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Development of an IMU based 2-segment foot =
model for an applicable medical gait analysis
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Abstract

Background The two most commonly instrumented gait analysis tools used are Optical Motion Capture systems
(OMC) and Inertial Measurement Units (IMU). To date, OMC based gait analysis is considered the gold-standard. Still,
it is space-, cost-, and time-intense. On the other hand IMU systems are more cost- and time effective but simulate
the whole foot as a single segment. To get a more detailed model of the foot and ankle, a new 2-segment foot model
using IMU was developed, comparable to the multi-segment foot models assessed by OMC.

Research question Can an IMU based 2-segment foot model be developed to provide a more detailed
representation of the foot and ankle kinematics?

Methods To establish a 2-segment foot model, in addition to the previous 1-segment foot model an IMU sensor was
added to the calcaneus. This allowed the differentiation between the hindfoot and forefoot kinematics. 30 healthy
individuals (mean age 27+ 7 years) were recruited to create a norm data set of a healthy cohort. Moreover, the
kinematic data of the 2-segment foot model were compared to those of the traditional 1-segment foot model using
statistical parametric mapping.

Results The 2-segment foot model proved to be applicable. Furthermore, it allowed for a more detailed
representation of the foot and ankle joints, similar to other multi-segment foot model. The healthy cohort’s norm data
set showed a homogeneous motion pattern for gait.

Conclusion The 2-segment foot model allows for an extension of IMU-based gait analysis. Futures studies must
prove the reliability and validity of the 2-segment foot model in healthy and pathologic situations.

Level of evidence Level l.
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Introduction

Digital and longitudinal data acquisition will be among
the most important topics in the 21st century in the fields
of orthopedics. Moreover, the novel European regulation
of medical devices (EU: 2017/745 and 2017/746) further
increases the demand for quantitative outcome data. This
constitutes a unique opportunity for instrumented gait
analysis. Objectified gait parameters can be used to diag-
nose, assess, monitor, and predict a wide range of medi-
cal conditions [1].

The two most commonly used tools for instrumented
gait analysis are Optical Motion Capture systems (OMC)
and Inertial Measurement Units (IMU) [2]. To date,
OMC based gait analysis is considered the gold-standard.
Still, it is space-, cost-, and time-intense [3, 4]. Therefore,
its applicability in the clinical routine is limited. IMU
based gait analysis are a cost- and time efficient alterna-
tive to OMC [5-7]. It has been proven to have a good
accuracy for the sagittal and a moderate accuracy for the
frontal and transverse planes [8]. Still, currently available
IMU systems are limited to the kinematics of the hip and
knee. A meaningful analysis of the hind- and midfoot
motion is not possible because the foot and ankle are
simulated by a single sensor, i.e. a single rigid segment.

The authors are aware of two studies, who addressed
these shortcomings by adding an additional IMU sensor
to the foot. Rouhani et al. [4] in 2012 used the IMU sys-
tem by Physilog, BioAGM, CH and more recently Okka-
lidis et al. [9] used an in-house build wearable system
using MPU-9250, InvenSense, USA. Both studies used
wire-based systems which only assessed the foot. There-
fore, these systems are uncapable of performing a com-
plete, instrumented gait analysis of the lower limb.
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For the current study, the authors used the latest, wire-
less IMUs (Ultium Motion, Noraxon U.S.A., Inc., Scotts-
dale, AZ, USA) and amended the standard setup for the
lower limb by an additional calcaneal sensor. Thereby, the
hind- and mid-foot motion could be assessed separately,
in addition to the standard kinematics of the lower limb.
Such a system could be a valuable and applicable tool
within the clinical routine. The aim of the current study
was to develop a new IMU based 2-segment foot model
and compare it to the previous used 1-segment foot
model.

Materials and methods

The herein presented study is a prospective, laboratory
study on healthy individuals. The study was approved by
the local ethics commission (#19-0177). All participants
gave written informed consent.

