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Abstract: This paper proposes a methodology to reconstruct the vertical GRFs from the registered
body motion that is reasonably robust against measurement noise. The vertical GRFs are reconstructed
from the experimentally identified time-variant pacing rate and a generalised single-step load model
available in the literature. The proposed methodology only requires accurately capturing the body
motion within the frequency range 1-10 Hz and does not rely on the exact magnitude of the registered
signal. The methodology can therefore also be applied when low-cost sensors are used and to
minimize the impact of soft-tissue artefacts. In addition, the proposed procedure can be applied
regardless of the position of the sensor on the human body, as long as the recorded body motion allows
for identifying the time of a nominally identical event in successive walking cycles. The methodology
is illustrated by a numerical example and applied to an experimental dataset where the ground
reaction forces and the body motion were registered simultaneously. The results show that the
proposed methodology allows for arriving at a good estimate of the vertical ground reaction forces.
When the impact of soft-tissue artefacts is low, a comparable estimate can be obtained using Newton's
second law of motion.

Keywords: human-induced loading; human-induced vibrations; vibration serviceability; indirect
force measurements; motion tracking

1. Introduction

Footbridges are often conceived as slender and lightweight structures and are, by consequence,
sensitive to human excitation [1]. Currently, the response of these structures to human-induced loading
is predicted based on equivalent load models, up-scaled from single-person force measurements [2,3].
Although the dynamic performance under high crowd densities is often imperative for the design,
these loading conditions have virtually never been verified [4]. Concerns about these load models
are strengthened by the fact that recent studies indicate the significant impact of human-structure
interaction (HSI) phenomena [5-9]. However, large-scale experimental evidence corroborating these
results is absent.

The further development and calibration of pedestrian excitation models requires in-field
observations for they are the only way to obtain detailed and accurate information on representative
operational loading data [4,10]. As direct force measurements are in this case practically infeasible,
indirect force measurements, where the input is reconstructed from registered body motion,
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constitute an interesting alternative. Promising results have been obtained for the reconstruction
of the ground reaction forces (GRFs) induced by walking, bobbing and jumping, generally using
visual marker data [8,11-13] and in some cases using inertial sensors [14-19]. In [12], Raci¢ et al. apply
Newton’s second law of motion and the vertical accelerations at the centre of mass (CoM) of 15 body
segments, in order to reconstruct human bouncing and jumping forces. The vertical accelerations
were obtained by differentiating the tracked marker displacements twice with respect to time. A good
match is obtained in the frequency content between the measured and the reconstructed vertical GRFs.
In a similar way, Carroll et al. [13] reproduced the lateral GRFs induced by walking from 31 active
markers and used this to analyse the pedestrian’s balance when walking on a laterally oscillating
deck. In [20], Dang et al. used up to 27 markers to experimentally characterize the walking locomotion
on rigid surfaces. For jumping and bobbing, McDonald et al. [11] show that the tracked marker
motion of the C7th vertebrae (C7) at the base of the neck is a good approximation of the motion of the
body center of mass (BCoM). They show that using the nominal body mass with the motion of C7 in
Newton’s second law allows for arriving at a good approximation of the corresponding induced GRFs.
In addition, these studies use the tracked marker data to quantify the variability in the induced GRFs.
Deriving GRFs from kinematic data is a challenge as the position data need to be differentiated twice
to obtain the underlying forces. Additionally, the marker positions are not fixed with respect to the
skeleton (e.g., skin and cloths movements) and the body segments are not rigid [21]. As a consequence,
the derived force data from marker positions do not accurately represent the accelerations of the
body parts.

