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Abstract
In many clinical and biomechanical contexts of human motion analysis the model
assumption of the foot as a single rigid segment is no longer acceptable. This has
given rise to a large number of proposals for multi-segment foot models. The
relevant experimental and analytical techniques differ for many aspects: the
number of foot segments; the bony landmarks involved; the type of marker
clusters; the definition of the anatomical frames; and the convention for the
calculation of joint rotations. Different definitions of neutral reference posture
have also been adopted, along with their utilization to offset kinematic data.
Following previous partial review papers, the present chapter aims at introducing
the current methodological studies for in vivo analysis of multi-segment foot
kinematics. The survey has found more than 30 different techniques; however,
only a limited number of these have reported convincing validation activities and
have been exploited in a clinical context. A number of papers have also compared
the experimental performance of different multi-segment foot models and
highlighted the main advantages and disadvantages of each of them. Important
biomechanical applications of musculoskeletal models for reliable estimation of
biomechanical parameters are also discussed. In addition, we report on the feasibil-
ity and limitations of kinetic analysis applied to multi-segment foot models from
ground reaction force data. The chapter ends with recommendations both for the
selection of a most suitable technique from those already available, as well as for the
design of an original one suitable to address the needs of the specific application.
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Introduction

In standard clinical gait analysis body segments are tracked in three-dimensions
(3D) by a stereophotogrammetric system, while their relative positions are calculated
to assess patterns of joint rotations during the execution of motor activities. Full-body
gait analysis requires several passive reflective markers to be fixated to the trunk,
pelvis, thigh, shank, and foot. Kinematics of segments are assessed with respect to
the laboratory co-ordinate system, i.e., the absolute motion, and with respect to any
adjoining segments for calculation of relative joint rotations. Frequently, motion of
the trunk and pelvis is reported in the laboratory reference frame, in case with respect
to the line of progression, together with hip, knee, and ankle joint motion. The
moment of the external forces can also be calculated at these joints as the product of
the joint center distance and the ground reaction force recorded by the force plate.
Together with the spatiotemporal parameters (e.g., walking speed and stride length),
these are the standard kinematic parameters necessary to assess, and characterize,
most of the pathological conditions investigated in gait analysis. The use of skin-
based reflective markers to track body segments comprised of single bones (e.g., the
femur or the humerus) can result in a fairly accurate representation of their real
motion. From a kinematic prospective, these segments can reasonably be assumed to
move as rigid bodies, thus the position of at least three nonaligned points is required
for their motion to be tracked in the 3D space. In gait analysis, these points are mostly
palpable bony landmarks, the temporal position of which is tracked via reflective
markers attached to the skin. With skin markers, however, the rigid body assumption
is violated and accuracy is lower when multiple small bones are connected in a
reduced volume (Nester et al. 2010). On the other hand, prospects to continuously
track different segments are of particular relevance in the evaluation of pathologies
regarding the shank and foot. Although the tibia and fibula bones present very small
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relative motion and thus can be considered reasonably as a single segment for
kinematic analysis (Arndt et al. 2007), the foot is made up of 26 bones and several
joints connecting them. Therefore, standard kinematic protocols based on three
markers only appear inadequate in describing the complex foot biomechanics. In
addition, foot bones are rather small and some of them, e.g., the talus, have no clear
palpable landmarks, thus making it very difficult for those to be tracked in 3D space.

The importance of multi-segment foot models (MFMs) rather than single-
segment foot tracking has been largely discussed in the literature. Benedetti et al.
(2011) demonstrated the value of 3D motion analysis of the ankle joint in the clinical
context. De Ridder et al. (2015) compared results from a MFM (“Ghent” in Table 1,
by De Mits et al. 2012) and a single-segment foot model and showed the value of
distal factors in chronic ankle instability, in particular the deviation in kinematics at
the midfoot, which simply cannot be detected with a rigid foot model. Pothrat et al.
(2015) reported significant differences and even opposite results for the same vari-
ables when the multi-segment Oxford Foot Model (OFM, see Table 2) and the Plug-
in-Gait (modeling the foot as a single segment) were used to characterize normal and
flat feet, concluding that the type of foot model strongly affects the measured ankle
joint kinematics. Dixon et al. (2012) performed a similar study, i.e., OFM versus
Plug-in-Gait albeit on kinetic data, and revealed that the latter overestimated ankle
power by about 40% with respect to OFM and neglected the important midfoot
loading. The authors of these papers shared the same recommendation of using
caution when foot and ankle kinematics are measured with a single-segment foot
model. Interestingly, the value of multi-segment foot kinematic analysis has been
praised also in studies related to the analysis of more proximal lower limb joints
(Arnold et al. 2014b). In 2003, a special technical session of the Gait and Clinical
Movement Analysis Society (GCMAS) agreed on and recommended that shank,
rearfoot, forefoot, and hallux are clinically meaningful foot segments to be tracked.
These segments are in fact to be found in most of the multi-segment foot techniques
reported in the literature.

