approval and consent to participate

The Human Research Ethics Committee of the University of South Australia
(protocol 24,952) gave approval to conduct the study. All participants gave
written informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Alliance for Research in Exercise, Nutrition and Activity, Sansom Institute for
Health Research, University of South Australia, Adelaide, SA, Australia.
“Movement Analysis Laboratory, Istituto Ortopedico Rizzoli, via di Barbiano 1/
10, 40136 Bologna, Italy. *Centre for Orthopaedics and Trauma Research,
University of Adelaide, Adelaide, SA, Australia.

Received: 16 May 2017 Accepted: 13 October 2017
Published online: 30 October 2017

References

1. Alexander R, Ker R, Bennet M, Bibby S, Kester R. The spring in the arch of
the human foot. Nature. 1987,325:147-9.

2. Cavagna GA, Heglund NC, Taylor CR. Mechanical work in terrestrial
locomotion: two basic mechanisms for minimizing energy expenditure. Am
J Phys Regul Integr Comp Phys. 1977,233:R243-61.



Arnold et al. Journal of Foot and Ankle Research (2017) 10:47

20.

21.

22.

23.

24.

25.

26.

Stefanyshyn D, Nigg B. Mechanical energy contribution of the
metatarsophalangeal joint to running and sprinting. J Biomech. 1997;30:
1081-5.

Whittle M. Generation and attenuation of transient impulsive forces
beneath the foot: a review. Gait & Posture. 1999;10:264-75.

Scott SH, Winter DA. Biomechanical model of the human foot: kinematics and
kinetics during the stance phase of walking. J Biomech. 1993,26:1091-104.
Leardini A, Benedetti M, Berti L, Bettinelli D, Nativo R, Giannini S. Rear-foot,
mid-foot and fore-foot motion during the stance phase of gait. Gait &
Posture. 2007;25:453-62.

Sparrow W, Donovan E, Van Emmerik R, Barry E. Using relative motion plots
to measure changes in intra-limb and inter-limb coordination. J Mot Behav.
1987;19:115-29.

Pohl M, Messenger N, Buckley J. Forefoot, rearfoot and shank coupling: effect
of variations in speed and mode of gait. Gait Posture. 2007,25:295-302.
Takabayashi T, Edama M, Nakamura E, Yokoyama E, Kanaya C, Kubo M.
Coordination among the rearfoot, midfoot, and forefoot during walking.

J Foot Ankle Res. 2017;10:42.

Chang R, Van Emmerik R, Hamill J. Quantifying rearfoot-forefoot
coordination in human walking. J Biomech. 2008:41:3101-5.

Chockalingam N, Needham R, Healy A, Naemi R. Coordination pattern
between the forefoot and rearfoot during walking on an inclined surface.
Footwear Science. 2017,9:5120-2.

Needham R, Naemi R, Chockalingam N. Quantification of rear-foot, fore-foot
coordination pattern during gait using a new classification. Footwear
Science. 2015;7:532-3.

Nester C, Bowker P, Bowden P. Kinematics of the midtarsal joint during
standing leg rotation. J Am Podiatr Med Assoc. 2002;92:77-81.

Needham RA, Naemi R, Chockalingam N. A new coordination pattern
classification to assess gait kinematics when utilising a modified vector
coding technique. J Biomech. 2015;48:3506-11.

van Emmerik REA, Wagenaar R. Effects of walking velocity on relative phase
dynamics in the trunk in human walking. J Biomech. 1996;29:1175-84.
Kelso JS. Dynamic patterns: the self-organization of brain and behavior. MIT
press. 1997;

Arnold J, Mackintosh S, Jones S, Thewlis D. Differences in foot kinematics
between young and older adults during walking. Gait & posture.
2014;39:689-94.

Portinaro N, Leardini A, Panou A, Monzani V, Caravaggi P. Modifying the
Rizzoli foot model to improve the diagnosis of pes-planus: application to
kinematics of feet in teenagers. J Foot Ankle Res. 2014;7:1-7.

Grood ES, Suntay WJ. A joint coordinate system for the clinical description
of three-dimensional motions: application to the knee. J Biomech Eng.
1983;105:136-44.

Winter D. Biomechanics and motor control of human movement. 3rd ed.
USA: John Wiley & Sons; 2005.

Caravaggi P, Giacomozzi C, Leardini A. Stiffer joints in normal-arched feet
are associated to larger pressure and lower vertical force. Foot and Ankle
Surgery. 2016;22:77.

Giacomozzi C, Leardini A, Caravaggi P. Correlates between kinematics and
Baropodometric measurements for an integrated in-vivo assessment of the
segmental foot function in gait. J Biomech. 2014;

Dubbeldam R, Nester C, Nene A, Hermens H, Buurke J. Kinematic coupling
relationships exist between non-adjacent segments of the foot and ankle of
healthy subjects. Gait Posture. 2013;37:159-64.

Arnold J, Mackintosh S, Jones S, Thewlis D. Repeatability of stance phase
kinematics from a multi-segment foot model in people aged 50 years and
older. Gait Posture. 2013;38:349-51.

Bojsen-Mgller F. Calcaneocuboid joint and stability of the longitudinal arch
of the foot at high and low gear push off. J Anat. 1979;129:165-76.
Caravaggi P, Benedetti M, Berti L, Leardini A. Repeatability of a multi-segment
foot protocol in adult subjects. Gait & Posture, 2011,33:133-5.

Page 7 of 7

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolVled Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Participants
	Data collection
	Data processing
	Inter-joint coordination and vector coding technique

	Results
	Discussion
	Conclusions
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

