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Multi-segment foot models (MSFM) are used in gait analysis for the diagnosis and planning of treatment
for patients with foot deformities. Like other biomechanical models, MSFMs represent the leg and foot as
a series of linked rigid segments, but such a simplification may not be appropriate, particularly for the
flexible forefoot. This study investigated the appropriateness of the rigid body assumption on marker
clusters used to define the individual segments (tibia, hindfoot, forefoot) of a widely-used MSFM.
Rigidity of the marker clusters was quantified using the rigid body error (rRBE) calculated for each frame
of a representative gait cycle for 64 normal healthy adults who underwent gait analysis. rRBE is a measure
of how well the tracking marker configuration at each frame compares to the arrangement of the same
markers in a reference pose. As expected, the patterns of deformation of the three marker clusters dif-
fered over the gait cycle. The hindfoot cluster remained relatively undeformed in comparison to the fore-
foot and tibia clusters. The largest deformations of the forefoot cluster occurred near the beginning and
end of the stance phase. The tibia cluster deformed throughout the entire gait cycle, with a pattern sim-
ilar to that of a typical knee flexion angle graph. The results raise questions about the appropriateness of
the rigid-body assumption when applied to MSFMs, particularly in the forefoot region.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Multi-segment foot models (MSFM) have become increasingly
popular due to the improved accuracy and ease-of-use of motion
capture technology, and there is strong evidence supporting their
clinical use (Wren et al., 2011). Sub-division of the foot into multi-
ple segments for gait analysis has helped with the diagnosis and
planning of treatment for foot deformities, as well as furthering
our understanding of foot biomechanics. There are many different
MSFMs used in clinical gait laboratories worldwide, including the
Oxford Foot Model (OFM) (Carson et al., 2001; Stebbins et al.,
2006), the Rizzoli Foot Model (Leardini, Benedetti et al., 2007),
the Heidelberg Foot Measurement Method (Simon et al., 2006),
and several others (Deschamps et al., 2011; Rankine et al., 2008).
These all share some key features, such as a hindfoot segment,
but differ in others, notably in how the bones in the rest of the foot
are modelled.

Although most lower-limb biomechanical models used in gait
analysis represent the leg and foot as a series of linked rigid seg-
ments, such a simplification may not be appropriate in a MSFM,
even if it makes the related measurements and calculations easier.
Whether the midfoot and forefoot in particular should be modelled
as rigid bodies is questionable, given the known flexibility of the
medial longitudinal arch and the mediolateral spread of the fore-
foot during the stance phase of gait (Duerinck et al., 2014).

In classical mechanics, a rigid body is characterized by the
requirement that the distance between any two points on the body
remains fixed. Therefore, the simplest way to quantify deformation
is to find the change in Euclidean distance between the points or,
alternatively, to calculate the strain. An alternative measure of
deformation which uses multiple points at once is the rigid body
error (rRBE) introduced by van den Bogert et al. (1994) for the pur-
pose of quantifying soft-tissue artefact. The rRBE effectively quanti-
fies violations of the rigid-body assumption. In the present context,
it can be thought of as a measure of the difference between the
configuration of selected points (identified by clusters of skin-
mounted markers) on the surface of a body segment in a reference
pose and the configuration of those same points (or markers) after
the body has changed position.

This study aimed to quantify the rRBE of skin-mounted marker
clusters on the forefoot, hindfoot, and tibiaa segments of a multi-
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segment foot model widely used in clinical gait analysis (Carson
et al., 2001; Stebbins et al., 2006), and, by doing so, to gain some
understanding of their apparent ‘‘rigidity” and the appropriateness
of a rigid-body assumption. For normal healthy adult subjects, it
was hypothesized that on average the forefoot cluster would be less
rigid than the clusters on the other two segments and that the defor-
mation patterns of the clusters would differ over the gait cycle.
2. Methods