Many basic foot biomechanic studies and clinical investigations employing
various MFMs can be found in the literature. A number of relevant review papers
have also been published, which represent valuable sources for an overview of foot
modeling in kinematic analysis. Rankine et al. (2008) reported first a systematic
analysis of 25 papers on foot kinematic modeling, thoroughly classified in terms of
number of bony segments and joint rotations. All major technical and exploitation
related issues were discussed systematically. Later, Deschamps et al. (2011) reported
and assessed many of these techniques in relation to their exploitation in the clinical
context. It was shown that whereas many foot joint rotations can be tracked in a
consistent and repeatable way, some measures are still critical, and several of these
techniques have yet to be used to address clinical problems. According to Bishop
et al. (2012) this is the consequence of poorly described or flawed methodologies,
preventing the readers from obtaining the same algorithms and programs to replicate
the analysis. A minimum of five reporting standards were proposed in this paper; this
aimed at guaranteeing full access to the most relevant modeling concepts and at
providing a common platform for sharing and comparing foot kinematic data and as
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Table 1 Papers on multi-segment foot techniques and models (i.e., methodological studies).
The column Number of segments counts all foot and shank segments. The model name is indicated
when it was recognized somehow in the following literature or cited frequently in that way. Some of
these studies were taken from a previous review paper (Rankine et al. 2008). Papers that reported
further assessments of the technique/model are cited in the last column. Models and marker sets
designed for bone pin analysis are excluded from this Table

Authors Year
Number
of segments

Number
of subjects

Model name
(best known as)

Following papers, with
developments and
technical assessments

Scott and
Winter

1991 3 3

Kepple et al. 1990 3 5

Moseley et al. 1996 3 14

Kidder et al. 1996 5 1 Milwaukee
Foot Model

Myers et al. (2004),
Long et al. (2010)

Cornwall and
McPoil

1999 3 43 Cornwall I Cornwall and McPoil
(1999b),
Cornwall and McPoil
(2002)

Woodburn
et al.

1999 3 10 Woodburn I

Rattanaprasert
et al.

1999 5 10 Rattanaprasert Hetsroni et al. (2011)

Leardini et al. 1999 6 9 Leardini Foot
Model I

Wu et al. 2000 4 10 Atkinson et al. (2010)

Hunt et al. 2001 4 18

Carson et al. 2001 5 1 Oxford Foot
Model (OFM)

Stebbins et al. (2006),
Curtis et al. (2009),
Levinger et al. (2010),
Wright et al. (2011),
van Hoeve et al.
(2015), Carty et al.
(2015), Lucareli et al.
(2016), Milner and
Brindle (2016),
Halstead et al. (2016)

Arampatzis
et al.

2002 7 6

MacWilliams
et al.

2003 10 18 Kinfoot

Hwang et al. 2004 10 5

Davis et al. 2006 3 1 Shriners
Hospital for
Children
Greenville Foot
Model (SHCG)

Maurer et al. (2013)
Saraswat et al. (2013)

Pohl et al. 2006 12 3

Kitaoka et al. 2006 4 20

(continued)
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to improve their interpretation and usability. The association between foot posture
and lower limb kinematics has been the objective of another interesting review
analysis of twelve papers (Buldt et al. 2013). Evidence was found for increased
frontal plane motion of the rearfoot during walking in individuals with pes planus.
The latest review thus far by Novak et al. (2014) has highlighted the strengths and
weaknesses of the most widely used and known MFMs, including an insight on their
kinetic analyses.

While joint rotations have been thoroughly addressed in the literature, joint
translations have been studied and discussed very rarely: generally these are within
2 mm (Bruening et al. 2012a) in any anatomical direction. Because this is in the

Table 1 (continued)

Authors Year
Number
of segments

Number
of subjects

Model name
(best known as)

Following papers, with
developments and
technical assessments

Rao et al. 2006 4 10

Simon et al. 2006 11 10 Heidelberg
Foot
Measurement
Method l

Kalkum et al. (2016)

Tome et al. 2006 5 14

Jenkyn and
Nicol

2007 6 12 Jenkyn et al. 2010

Leardini et al. 2007 5 10 Rizzoli Foot
Model (RFM)

Caravaggi et al. (2011),
Deschamps et al.
(2012a, b), Arnold
et al. (2013), Portinaro
et al. (2014), Van den
Herrewegen et al.
(2014)

Wolf et al. 2008a 4 6

Sawacha et al. 2009 4 10

Cobb et al. 2009 4 11

Hyslop et al. 2010 6 9

Oosterwaal
et al.