Setup of the 2-segment foot model

To develop the new biomechanical 2-segment foot
model, nine IMU sensors (Ultium Motion, Noraxon
U.S.A., Inc., Scottsdale, AZ, USA) and the associated
software MyoResearch (MR3.18, Noraxon U.S.A., Inc.,
Scottsdale, AZ, USA) were used. The seven IMU sensors
were applied according to the manufacturers’ recommen-
dation: the pelvic sensor was placed on the sacrum, the
thigh sensors on the anterior distal half of the femur, the
tibia sensors on the medial surface of the proximal tibia,
and the standard forefoot sensors bilaterally to the dor-
sal midfoot [10]. The manufactures’ standard model for
the lower limb represents the ankle and foot as one single
rigid segment (1-segment foot model), i.e.,, the range of
motion between the tibia (Fig. 1, #1) and the dorsum of
the foot (Fig. 1, #3). To allow for a differentiation between

Fig. 1 lllustration of the 2-segment foot model with the positions of the IMU sensors on tibia (1), hindfoot (2), and forefoot (3) as well as the three major

joint lines: A) Ankle-, B) Subtalar-, C) Chopart-joint
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the hind- and midfoot, an additional IMU sensor was
placed vertically, centered on the posterior aspect of the
calcaneus (2-segment foot model). The sensors at the pel-
vis, dorsum of the feet, and the calcaneus were secured
using body adhesive strips. For additional support, the
subjects’ socks were pulled over the feet. The sensors on
the pelvis, thigh and tibia were fixed with straps. The final
setup of the 2-segment foot model is illustrated in Fig. 1.
The additional calcaneal sensor was added to the bio-
mechanical model in the associated software (MyoR-
esearch MR3). This allowed to amend the standard joint
angle calculations by the tibio-calcaneal- (ankle joint)
and calcaneal-midfoot (subtalar/chopart joint) angles.
Next, the angle calculations in x-, y- and z-plane (equals
transverse, sagittal, frontal plane) between the tibia and
hindfoot, as well as the hindfoot and forefoot were imple-
mented by using the biomechanical model of the soft-
ware. This setup allowed an approximation to the three
major joint axes of the hindfoot, and therefore an analysis
similar to other multi-segment foot models (Table 1).

Study participants

Healthy subjects were recruited to record reference
data to establish a norm data set. Inclusion criteria
were age>18 and <60 years, as well as no relevant inju-
ries or previous diseases of the lower extremities and
comorbidities.

Gait analysis

All subjects performed a standardized gait analysis pro-
tocol. The gait analysis was performed on a treadmill
(pluto med, h/p/cosmos sports & medical GmbH, Nuss-
dorf-Traunstein, Germany) with an integrated pressure
plate (Zebris Medical GmbH, Isny, Germany). The data
recording occurred time-synchronized in the software
MyoResearch.

Nine IMU sensors were placed according to the above
outlined setup. The calibration of the sensors was done
with a dynamic walking calibration: First a reference pose
measurement was conducted with the participants stand-
ing straight. Next a walking calibration was performed.
The defined movement of the walking calibration can
be used to correct the course orientation of the sen-
sors, utilising the knowledge of the segment movement
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during walking. The sensor drift is further corrected by
the initial and final reference pose. Finally, the actual gait
analysis was conducted. The participants started with a
familiarization period on the treadmill for 2 min. All par-
ticipants walked at the same speed of 4 km/h. The actual
recording of the data started automatically for a duration
of 30 s immediately following the familiarization period.

Data collection and processing

The time required to perform the IMU based instru-
mented gait analysis, the foot and ankle kinematics, their
visualization, and the individual range of motions (ROM)
were evaluated. The values obtained for the 2-segment
foot model were compared to the standard values pro-
vided by the 1-segment foot model.

The duration of the gait analysis was obtained from the
data acquisition software. The software records the start-
ing time of the walking calibration and the gait analysis.
This allowed to calculate the time for the actual gait anal-
ysis. The time needed for sensor placement, data backup,
and sensor removal was not recorded and therefore could
not be assessed.

All IMU data were received wirelessly, were synchro-
nised via a receiver, and forwarded to the PC. The record-
ing frequency was 200 Hz. An object sensor was added
to the MR3 software for the additional sensor at the heel.
The kinematics of the segments in three planes (sagittal,
frontal, transverse) for the ankle and subtalar/chopart
joints were calculated in the MR3 software in accordance
with the recommendations of the International Society of
Biomechanics (ISB) as a cardanic rotation sequence [11].
Further data processing was done in Matlab (The Math-
Works Inc., Natick, MA, USA). The data were interpo-
lated to 100% gait cycle in 1% increments. Both feet of
each subject were used to calculate the norm values for
a healthy cohort. Next mean values and standard devia-
tions were calculated for the whole gait cycle.

The visualization of the data was divided into the Tibia/
Forefoot, Hindfoot/Forefoot, and Tibia/Hindfoot kine-
matics for the sagittal, frontal, and transversal planes
using the mean values and a standard deviation.