Although marker-based technologies are the golden standard for laboratory applications, they are
practically infeasible for application in the field involving a large number of participants because
of marker occlusion and the limitations of the tracking devices in terms of distance. An interesting
alternative is the use of individually-adopted sensor technologies, such as inertial sensors [14—19].
In [15], a laboratory setup involved a single pedestrian whereby the vertical acceleration levels
close to the BCoM are measured simultaneously with the induced GRFs. The tests involved a rigid
laboratory floor and a flexible laboratory footbridge. Toso et al. [15] then used the spectral acceleration
amplitudes of the first three harmonics at the waist level and the corresponding amplitudes of the first
three harmonics of the vertical GRF as inputs to fit a biomechanical model for pedestrian-structure
interaction. The waist level is close to the L5th vertebrae (L5) and thereby assumed to be close to the
BCoM. Based on single-person tests on rigid surface, Shahabpoor et al. [22] determined the optimal
inertial sensor location and combination to reconstruct the triaxial GRFs from the measured acceleration
levels of different body segments. In their work, a linear model is proposed that can be trained for an
individual, to estimate the GRFs with a high level of accuracy from the acceleration levels registered
at C7, L5 and one of the thighs. Bocian et al. [16] showed that using the nominal body mass with the
motion of C7 in Newton’s second law yields an absolute error in the amplitude of the component of
force at the pacing frequency of less than 15 percent at a 90 percent confidence level. Furthermore,
Bocian et al. [16] use the data collected by wireless altitude and heading reference systems to estimate
the spatial location of application of the pedestrian forces. In [17], Brownjohn et al. use the data
collected by wireless inertial units at C7 and Newton’s second law to arrive at a good estimate of the
GRFs induced by jumping. In more recent work, Brownjohn et al. [19] propose a linear combination of
body accelerations measured at the lower back and sternum positions to reproduce the medio-lateral
walking GRFs. In [14,18], wireless inertial sensor technologies are used at a single location on the
human body, close to the BCoM, to track the walking behaviour of pedestrians on a real footbridge.
The data is used to characterize the walking load and to analyse the level of synchronization among the
individuals. In addition, Bocian et al. [18] use this technique to analyse the synchronization between
the structural vibrations and the walking behaviour of the pedestrians.

The (wireless, low-cost) sensors used to simultaneously track the motion of multiple pedestrians
are generally more sensitive to low-frequency drifts and are characterized by a lower sensitivity
and sampling rate than the state-of-the-art (maker-based) technologies usually applied in laboratory
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conditions. Furthermore, as in the field sensors are often applied on top of one or more layers
of clothing, a larger impact of soft-tissue artefacts [12,21] is to be expected. The use of this data
for the characterization of the human-induced load is therefore not straightforward and requires
careful attention.

When the GRFs are reconstructed using Newton’s second law of motion, the accuracy of the
reproduction is directly related to the accuracy of the sensor that is used to register the body motion.
Additional sources for the error in the reconstructed GRFs are the assumption that a single point on
the body surface has the same kinematics as the BCoM and soft-tissue artefacts [11]. An alternative
methodology is presented in [14], where the GRFs are reconstructed from the time-variant pacing
rate, identified from the motion of a point on the body with kinematics that approximates those of the
BCoM, and a generalised single-step load model available in the literature [23,24]. This methodology
is only applicable for certain points on the human body. Furthermore, although the accuracy of the
estimate of the GRFs does not depend on the exact magnitude of the registered signal, it depends on
the accuracy of the identification of the time-variant pacing rate. As in [14], the time-variant pacing rate
is identified from the time between successive peaks in the registered body motion, and the accuracy
of the reconstruction requires a high sampling rate and is affected by soft-tissue artefacts.

In view of in-field applications, the present study introduces a methodology to reconstruct the
vertical GRFs from the registered body motion, which is reasonably robust against measurement
noise arising from soft-tissue artefacts and the application of low-cost sensor technologies. To this
end, the methodology is developed that uses the motion registered at a single location on the human
body and allows the body kinematics to be collected at a relatively low sampling rate (e.g., 25 Hz).
The key element is the procedure proposed to identify the time-variant pacing rate from the registered
body motion, which does not rely on the exact magnitude of the registered signal nor the position of
the sensor on the human body. Similar to the approach presented in [14], the vertical GRFs are then
reconstructed from the experimentally identified time-variant pacing rate and a generalised single-step
load model available in the literature [23,24]. Although small variations in force amplitude or contact
time are in this way not accounted for, this simplification is considered acceptable as the structural
response is primarily sensitive to variations of the pacing rate (and the weight) of the persons, as also
observed by [14,25].