2.1. Data collection

Sixty-four healthy adult subjects (32 male, 32 female) with an
average age of 27.3�7:0 years participated in the study, which
was approved by the local Ethics Committee. All participants gave
informed consent. Retroreflective markers were placed on the
lower limbs as for the OFM (Stebbins et al., 2006) (Fig. 1). Subjects
first posed in a static standing position and then walked along a
10-m walkway at a self-selected speed while lower-limb motion
data (Vicon Motion Systems Ltd., Oxford, UK) was collected at
100 Hz and ground reaction force data (Advanced Mechanical
Technology, Inc., Watertown, USA) collected at 1000 Hz. Marker
gap filling, trajectory filtering, and computation of OFM joint
angles were conducted using Vicon Nexus (v2.3). One of six walk-
ing trials (right leg only) was selected for further analysis based on
how close its OFM joint angle graphs were to the average OFM joint
angle graphs for that subject. The quantity used for the compar-
isons was the root mean square error. For quality assurance, the
temporal-spatial parameters and joint angles were inspected to
Fig. 1. The OFM marker set (Carson et al., 2001; Stebbins et al., 2006). A cluster of
four markers on each segment (shown circled in red) was used in the calculation of
rRBE . On the hindfoot, the cluster markers were placed on the posterior distal aspect
of the heel, sustentaculum tali, lateral calcaneus, and posterior calcaneus (wand
marker). On the forefoot, the cluster markers were located between the second and
third metatarsal heads, on the bases of first and fifth metatarsals, and on the head of
the fifth metatarsal. The tibia cluster markers were placed on the head of the fibula,
tibial tuberosity, anterior crest of the tibia, and the lateral surface of the tibia (wand
marker). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
ensure that there were no abnormal features or measurement
artefacts.
2.2. Quantification of marker cluster rigidity

Rigidity was quantified using the rigid body error rRBE

(Söderkvist and Wedin, 1993; van den Bogert et al., 1994), calcu-
lated as:

rRBE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
3N � 6

r
jj T�½ � A½ � � B½ �jj ð1Þ

where N is the number of markers, A½ � the reference configuration of
the markers (as given by their Cartesian coordinates in a global ref-
erence frame), B½ � any other configuration of the markers (again
given by their spatial coordinates), and T�½ � the orthogonal transfor-
mation matrix such that the expression || T�½ � A½ � � B½ �|| is minimised.
The minimisation (orthogonal Procrustes) problem was solved
using the method proposed by Söderkvist and Wedin (1993). This
algorithm finds the best-fit rigid-body transformation from a refer-
ence pose to any other body position, which implies that the quan-
tity given by (|| T�½ � A½ � � B½ �||) indicates how much the body or, in the
present case, the marker cluster defining it, has deformed.

The rRBE for marker clusters on the OFM tibia, hindfoot, and
forefoot segments (Fig. 1) was calculated over one full gait cycle
using MATLAB (v2015a, MathWorks Inc., Natick, USA). Two refer-
ence poses for the calculations were used: the marker cluster con-
figuration in the static standing position and that at mid-stance
(50% stance phase). The average rigid body error (rav ) was used
to indicate the average rigidity of each marker cluster, and the
peak-to-peak rigidity (rptp) characterized its maximum
deformation.
2.3. Statistics

The repeatability of the measurement protocol and the variabil-
ity of rRBE were assessed as described in Appendix A. For the com-
parison of the rRBE between segments (for the mid-stance
reference pose only), the data were analyzed using a two-way
repeated measures ANOVA with gender (male or female) as the
between-subject factor and body segment (forefoot, hindfoot,
and tibia) as the within-subject factor. The motivation behind this
investigation was that there are known anthropometric differences
between the male and female foot, which influence the dynamic
shape deformation (Fritz et al., 2013) throughout gait.

Mauchley’s test was conducted to inspect the homogeneity of
variance across within-subject factors. If significant, the
Greenhouse-Geisser corrected p-value was reported, otherwise,
the uncorrected p-value was used. If significant interactions
(p < 0.05) were found between factors, post-hoc comparisons were
performed using an unpaired t-test with Bonferroni corrections. All
statistical calculations were completed using SPSS (v24, IBM Corp.,
Armonk, USA).
3. Results

As hypothesized, the patterns of deformation of the marker
clusters differed over the gait cycle (Figs. 2 and 3). Use of the static
standing position for the reference marker cluster configuration
resulted in a more variable rRBE, as indicated by the standard devi-
ations in Tables 1 and 2. Regardless of reference position, the hind-
foot cluster stayed relatively undeformed in comparison to the
forefoot and tibia clusters. For the forefoot cluster, the largest
deformations occurred near the beginning and end of the stance
phase, as indicated by the sharp fall and rise in rRBE. As opposed



Fig. 2. Forefoot, hindfoot, and tibia marker cluster rigid body error (rRBE) over one full gait cycle calculated with the cluster configurations in the static trial as the reference.
Means ± 1 standard deviation (mm). The dotted line indicates the separation between the stance phase and swing phase, with an average of 59.8% for the population tested in
this study. Note that, on average, rRBE is never equal to zero, since the marker cluster configurations during gait never match their configurations in the reference position.
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to what was expected, the tibia cluster also deformed throughout
the entire gait cycle.