In addition, the total ROM of each joint was calculated
from the minimum and maximum values. These were
used to compare them with values with multi-segment

Table 1 Analysis of the 2-segment foot model in approximation to the oxford foot model

Sagittal plane

Frontal plane Transversal plane

Hindfoot (#2) - Tibia (#1) Ankle

(Plantar-/Dorsiflexion)
Forefoot (#3) — Hindfoot (#2) Chopart joint
(Plantar-/Dorsiflexion)

Standard Model
Tibia (#1) — Forefoot (#3)

Ankle & Chopart joint
(Plantar-/Dorsiflexion)

Subtalar
(Varus/Valgus)

Subtalar
(Internal Rotation/
External Rotation)
Chopart joint
(Supination/Pronation)

Chopart joint
(Forefoot Ab-/
Adduction)
Tibia - Forefoot
(Ab-/Adduction)

Ankle & Subtalar & Chopart
(Supination/Pronation)
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Table 2 Comparison of range of motion values between the 2-segment foot model and previously published data from OMC based
studies on healthy individuals. Values are given as mean (+ standard deviation, when available)

T/HF Sagittal FF/HF Sagittal T/HF Frontal FF/HF Frontal
Bauer et al. (2023) 20.2°+4.7° 20.2° +3.0° 89°+32° 74°+23°
(IMU based 2-segment foot model)
Schallig et al. (2020) 274°+33° 12.5°+35° 10.0°+£1.9° 8.6°+2.2°
(OMC based OFM)
Wang et al. (2010) 219°+49° 15.4°+3.6° 10.9° 6.6°
(OMC based OFM)
Levinger et al. (2010) 21.2° 14.4° 13.2° 7.3°
(OMC based OFM)

T/HF: Tibia/Hindfoot, FF/HF: Forefoot/Hindfoot; Frontal: Frontal plane; Sagittal: Sagittal plane

Tibia/Hindfoot Dorsiflexion

Tibia/Hindfoot Varus

Tibia/Hindfoot Rotation

20 30 E
= 10 2 op € 10
w 5 =
c 0 AV S 10 = 0
+-10 + | +
~ >~ 0 = -10
w -20 = 5
B ool ] >-10 T 20
-40 -20 o -30
0 20 40 60 80 100 0 20 40 60 80 100 ! 0 20 40 60 80 100
Gait [%] Gait [%] Gait [%]
20 Forefoot/Hindfoot Dorsiflexion 30 Forefoot/Hindfoot Supination 20 Forefoot/Hindfoot Abduction
e 10 20 S 10
o el
L Q
c 0 @ 10 < o
F-0 = + z
w -20 E 0 510
& 30 a -10 £ 20
-40 : : -20 : - : ' 30
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Gait [%] Gait [%] Gait [%]
20 Tibia/Forefoot Dorsiflexion 30 Tibia/Forefoot Supination 20 Tibia/Forefoot Abduction
E 10 /_\ o 20 § 10
a0 @ 10 < 0
10 + _— =+
w -20 E 0 510
& 3 T -10 £ 20
-40 + -20 4 ' 30
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Gait [%] Gait [%] Gait [%]

Fig. 2 Norm data for the 2-segment foot model with mean (+ standard deviation) of 100% gait cycle for Tibia/Hindfoot, Forefoot/Hindfoot, Tibia/Fore-
foot in sagittal, frontal and transverse plane. PF — Plantarflexion, DF — Dorsiflexion, Pro — Pronation, Sup - Supination, Add — Adduction; Abd — Abduction

foot models measured by OMC from the literature. To
determine the differences between the 1-segment and the
2-segment foot model, the kinematic curves were com-
pared using the statistical parametric mapping (SPM)
with a paired t-test and an alpha level of 0.05 (Copyright
(C) 2021 Todd Pataky, available at spm1d.org) [12].

Results

Development of the new 2-segment foot model

The attachment of the additional sensor to the calcaneus
proved to be stable. In none of the assessed cases, the
sensors had to be adjusted or re-placed. The additional
foot segments were successfully implemented in the
software, allowing for automated calculation of all joint
angles. By exporting the data from the software, a 9-field
graphic with the kinematics of the foot/ankle joint in all
three planes (sagittal, frontal, transverse) could be dis-
played using a custom Matlab (MathWorks, Inc., Natick,
MA, USA) script. This graphic combines the angles from
the old 1-segment foot model and the new 2-segment
foot model.

Duration of data assessment

The average data acquisition for the calibration, i.e. from
starting the walking calibration to the start of the famil-
iarization period, took on average 54 min. The time for
familiarization on the treadmill and the actual recoding
period was 2.5 min, which must be added to the 5+4 min
of calibration time. Therefore, the total time of data
acquisition was 7.5+ 4 min.