2011 26 25 Glasgow-
Maastricht foot
model

Oosterwaal et al.
(2016)

Bruening et al. 2012a 4 10 Bruening et al. (2012b)

De Mits et al. 2012 6 10 Ghent Foot
Model

Saraswat et al. 2012 4 15 Saraswat Saraswat et al. (2013)

Bishop et al. 2013 4 18

Nester et al. 2014 6 100 Salford Foot
Model

Seo et al. 2014 5 20

Souza et al. 2014 3 10
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order of magnitude of skin motion artifact, this topic would not be further discussed
in this chapter. For foot joint kinematics reconstruction, also the so-called “global
optimization” has been used recently (Arnold et al. 2013; Bishop et al. 2016). This
basically entails with an iterative search of the best estimation of foot segment
position and orientation, all together also called “pose”. This procedure starts from
skin marker trajectories, but the optimal poses must be compatible also with pre-
determined kinematic models for all the joints, i.e. global, this according to an
original technique for the lower limbs (Lu and O’Connor 1999).

The present chapter aims at introducing the current full series of methodological
studies on this topic, in order to provide the basic knowledge for either the selection
or the design of the most appropriate technique, according to the specific populations
and hypotheses of the foot kinematic study to be performed.

State of the Art

An extensive survey of the currently available multi-segment foot techniques and
models is reported in Table 1. Several differences can be found between multi-
segment foot techniques in the following factors:

– Foot segments
– Bony landmarks
– Type of marker clusters
– Definition of the anatomical frames

Table 2 Multi-segment foot models most used in clinical context. For each model (first column)
the relevant clinical papers are reported (second column)

Model Clinical papers

Milwaukee Foot Model
(1996)

Khazzam et al. (2007), Ness et al. (2008), Canseco et al. (2008),
Marks et al. (2009), Brodsky et al. (2009), Canseco et al.
(2009), Graff et al. (2010), Canseco et al. (2012), Krzak et al.
(2015)

Oxford Foot Model (2001) Theologis et al. (2003), Woodburn et al. (2004), Turner et al.
(2006), Turner and Woodburn (2008), Alonso-Vázquez et al.
(2009), Wang et al. (2010), Deschamps et al. (2010), Stebbins
et al. (2010), Bartonet al. (2011a, b, c), Hösl et al. (2014),
Merker et al. (2015)

Heidelberg Foot
Measurement Method (2006)

Houck et al. (2009), Twomey et al. (2010), Dubbeldam et al.
(2013)

Rao et al. (2006) Nawoczenski et al. (2008), Neville et al. (2009), Rao et al.
(2009)

Rizzoli Foot Model (2007 and
2014)

Chang et al. (2008), Deschamps et al. (2013), Portinaro et al.
(2014), Chang et al. (2014), Deschamps et al. (2016), Arnold
et al. (2014a, b), Lin et al. (2013), Hsu et al. (2014), Kelly et al.
(2014), Deschamps et al. (2016)

552 A. Leardini and P. Caravaggi



– Joint convention – including 2D versus 3D measurements
– Neutral reference posture
– Offsets

The major difference between MFMs is found in the number and selection of foot
segments (Fig. 1). While tibia, rearfoot, and forefoot are tracked by most techniques,
the hallux – or the first metatarso-phalangeal joint – is seldom tracked, and the
midfoot is tracked only by few models (MacWilliams et al. 2003; Leardini et al.
2007; Rouhani et al. 2011; Portinaro et al. 2014). Medial and lateral forefoot sub-
divisions have also been proposed (MacWilliams et al. 2003; Hwang et al. 2004;
Buczek et al. 2006; Rouhani et al. 2011). The current models available include up to
12 segments (Table 1); even a 26 segment foot model has been proposed
(Oosterwaal et al. 2011, 2016), but its application is limited to advanced musculo-
skeletal modeling studies. The number and selection of foot segments to be tracked,
somehow the resolution of the model, is usually defined according to the field of
application, the clinical interest (Table 2), but also to the number, quality, and
location of available cameras of the stereophotogrammetric system. While kinematic
analysis of foot segments has been devised mostly for barefoot gait analysis, a
number of techniques were explicitly designed for the analysis of shod feet (Wolf
et al. 2008b; Cobb et al. 2009; Shultz et al. 2011b; Bishop et al. 2013). Moreover,
the effect of foot and ankle orthoses has been investigated by established models
(Lin et al. 2013; Leardini et al. 2014). The overall results, in terms of patterns of foot
joint kinematics, can be confusing and difficult to interpret because of the differences
mentioned above. Also, the varying populations analyzed, as highlighted in Table 2,

Fig. 1 Diagrammatic representation of the foot segment subdivisions (different grey tones) for the
main MFMs
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in terms also of physical status, size, age, gender, etc., make it difficult to compare
data across different studies.