There was no statistically significant interaction between the
effects of gender and rav (F(2,62) = 0.229, p = 0.80); however, there
were statistically significant differences between the average
rigidities of the three clusters (p < 0.01) (Table 2). As hypothesized,
the forefoot cluster was the least rigid. It had the largest rav , fol-
lowed by the tibia cluster and then the hindfoot cluster. The p-
value was less than 0.01 in all pairwise comparisons between the
three clusters. The hindfoot cluster exhibited the lowest rptp

(p < 0.01). The tibia rptp was significantly lower than that of the
forefoot cluster (p = 0.01).
4. Discussion

Residuals from the marker tracking algorithm have been used
to study the tracking error (Söderkvist and Wedin, 1994; Spoor
and Veldpaus, 1980), to assess the soft tissue artefact (van den
Bogert et al., 1994), and to help minimize the transformation
matrix error (Leitch et al., 2010). In the present study, a different
approach was taken, with the residual rRBE used to quantify the
rigidity (or deformation) of a cluster of markers used to track a seg-
ment. For normal healthy adults, it was confirmed that on average
the forefoot cluster of a widely used MSFM was less rigid than the
hindfoot cluster and that their patterns of deformation differed
over the gait cycle. This was expected since all hindfoot markers
were on one bone – the calcaneus, whereas the forefoot markers
were spread across the metatarsals. Both skin-movement error
and segment flexibility are captured in the rRBE of the marker clus-
ters, and although the latter is likely to be more dominant in the
forefoot, this study is unable to verify how much each effect con-
tributes to the total rRBE.

The deformations of the hindfoot and forefoot marker clusters
are consistent with our general understanding of how foot shape
changes during gait (Baker, 2013; Levine et al., 2012). The forefoot



Fig. 3. Forefoot, hindfoot, and tibia marker cluster rigid body error (rRBE) over one full gait cycle calculated with the cluster configurations at mid-stance (50% stance) as the
reference. Means ± 1 standard deviation (mm). The dotted line indicates the separation between the stance phase and swing phase, with an average of 59.8% for the
population tested in this study. Note that, by definition, rRBE ¼ 0 at the reference configuration.
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markers most nearly resemble their mid-stance reference configu-
rations during the single-limb support phase of stance (hence the
lower rRBE in this period); this is when the load is transmitted
through the forefoot and the metatarsals are most spread. The fore-
foot deforms rapidly at two periods during the stance phase, the
loading response and pre-swing. At loading response, the foot is
lowered to the ground through plantarflexion of the ankle. It is
during this period that the distance between the first and fifth
metatarsals increases (Duerinck et al., 2014). During pre-swing,
the forefoot returns to its unloaded configuration.

As opposed to what was expected, the tibia marker cluster
deformed throughout the entire gait cycle, with the plot of its
rRBE resembling a characteristic knee flexion-extension angle
graph, especially in Fig. 2(e,f). The largest deformation occurred
from mid-swing to terminal swing. Since the only potential source
of bone motion in the OFM tibia segment is between the tibia and
fibula, which are known to have very limited motion relative to
each other (Brockett and Chapman, 2016; Soavi et al., 2000), any
deformation was most likely due to skin or other soft tissue
movements. Given the relatively large range of knee motion and
the proximity of the marker on the fibula head to the knee joint,
this marker is likely to be the one with excessive skin motion. This
interpretation is consistent with the results of a fluoroscopic study
of the soft tissue artefact of markers on the shank by Tsai et al.
(2009).

The exact numerical values of rRBE depend on choice of the
tracking markers used in the calculations and on the chosen refer-
ence configurations of the markers (compare Figs. 2 and 3). The
choice of tracking markers was based on those used clinically in
the MSFM, since straightforward application of the results to clin-
ical work was deemed to be important. The effects of marker and
configuration choices are likely to be larger than the repeatability
errors, which here were an order of magnitude smaller than the
rav values for each segment (compare Tables 1, 2, and A.1). Regard-



Table 2
Average rigid-body error (rav Þ and peak-to-peak rigid-body error ðrptpÞ[shown as mean (standard deviation)] for the forefoot, hindfoot, and tibia marker clusters over one full gait
cycle with the cluster configurations at mid-stance (50% stance) as the reference. Units of r are mm.