The procedures used in the experimental work are approved by the ethical committee of the
involved university hospitals (KU Leuven and TU Darmstadt) and each subject gave written informed
consent prior to participation.

The outline of this paper is as follows. First, the experimental dataset is described (Section 2).
Second, an initial estimate of the GRFs is made based on Newton’s second law of motion (Section 3).
Third, an innovative approach is introduced to estimate the GRFs from the registered body motion
(Section 4). This approach is first verified numerically and subsequently applied to the experimental
dataset. Finally, the conclusions are formulated.

2. Experimental Data

The data used in this study involves treadmill data and is collected in the Movement and posture
Analysis Laboratory Leuven (MALL) at the Department of Kinesiology of KU Leuven [26] and the
Lauflabor Locomotion Laboratory of the Institute of Sport Science at TU Darmstadt. The main
advantage of the treadmill technology is that it allows for the identification of stride-to-stride
variations [27].

The experimental study at the MALL involved two experienced treadmill users (participants 1
and 2, in Table 1). The GRFs were registered by an instrumented split-belt treadmill (Forcelink) with
a sampling rate of 1 kHz. Six walking speeds were considered for participant 1, and three walking
speeds for participant 2 (see Table 1). For each walking speed, a measurement time of 2 min was
considered which allowed for the registration of approximately 200 steps for each trial. For each trial,
a period of at least 30 s was provided to allow the participant to adapt his walking behaviour to the
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selected treadmill speed. In addition to the GRFs, a 3D inertial motion tracking system was used to
register the accelerations of the body segments. To do so, multiple wireless inertial units were securely
fixed onto the participant with specially designed click-in full body straps. In [14], a total of six sensors
was used. The present study only uses the data collected by the sensor placed as close as possible to
the BCoM located at the level of the 5th lumbar vertebrae (L5) using the pelvis belt. The main reason
for doing this is because the number of sensors attached to each person is to be limited such that
the methodology is also practically feasible for large-scale experiments involving a large number of
persons. In addition, in [14], it is shown that, for the involved six sensor positions, including L5 and
T6 (sixth thoracic vertebrae), the strongest correlation exists between the GRFs and the accelerations
of the BCoM. It is noted, however, that, in [16], an even better correlation with the GRFs is found
when using the C7 accelerations, in particular for slow walking speeds. The sampling frequency of the
inertial units was set to 60 Hz, as recommended by the manufacturer for a configuration of six sensors.
The GRFs and inertial sensor data are synchronised through the use of a trigger signal.

The experimental study at the Institute of Sport Science involved two participants (participants 3
and 4, in Table 1). The GRFs were registered by an instrumented treadmill (HEF Tecmachine,
Kistler force sensors, Winterthur, Switzerland) with a sampling rate of 240 Hz. Two walking speeds
were considered for participant 3, and three walking speeds for participant 4 (see Table 1). In order
to estimate the CoM movement, a marker was placed on the back of the pelvis (sacrum). A motion
capture system (Qualisys, Gothenburg, Sweden) was used to record the marker position at a frequency
of 500 Hz. The measurement time of each speed condition was 3 min.

To minimise the influence of instrumental noise and moving parts of the treadmill [28] and
measurement noise on the body kinematics, a cut-off frequency of 12 Hz is applied to the GRFs and
body motion data using a fifth order Chebyshev type I lowpass filter. In this way, the low-frequency
content (0-10 Hz) that is relevant for the vibration serviceability of footbridges [1] is retained. To allow
for a sufficient high resolution in the time-domain analysis of the subsequent sections, the signals
are resampled at a sampling rate of 1000 Hz. Section 4 will further analyse the required resolution
in time-domain.

Given the focus of the paper, only the vertical component of the GRFs and the registered body
motion are retained. For each trial, the corresponding mean step frequency f; is identified as the
dominant contribution in the Power Spectral Density (PSD) of the registered GRFs (or motion of the
human body) in the relevant frequency range [1.0-2.5] Hz (see also Table 2). For the present application,
the PSD is calculated using Welch’s method with 50% overlap and a Gaussian window with a length of
20 s [29]. These window properties can be chosen based on engineering judgement: the sole purpose
of the PSD is to obtain an average amplitude spectrum from which a rough estimate of the mean step
frequency can be derived (see also Sections 4.1.2 and 4.3).