The process to include and track a segment within a MFM for kinematic analysis
requires a profound knowledge of foot biomechanics and of the limits and accuracy
of the measuring system. For example, the actual joint motion to be recorded should
be much larger than the accuracy of the stereophotogrammetric instrumentation used
for the analysis and than any other source of error (particularly, the skin motion
artifact). In addition to the known large rotations occurring at the tibiotalar and
metatarso-phalangeal joints, and between metatarsus and calcaneus, in vivo and
in vitro studies have demonstrated that significant and consistent rotations are
experienced in normal feet also at the Chopart (talo-calcaneo-navicular and
calcaneo-cuboid joints) and Lisfranc joints (tarso-metatarsal joints). These studies
have confirmed that midfoot motion during gait is significant and its assessment
should be included in relevant foot kinematic studies. The subtalar joint is also
subjected to relatively large motion; however, this is very difficult to track in vivo
with skin-based markers.

Both skin-based and plate-mounted marker clusters (Leardini et al. 1999; Carson
et al. 2001; Houck et al. 2006; Hyslop et al. 2010; Nester et al. 2014; Raychoudhury
et al. 2014; Souza et al. 2014; Buldt et al. 2015) on relevant foot and shank bony
landmarks have been used to track foot segments. The differences between skin-
markers and plate-mounted markers in measured joint motion were found to be small
(Nester et al. 2007a). The markers used for motion analysis are usually passive, i.e.,
reflecting IR (infrared) light emitted by LEDS embedded in the motion cameras, or
active, i.e., emitting IR light. While the latter usually provide a more accurate 3D
location, they also require a wired external power which can result in uncomfortable
setups also restraining the movement of the subject. The number of markers
used in MFM can be as high as 35, as in Oosterwaal et al. (2011, 2016) and
Raychoudhury et al. (2014). A compromise must always be found between the
required degrees of freedom of the model, which is related also to the number of
segments tracked in 2D or 3D, and the number, quality, and location of the available
cameras. These are arranged usually to collect motion data for other anatomical
districts and motor tasks in the same laboratory, and therefore compromising layouts
must be found, as explicitly discussed for one widely used MFM (Leardini et al.
2007).

As mentioned above, at least three markers need to be fixated to each segment for
a complete 3D representation of its motion. This setup is technically suitable for
establishing a local reference frame on each segment and for calculation of triplanar
joint rotations using the Euler or the Joint-Coordinate-System convention (Grood
and Suntay 1983) (see typical results in Fig. 2). Anatomical landmarks are necessary
to establish anatomical based reference frames. However, the paucity of bony
landmarks and the small size of several foot bones limit the application of the
three-marker tracking for foot segments kinematics. While most techniques for the
kinematic analysis of foot segments use the 3D approach, i.e., three independent
rotations about three different axes, 2D projection angles can also be used to measure
relative rotations of a joint, with respect to anatomical planes. In the latter, line
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segments determined by the position of two markers are projected at each time
sample onto an anatomical or other relevant planes, for the planar rotation to be
calculated during motion (Simon et al. 2006; Leardini et al. 2007; Portinaro et al.
2014). 2D planar angles have been largely used to track motion of metatarsal bones,
as well as for motion representations of the arches of the foot, particularly the medial
longitudinal arch, and the varus/valgus inclination of the calcaneus. With this
approach, however, very erroneous and misleading values can be obtained in
extreme conditions, particularly in case of large ranges of joint motion and in case
of large deviations between the line segment and the projection plane.
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Fig. 2 Typical mean (� one standard deviation) temporal profiles of foot joint rotations over the
full gait cycle from a control population of normal subjects. In the left and right columns,
respectively: motion of the calcaneus in the shank reference frame and of the metatarsals in the
calcaneus reference frame. From top to bottom rows: rotations in the sagittal, frontal, and transverse
anatomical planes

Kinematic Foot Models for Instrumented Gait Analysis 555



Another important question is whether to use a reference neutral position for the
foot and ankle joints. Most frequently, a double leg standing posture is recorded to
provide reference orientations of the foot and lower limb segments. The neutral
orientation can be used as offset and subtracted from the corresponding temporal
profile of joint rotation. The so-called “subtalar neutral” is also sought (Rao et al.
2009) to establish the correct initial alignment of the foot and ankle. Plaster molds
have also been exploited to control the foot resting position (Saraswat et al. 2012,
2013), ensuring foot placement reproducibility and segment neutral orientation. This
procedure is intended to compensate for differing anatomical frame definitions and
foot static deformities, in order to establish a common “zero reference level” for
inter-subject comparisons. The use of a neutral posture has the advantage of remov-
ing the bias associated to the anatomical frame definitions, thus allowing to focus the
analysis and all relevant measurements on the “dynamic” pattern of the joint rota-
tions. Unfortunately, it also removes any joint misalignments due to bone and/or joint
deformity, which are frequently included in the clinical evidence of each patient and
therefore should not be removed from the analysis. The choice of offsetting joint
rotations by using a neutral posture is thus related to the specific study and its
hypotheses and should take into consideration, for example, if there is any ongoing
treatment to correct a foot deformity. Regardless of its application to offset the
kinematic data, the inter-segmental orientations with the subject in the neutral
posture represent extremely valuable information that should always be analyzed
and assessed, in relation to the corresponding temporal profiles of joint rotations.