Forefoot marker cluster Hindfoot marker cluster Tibia marker cluster

n rav rptp rav rptp rav rptp

Male 32 2.24 (0.50) 4.11 (0.95) 0.68 (0.15) 1.21 (0.29) 1.50 (0.24) 3.52 (0.69)
Female 32 2.21 (0.34) 4.14 (0.67) 0.68 (0.21) 1.26 (0.37) 1.53 (0.24) 3.87 (0.85)

Total 64 2.22 (0.43) 4.12 (0.82) 0.68 (0.18) 1.24 (0.33) 1.51 (0.24) 3.67 (0.79)

Table 1
Average rigid-body error (rav Þ and peak-to-peak rigid-body error ðrptpÞ[shown as mean (standard deviation)] for the forefoot, hindfoot, and tibia marker clusters over one full gait
cycle, with the static trial used as the reference configuration. Units of r are mm.

Forefoot marker cluster Hindfoot marker cluster Tibia marker cluster

n rave rptp rave rptp rave rptp

Male 32 2.43 (0.61) 3.44 (1.12) 1.20 (0.55) 0.90 (0.29) 2.29 (0.50) 3.64 (0.84)
Female 32 2.33 (0.52) 3.24 (0.70) 1.76 (1.89) 1.01 (0.33) 2.53 (0.51) 3.75 (0.73)

Total 64 2.37 (0.57) 3.34 (0.94) 1.47 (1.40) 0.96 (0.32) 2.40 (0.52) 3.69 (0.78)
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less of marker choice, marker placement consistency and
experience are key, as is also true for the measurement of gait kine-
matics (Caravaggi et al., 2011; McCahill et al., 2018; McGinley
et al., 2009).

The results raise questions about the appropriateness of the
rigid-body assumption when applied to MSFMs, particularly in
the forefoot region. This should prompt consideration of how best
to model the foot. The information given by rRBE could be usefully
exploited, for instance, in comparing objectively different marker
clusters or sub-divisions of the foot in MSFMs to identify the ones
that maintain the highest rigidity during activities. It should also
stimulate the development of new ways in which to model the nat-
ural flexibility of the foot.
5. Conclusion

This study showed that rRBE can be used successfully to quantify
the overall rigidity of marker clusters representing the tibia, hind-
foot, and forefoot segments of a MSFM, as well as to monitor how
each cluster deforms throughout the gait cycle. With 50% stance as
the reference position (Fig. 3, Table 2), the forefoot cluster was the
least rigid, followed by the tibia cluster, and then the hindfoot
cluster.
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Table A1
Repeatability of rRBE , as quantified by the inter-trial, intra-rater and inter-rater errors and

Inter-trial error (mm) I

Marker cluster Junior Senior Mean J

Forefoot 0.157 0.130 0.143 0
Hindfoot 0.080 0.075 0.077 0
Tibia 0.178 0.154 0.166 0
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Appendix A

To assess the repeatability of the measurement protocol for dif-
ferent levels of expertise, as well as the variability of the rRBE, one
normal male participant underwent eight gait analysis sessions
with data collected as described in Section 2.1. Sessions were con-
ducted by two staff members: one (senior) who had 16 years of
experience in clinical gait analysis, and another (junior) who had
one year of gait analysis and marker-placement experience and
no clinical experience. Each staff member performed two sessions
on the same day, two hours apart, with the process repeated two
weeks later. All markers were removed and reapplied for each
new session. The repeatability of rRBE (for the mid-stance reference
pose only), defined as the variation in repeated measurements
made on the same subject under identical conditions (Bartlett
and Frost, 2008), was analyzed using the inter-trial error (subject
variability), intra-rater error, and inter-rater error (Schwartz
et al., 2004). The ratio of the inter-rater error to the inter-trial error
was also calculated since it reveals the effect of methodological
errors.

Of the three marker clusters considered by the two assessors,
the hindfoot cluster had the most repeatable rRBE, with the lowest
intra- and inter-rater errors (Table A.1). The least reliable rRBE was
that for the forefoot cluster, with the highest inter-rater error and
the inter-rater/trial ratio.

ntra-rater error (mm) Inter-rater error (mm) Inter-rater
Inter-trial

unior Senior Mean

.230 0.154 0.257 1.79

.105 0.094 0.110 1.42

.299 0.245 0.238 1.43
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inter-rater/trial ratio. The rater with more experience in gait anal-
ysis achieved a more consistent result, as indicated by their lower
intra-rater error for all three clusters. The inter-rater to inter-trial
ratio was always greater than one.
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