Norm data
30 healthy individuals (14 female, 16 male) were recruited
with a mean age of 27+7 years, mean body weight of
69112 kg and a mean body height of 17610 cm.
Tibia/Forefoot dorsiflexion showed the highest ROM
over the full gait cycle compared to Tibia/Hindfoot and
Forefoot/Hindfoot dorsiflexion (Table 2). The analysis
of the Tibia/Hindfoot movement in frontal plane corre-
sponds to the varus/valgus movement of the hindfoot. At
the end of the stance phase, there was a clear varus move-
ment of the hindfoot, which decreased with the middle
swing phase (Fig. 2). The ROM of Tibia/Hindfoot was
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20.2° + 4.7° in the sagittal plane and 8.9° + 3.2° in the fron-
tal plane. For Forefoot/Hindfoot, a ROM of 20.2° £ 3.0° in
the sagittal plane and 7.4° £ 2.3° in the frontal plane was
measured (Table 2).

Comparison 1-segment to 2-segment foot model
Comparison of the six kinematic curves derived from the
2-segment foot model (Tibia/Hindfoot, Forefoot/Hind-
foot) with the corresponding curves from the traditional
1-segment foot model (Tibia/Forefoot) revealed signifi-
cant differences throughout the whole gait cycle (Fig. 3).
These differences included the shape and amplitude
of the individual kinematic curves, indicating a more
detailed representation of the foot and hindfoot kinemat-
ics for the 2-segment foot model. The mean difference+1
SD [minimum; maximum] between the two models for
the three planes were for Tibia/Forefoot vs. Tibia/Hind-
foot: sagittal plane 5.0+£2.9 [-10.3; 8.5], frontal plane
2.3+1.4 [-1.9; 5.8], transverse plane 1.1£+1.3 [-1.8; 5.5];
for Tibia/Forefoot vs. Forefoot/Hindfoot: sagittal plane
5.0+2.5 [-10.6; 8.2], frontal plane 5.6%+3.8 [-3.5; 13.6],
transverse plane 2.5+3.0 [-2.1; 11.0].

Discussion

The main result of this study was the successful develop-
ment of an IMU-based 2-segment foot model. The model
proved to be a significant evolution of the currently avail-
able commercial 1-segment foot model. It showed a
homogeneous gait pattern for the hind- and midfoot and

Sagittal plane

Frontal plane
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allowed a more detailed representation of the foot and
ankle kinematics.

Next to establishing the methodology of a 2-segment
foot model, the authors presented a norm value data
for a healthy cohort set based on 30 individuals. Table 2
compares the herein established norm values, i.e. maxi-
mum ROM, to previous studies using a multi-segment
foot model, i.e. Oxford Foot Model (OFM), measured
by an OMC system [13—15]. Overall, there is a moderate
variation, between the different OMC studies similar to
those obtained from the 2-segment foot model. The val-
ues obtained from the IMU based 2-segment foot model
were in the range of the OMC based values. Still, the
IMU based model resulted in slightly lower ROM values
for the sagittal ankle movement (Table 2: T/HF Sagit-
tal) and in higher values for the sagittal Chopart move-
ment (Table 2: FF/HF Sagittal). In the frontal plane, the
2-segment foot model ROM values were in line with the
published values from a multi-segment foot model by an
OMC setup.

The two studies [4, 9] that previously developed a
multi-segment foot model with IMUs have the main dis-
advantage of not being able to perform a full gait analysis
of the lower limbs with this setup. A in-house developed
system was used in parts. In addition, wire-based IMU
sensors were used here, which limits the practicality in
the application. The IMU system used here in the setup
and the newly developed 2-segment foot model can be
implemented in commercially available software and is

Transversal plane
T
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Fig. 3 lllustration comparing the six kinematic curves derived from the 2-segment foot model (Tibia/Hindfoot, Forefoot/Hindfoot) to the corresponding
curves of the traditional 1-segment foot model (Tibia/Forefoot). PF - Plantarflexion, DF — Dorsiflexion, Pro — Pronation, Sup — Supination, Add — Adduction;

Abd - Abduction; Red bars indicate areas of significant differences based on the statistic parametric mapping
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shown to be easily applicable due to wireless IMU sen-
sors. In addition, gait analysis of the complete lower
extremity (including knee and hip) is possible.