In order to help final users to identify which MFM is more reliable, repeatable,
and/or best fitting the aims of their investigation, few studies have been published
which compare the performance of the most popular MFM. Mahaffey et al. (2013)
have used intra-class correlation coefficients to analyze the OFM, the Rizzoli Foot
Model (RFM), and the Kinfoot (MacWilliams et al. 2003) in 17 children on two
testing sessions. Although some variability has been found between segments, multi-
segment foot kinematics were shown to be quite repeatable even in pediatric feet. A
standard error of measurement greater than 5� was found in 26%, 15%, and 44% of
the kinematic parameters, respectively, for the OFM, RFM, and the Kinfoot model.
The latter showed the lowest repeatability and the highest errors. The OFM demon-
strated moderate repeatability and reasonable errors in all segments except for the
hindfoot in the transverse plane. The RFM resulted in moderate repeatability and
reasonable test-retest error similar to that of the OFM, but with original additional
data also on midfoot kinematics. In another paper by Powell et al. (2013), the OFM
and RFM were assessed in the context of foot function and alignment as possible
predisposition factors for overuse and traumatic injury in athletes. Both models
helped detect significant differences in frontal plane motion between high- and
low-arched footed athletes. However, the RFM was suggested to be the more
appropriate because it allows to track also midfoot motion. While it was not the
main scope of the study, a comparison between the Shriners Hospital for Children
Greenville Foot Model (Davis et al. 2006) and the OFM can be found also in Maurer
et al. (2013). The former model was shown to be more effective in quantifying the
presence and severity of midfoot break deformity in the sagittal plane and in
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monitoring the progression over time. Di Marco et al. (2015a, b) performed the most
comprehensive comparative analysis to date of the OFM, RFM, the Sawacha et al.
(2009), and Saraswat et al. (2012) models. The best coefficient of multiple correla-
tion between-sessions of the kinematic parameters during ground and treadmill
walking was observed for the RFM (range 0.83–0.95).

Perhaps an overabundance of multi-segment foot techniques and models has been
proposed to date. Some of these have been made available to the motion analysis
community also via simple-to-use software codes. New users are free to choose the
most appropriate model/technique for their needs according to the experimental
conditions. In particular, the visibility and traceability of the relevant markers must
be considered, both in relation to their dimension and location, together with its
applicability on the clinical population under investigation, and to the motor activ-
ities to be analyzed. Moreover, foot and leg deformities should be carefully assessed
before starting the data collection campaign. The advantages and disadvantages of
existing techniques should be considered and analyzed before developing and
validating a novel MFM suitable to the aims of the investigation.

Validation and Application of Foot Models

Validation Studies

New motion analysis procedures always require proper validation, but this is partic-
ularly challenging for the kinematic analysis of foot segments via skin-markers.
Usually, MFMs are only assessed for repeatability of measurements (see Table 1)
(Mahaffey et al. 2013; Di Marco et al. 2015a, b). Videofluoroscopy has been
employed to estimate the error in the measurements due to the skin motion artifacts
(Leardini et al. 2005; Wrbaskić and Dowling 2007; Shultz et al. 2011a). Skin motion
artifacts were shown to be as large as 16 mm in very strenuous foot conditions. The
largest errors were measured in the hindfoot and midfoot clusters at toe-off, likely
because of the large deformations experienced by the foot bones and skin in this
phase of stance. Still, the skin-to-bone relative motion at the foot was found to be
smaller than that of typical markers on the shank and thigh (Leardini et al. 2005),
thus it has been deemed sufficiently reliable for foot bone tracking. However, the
most convincing evidence of skeletal motion is from in-vitro and in-vivo bone pins
measurements. In vitro, robotic gait simulators are used to replicate the biomechan-
ical conditions of the stance phase of walking on foot cadaver specimens (Whittaker
et al. 2011; Peeters et al. 2013), and kinematics of foot bones can be accurately
tracked via bone pins instrumented with markers. This data helped verify a promis-
ing consistency in foot joint kinematic patterns, for most of the foot joints, between
skin-markers and bone pin measurements. Moreover, it has been possible to detect
motion in a number of joints that are difficult to analyze in-vivo. In-vitro kinematic
data should always be critically evaluated in relation to the fidelity of the replication
of the real in-vivo conditions.
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Validation of MFMs has been performed also by tracking real bone motion in-
vivo (Nester et al. 2007a, b, 2010; Arndt et al. 2007; Lundgren et al. 2008; Wolf et al.
2008a; Okita et al. 2009). This required bone pins to be instrumented with marker
clusters and fixated to a number of foot segments in volunteers under a small dose of
local anesthesia. In this condition, the motion pattern of the main foot joints during
walking and running can be established very accurately. It has been shown that the
motion patterns with and without the inserted pins compare well, indicating that the
subjects had little motion restriction due to such invasive intervention. Motion of
major joints was revealed to be very complex, and that of small joints, such as the
talo-navicular, to be larger than what expected – about 10� in the three anatomical
planes – and also larger than that of the talo-calcaneal joint. Motion larger than 3�,
therefore non negligible, was also measured between tibia and fibula. These studies
also showed the kinematic differences between multibone segments, as measured by
external skin clusters, and single bone pins. These experiments are limited by the
small number of subjects and are hardly replicable for technical and ethical reasons.
The relevant data published so far must serve as reference for other investigations on
normal and pathological feet.

Musculoskeletal Multi-Segment Foot Modeling

MFMs can be used also to develop and validate complex musculoskeletal computer
models for forward and inverse dynamic analysis. Typically, medical imaging is
used to define geometrical models of the anatomical structures and in vivo recorded
kinematics, whereas ground reaction forces provide the data to perform inverse-
dynamics. This allows measurement of bone segment kinematics and estimes of
loading conditions, at the joints, muscle-tendon units, and ligaments. These models
are particularly valuable for an insight into pathological conditions, understanding
disease mechanisms, and simulating the effects of possible treatments, whether
surgical, pharmacological or physical. Saraswat et al. (2010) proposed a generic
musculoskeletal model of an adult foot, including the intrinsic muscles and liga-
ments of the foot and ankle, configured and scaled by skin marker trajectories and an
optimization routine. The predicted muscle activation patterns were assessed against
corresponding EMG measurements from the literature. It was shown that small
marker placement error may result in large differences in model outcomes. Another
large investigation (Oosterwaal et al. 2011, 2016) has proposed a more complex
musculoskeletal model which implies 26 segments and 26 idealized joints, either
cylindrical, universal, or spherical, for a total of 39 degrees of freedom. The model
geometry can be customized using CT and MRI data, and dynamic simulations can
be performed by using bone kinematic data from the 34 skin markers. Both forward
and inverse dynamic modeling were claimed to be exploitable, with the former
integrating a multibody approach with FE analysis and the latter allowing to describe
the interactions of the musculoskeletal structures. Computer models designed to
estimate the mechanics of single structures in the foot, which can hardly be measured
non invasively have also been developed and reported. One of these models has
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allowed to estimate the effect of walking speed on the tension in the plantar
aponeurosis (Caravaggi et al. 2010).

A most recent study has exploited the modified OFM to develop a method for
configuring personalized foot models to patients suffering of juvenile idiopathic
arthritis (Prinold et al. 2016). This has highlighted the criticality of patient-specific
definition of the ankle joint axes and the location of the Achilles tendon insertions.
These models have great potential for the analysis of loading conditions in healthy
and pathological feet, and is beneficial to predicting the effects, and thus improving
the efficacy, of surgical treatments and foot and ankle orthoses. However: (a) the
relevant data sets are hardly available or difficult to create, with real personalization
nearly impossible; (b) the mechanical parameters of soft tissues (ligaments, tendons,
retinacula, etc.) are difficult to attain and not fully available in the literature; (c) the
external (so-called “boundary”) conditions depend on many factors not all measur-
able; and (d) the collection of relevant marker trajectories is demanding and requires
a cameras setup with special arrangements. Confidence in interpretation diminishes
because of the many unknowns and the relevant assumptions, optimization criteria,
conventions, calculations, etc. The final concern is about validation, which is
difficult to obtain for these bulky computational models.

Kinetic Analysis Including Foot Models

The moment and power at the ankle joint have been reported extensively in standard
gait analysis with traditional single-segment foot models. However, MFMs offer
specific insight also into muscle performance which would enlighten their function,
particularly in physiological and pathological conditions. This assessment must take
advantage of foot joint kinetics, where ground reaction force and joint center
location are combined to obtain joint moment, work, and power. A number of
studies (Dixon et al. 2012; MacWilliams et al. 2003) have demonstrated that the
contribution of the midfoot to the overall power is important for forward propulsion
during gait; power generation at rearfoot would instead be overestimated by a single-
segment foot model. Detection of abnormal kinetic patterns, even prior to significant
worsening of the prognosis, may help with the formulation of early specific inter-
ventions, aimed at reducing the progression of deformity and disability (DiLiberto
et al. 2015).

In kinetic analysis, in addition to meaningful references associated to the seg-
ments of interest, the complete ground reaction forces, comprising normal and shear
components, must be measured. The inertial properties of segments and the location
of joint centers must also be determined. The latter is particularly critical at the
Chopart and Lisfranc joints, but also at the metatarso-phalangeal joints since these
encompass a number of anatomical articulations. Usually additional virtual points
are defined on these joint lines, however these do not precisely represent the exact
position of anatomical elements. Several attempts have been made to determine an
optimum suitable technique for measuring reaction forces under each segment, i.e.,
subarea ground reaction. In order to estimate these regional forces, a miniature force
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platform, requiring the superposition of many targeted trials to create a full analysis
(Scott and Winter 1991), and combined pressure and force plates with assumptions
of proportionality between the two (Giacomozzi and Macellari 1997; MacWilliams
et al. 2003; Giacomozzi et al. 2006) have been proposed.