Comparing gait analysis in specific related to the foot
and ankle joint amongst each other (IMU and OMC) is
limited. First, the gait analysis can either be collected on
an instrumented treadmill or during overground walking.
Yang and King (2016) showed that the gait parameters
for overground walking and treadmill walking differ. On
a treadmill, participants tended to adopt a more cautious
gait, resulting, amongst others, in a slower walking speed
with shorter stride length, less backward inclined trunk,
shortened single stance phase, and prolonged double
stance phase [16]. The different speeds (treadmill con-
sistent vs. overground individual, heterogeneous) may
also have an impact on the overall ROM of the foot [17].
Second, the technology used, i.e. OMC or IMUs, has an
impact on the data acquired. In OMC-based gait analysis,
subjects conduct overground walking and usually must
hit specific force plate(s). Several repetitions are per-
formed, but only the few steps on the force plate(s) per
repetition are included in the evaluation. In gait analysis
using an instrumented treadmill, significantly more steps
are analyzed. For the current study, all steps within 30 s at
a constant speed of 4 km/h were recorded. Consequently,
OMC gait analysis is based on only the average of only
a few steps and instrumented treadmill analysis on, in
the herein presented study, an average of 25 steps. This
might have an impact on the values (mean+SD) calcu-
lated. Finally, OMC-based gait analysis allows to define
anatomical axis and segments by precise placement of
multiple markers on anatomical landmarks. IMU-based
gait analysis facilitates fewer larger sensors. In order to
acquire consistent kinematic measurements, patients ini-
tially perform a reference pose, which is used to define
neutral axis between the markers. This is less a limita-
tion for long bones like the femur or tibia, but a source of
error for the calcaneal sensor. Therefore, the physiological
hindfoot valgus during easy stance is set to zero degrees.
Although this likely does not affect the overall detected
ROM or shape of the kinematic curve, it might result in a
shift of the curve. All of these factors must be anticipated
when comparing different gait analysis modalities to each
other. Therefore, the ROM results from our new model
appear to be comparable to those from other multi-seg-
ment foot models measured by OMC.

As mentioned previously, one major reason for the
authors to focus on an IMU-based instrumented gait
analysis were its applicability in the clinical routine.
Compared to an OMC system, IMU systems are more
time efficient, have lower acquisition costs, require
less space, and the sensors can be used mobile and are
not tied to laboratory conditions. A major advantage
over the OMC systems is the time required to conduct

Page 6 of 7

the measurements and analysis. As outlined in the cur-
rent paper, data acquisition in IMU based gait analysis
requires 7.5+4 min. Further added must be the time for
preparation and attachment of the sensors (~5 min) and
time for dismounting the sensors and saving / verification
of the data (~5 min). Instantly from the system, a com-
prehensive report can be printed out and handed to the
patients. This adds to a total of 17.5 min. Due to the more
complex mounting of the markers, data acquisition, and
data analysis, an OMC-based gait analysis requires 1 to
1.5 h for a single patient. Consequently, IMU-based gait
analysis can be performed in a regular-sized room along-
side a regular outpatient visit. Moreover, due to its mobil-
ity, IMU based gait analysis can also be performed on the
ward with frail or post-surgical patients, which do not
tolerate a strenuous OMC based gait analysis.

It should be noted that the current IMU-based model
is only based on 2 segments and, unlike the OFM, does
not take the hallux segment into account. Unfortunately,
due to the sensor size, it has not yet been possible to find
an approach that makes it possible to include the hallux
segment even with an IMU. Therefore, no statement can
be made about the kinematics of the flexion of the hallux
segment in a gait analysis with the currently described
model.

Traditional IMU-based gait analysis has been used to
assess knee- and hip kinematics. With the addition of an
additional sensor on the calcaneus, it can now also be
used to assess meaningful ankle kinematics. The 2-seg-
ment foot model allows to differentiate between the fore-
foot and hindfoot, as well as ankle and subtalar joint. This
differentiation is essential for a meaningful gait analy-
sis in more complex foot and ankle deformities, such as
osteoarthritis, pes planovalgus or cavus feet. Compared
to OMC systems, the IMU-based gait analysis has the
further advantage of being appliable outside a specific
gait laboratory. Therefore in-field gait kinematics can be
assessed.

Conclusion

The herein developed and applied IMU-based instru-
mented gait analysis facilitating a 2-segment foot model
proved applicable, time-efficient, and a clinical meaning-
ful amendment to the previous used IMU based 1-seg-
ment foot model. The 2-segment foot model thus extends
its applicability to everyday clinical practice including
foot-specific pathological gait patterns. A subdivision
into ankle and subtalar/chopart joint is reasonably pos-
sible and showed good results in the whole ROM com-
pared to previous OMC based studies. Still OMC- and
IMU-based instrumented gait analysis have specific
advantages and disadvantages. Futures studies must
prove the reliability and validity of the 2-segment foot
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model and depict the specific use cases for either meth-
odology, OMC or IMU.
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