Early kinetic measures of the foot (Scott and Winter 1991; MacWilliams et al.
2003) have been limited by intricate assumptions and equipment restrictions. The
former was an 2D eight-joint model and relied on the superposition of multiple trials
interacting with a small custom-built force sensor. The latter paper proposed a first
3D model with eight segments but implied many assumptions on joint motion,
pressure, as well as force data for a final estimation of joint moments, which
neglected the mediolateral component of the force. A theoretical extension of the
MacWilliams model, addressing kinetic-based calculations, has been proposed a
little later (Buczek et al. 2006).

An extensive investigation undergone in a clinical and research setting (Bruening
et al. 2012a, b), involving respectively 17 and 10 healthy pediatric subjects,
explicitly aimed at exploiting the feasibility and relevance of a proposed technique
for kinetic analysis applied to a MFM. A three-segment kinetic model was first
characterized and assessed. In the second paper, kinetic parameters, joint moments
and powers during level walking were reported. Three submodels of the shank and
foot complex were created and two adjacent force platforms employed for calcula-
tion of rotation, net moment, and total power at the ankle, midtarsal, and 1st
metatarso-phalangeal joints. Unfortunately, the protocol required visual targeting
of the force platforms, whose confounding contribution, together with that of the
inertial parameters, was assessed separately. The study confirmed that not only
sagittal plane motion but also generated peak power are generally overestimated
at the ankle (35% on average) when using a single-segment, rather than a MFM.
This “split force platform approach” can be an alternative to ad-hoc hardware, but it
is critical when applied to pathological populations for the special targeting of the
force plates.

DiLiberto et al. (2015) have reported, for the first time, multi-joint foot kinetics in
subjects with diabetes mellitus, peripheral neuropathy, and in a healthy adult control
group, by using an electromagnetic sensor motion capture system. The model
consisted of the tibia, rearfoot, and forefoot, with ideal hinge joints connecting the
segments. It has been shown that (i) positive peak power and work of the forefoot
with respect to rearfoot was smaller in the patients group with respect to the control,
(ii) negative peak powers of both the forefoot to rearfoot and rearfoot to tibia was
larger, and (iii) a greater proportion of negative work was present at both these joints.

While, the value of joint kinematics from MFMs has been repeatedly demon-
strated, relevant joint kinetics are still controversial because motion occurs at
multiple articulations between bony segments (Nester et al. 2007a), particularly for
the critical estimation of position and orientation of the axes of rotation, which
would significantly affect kinetic measurements.

It is no doubt that kinetic measurements can increase the knowledge of foot and
ankle function, as well as influence the evolution of MFMs. Though some prelim-
inary attempts in this direction might have been too complex (Wang et al. 2016), the
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currently available simple representations here discussed seem a good compromise
between comprehensiveness of foot kinetics and comprehension of the results for
clinical use. These techniques, however, are hardly exploitable by the large scientific
community, due to the modeling and the implementation issues.

Summary

Stereophotogrammetry has made enormous progress in the last few years, with
cheaper motion analysis systems achieving high performance in markers tracking.
Today, multi-segment foot kinematic analysis is easier than what it was years ago. A
large number of multi-segment foot techniques for in vivo gait analysis based on
stereophotogrammetric systems have been published over the last three decades. The
large variety of currently available marker sets and protocols is of great value for
anyone interested in the analysis of foot motion in normal or pathological conditions,
following treatments, in the evaluation of sport performance, etc. Following this
long survey of the current techniques for kinematic analysis of foot segments, the
reader interested in the application of an existing MFM, or in the design of a new one
suitable to the aims of his/her specific investigation, shall find valuable recommen-
dations for either options here below.

In case of selection of an existing MFM, the researcher must be careful in deciding
on the most appropriate model from the literature; this must be done according to the
number of segments and degrees of freedom, the technique used for the calculation of
joint rotations, the position and visibility of the markers, etc. As far as the latter, the
number of cameras and their positions should be checked against the motor tasks
analyzed. Using a camera setup closer to the acquisition volume, and better optics,
normally will result in a better quality of the measurements. However, the cameras are
often arranged for full body gait analysis, and the necessary frequent changes in
the cameras configuration can be a tedious operation requiring repeated calibrations.
The consistency with existing single-segment foot and lower limb models should also
be discussed with the motion analysis team. First of all the user must comprehend
which segments should be tracked for the study, thus excluding unnecessarily
complex marker sets. Another important decision regards the reference neutral
orientation and whether this shall be used as an off-set to compensate for anatomical
frame definitions and foot deformities. As already stated above, the decision should
be taken according to the scope of the study and the population analyzed. Relevant
literature supporting the model should also be sought, in particular in relation to the
repeatability of measurements and the validation against gold standards. Calculation
and analysis of foot joint rotations can be supported by commercial software or
freeware. While this allows users to save time and resources in writing ad-hoc
analysis programs, the consistency of the calculations should always be assessed
against corresponding data published by the authors. Unfortunately, many papers do
not provide complete instructions on exact marker mounting, marker trajectory
smoothing, anatomical frame definition, joint conventions, etc. (Bishop et al. 2012);
even small changes to the original definitions may affect the final measurements.
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The involvement of experienced operators is therefore recommended, and a program
of continuous training activities should be implemented. Software tools which have
been developed and/or verified by the original model designers are preferable.

In case it is required to design new specific models, a consistent and careful
identification of specific single or combined bony segments, which are originally
tracked according to the aims of the study, must be performed. From a theoretical
perspective, an extremely large number of models can be devised and formalized
simply by mixing and matching the 26 foot bones. As long as a reference system is
clearly defined and a sufficient number of markers can be fixated to each segment,
the model can be considered original and reproducible. However, many of the papers
reported here have failed to properly describe the relevant details of the model,
including origin and orientation of the reference frames. Moreover, some of these
allegedly novel MFMs are merely a subset or small variations of previously existing
models, whereby a fewer number of segments has been tracked and/or only minor
modifications to the location of the markers have been implemented. In this respect,
we recommend that for a new, in vivo multi-segment technique for kinematic
analysis of the foot to be considered as a novel model, the following criteria should
be followed:

(1) The rationale for proposing a new segmentation of the foot for kinematic
analysis should be explicit and clear, e.g., for biomechanical or clinical purposes.
The authors should be able to address the question: why any of the existing
MFMs is not appropriate to address the aims of my study?

(2) The description of the new model should be exhaustive as far as the following
information: foot segments; relevant anatomical landmarks; position and orien-
tation of the local reference co-ordinate system; and number and location of the
skin markers for motion tracking.

(3) A validation study should be performed – possibly by a different research group
– to demonstrate that the repeatability of the kinematic outcome is comparable or
better than that of the current most common and widely used foot models.

(4) At least one clinical or biomechanical application of the model should be
reported to demonstrate the value and efficacy of the new model.

If the proposed criteria were strictly followed, only a few of the foot segmentation
techniques found in the literature and here reported could be considered as appro-
priate MFMs. In fact, even following these criteria would not necessarily guarantee
the new model to become popular in everyday gait analyses and to be widely used.
Many other factors influence the “popularity” and diffusion of gait analysis protocols
in the scientific and clinical contexts, such as their comprehension (as far as the basic
concepts, its application, the data processing and reporting), their usability and
utility, the availability of relevant processing software, the support provided by the
inventors, the distribution and actions of motion capture systems vendors, etc. The
scientific community of human motion analysis would however be pleased to
welcome any such robust contribution in the discipline.
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Future Directions

While foot kinematics can now be described with multiple degrees of freedom foot
models, a number of issues still remain to be addressed in the future, particularly for
in vivo studies. The complex procedures for validation of the models and the
unavoidable bias from the soft tissue artifacts are known to affect these measures
(Leardini et al. 2005). Nevertheless single or plate-mounted skin markers are neces-
sary, the alternatives in routine clinical analyses having several limitations. While
videofluoroscopy and bone pins provide more accurate measures of foot joints motion,
these are also excessively invasive for patients. Inertial sensors (Rouhani et al. 2012,
2014) and marker-less dynamic 3D scanning (Van den Herrewegen et al. 2014) are
definitely less invasive, but accuracy and anatomical based analysis fall short.

Due to the variety of motion analysis systems and protocols for data acquisition, a
normative database for foot kinematic data should be available in every single gait
analysis facility (Deschamps et al. 2012a). Moreover, kinematic analysis of foot
joints is highly sensitive to errors in marker placement due to the small size of foot
bones in comparison to other body segments. Even a small deviation from the
recommended marker location can result in a large error within the position and
orientation of the reference co-ordinate system. In order to decrease the error rate and
improve the protocol repeatability, only experienced operators with extensive
knowledge of foot anatomy and practice in multi-segment foot analysis should be
in charge of mounting the markers (Caravaggi et al. 2011; Deschamps et al. 2012a).

To ensure for an increased and coherent use of these techniques, standardization
of the references shall be sought, in terms of anatomical landmark and frame
definitions. In this respect, another fundamental step forward would imply
establishing a common terminology, which can avoid confusion and inconsistency.
The utilization of these models is still critical in the presence of shoes or foot
orthotics (Lin et al. 2013; Bishop et al. 2013; Leardini et al. 2014; Bishop et al.
2015; Halstead et al. 2016), hence the limitation of available literature currently. All
these issues perhaps can account for the limited number of relevant clinical appli-
cations (Deschamps et al. 2011).
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