Table 1. Information on the persons involved in the treadmill trials.

Participant Sex Age Height[m] Mass[kg]l Considered Treadmill Speeds [m/s]

1 female 26 1.65 52 [0.97,1.11,1.25,1.39, 1.53, 1.67]
2 male 23 1.81 72 [1.11,1.25,1.39]

3 male 27 1.75 66 [1.1,1.7]

4 male 24 1.80 72 [1.0,1.3, 1.6]
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Table 2. For each of the treadmill trials of participant 1: the walking speed v;, the identified average
step frequency f; and effective mass fraction ., the corresponding coefficients of determination R?

and RJ% for the GRFs reconstructed using Newton’s second law.

Us fs Neff R% [-] R; [-]
[km/h] [Hz] [-] m Regem m Refem

3.5 168 078 0861 0942 0903 0.973
4.0 175 076 0857 0955 0.893  0.981
4.5 185 076 0864 0962 0.896  0.986
5.0 192 076 0869 0959 0.900 0.982
5.5 200 074 0863 0962 0.890  0.982
6.0 206 074 0872 0963 089  0.981
Average 0.860 0.951 0.895 0.976

3. Initial Approximation: Newton’s Second Law

Theoretically, the GRFs during locomotion can be calculated from Newton’s second law that
states that the external force acting upon a body equals the product of the body’s mass m concentrated
at its BCoM and the corresponding acceleration ficom. For the vertical GRFs acting on the human body
(pcrr), it follows:

pere(t) = m(ﬁCOM(t) +g), (1)

where g represents gravity and G = mg [N] the weight of the body. Considering the human body as a
system with n; segments yields:

pere(t) = zlm (its(1) + g), @

where m; is the mass attributed to segment s, ii; represents the vertical acceleration of the BCoM of the

ng
st body segmentand m = Y. ms.
s=1
In inverse dynamic analyses, the GRFs are quantified based on kinematic measurements in

combination with the anthropometry of the human body, i.e., the physical properties of the body
segments [30,31]. The latter is in this case restricted to the body segment’s inertial parameters: its mass
and BCoM. The kinematic measurements are performed using technologically advanced tools for
analysing the human motion, for example the optical marker-based technology of Vicon [32] and
CODA [33]. These inverse methods are generally computationally expensive and the accuracy of the
identified forces strongly depends on the accuracy of both the applied biomechanical model and the
available experimental data, in particular the measured limb motions [30].

As motivated in the previous sections, only the vertical acceleration levels registered at the BCoM
(ficom) are of interest. For participants 3 and 4, these BCoM accelerations are obtained as the second
derivative of the vertical marker data. For participants 1 and 2, inertial sensors were used. Inertial
sensors generally register acceleration levels in the device’s local coordinate system. In the present
study, the applied devices also register their orientation. This information is applied to convert the local
acceleration data to a global reference coordinate system [34], i.e., coordinate system of the treadmill.
Another issue is that the BCoM is normally located within the person’s trunk; hence, it is not directly
accessible [11]. Furthermore, the location of the BCoM is changing throughout the walking cycle.
Assuming that for walking the changes in the BCoM are small and using the accelerations measured at
a location on the body as close as possible to the BCOM (iicom(t)), i.e., located at the level of the 5th
lumbar vertebrae (Section 2), a first approximation of the measured GRFs is found using iicom(#) and
the nominal body mass m according to Equation (1).
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The results obtained for participant 1 are used as the leading example throughout the remainder
of this study. In addition, a summary of the results for all trials and all participants is presented
and discussed.

The comparison between the measured and reconstructed GRFs for participant 1 for a walking
speed of 5.5 km /h is presented in Figure 1. The corresponding amplitude spectrum is presented in
Figure 2. The coefficient of determination R? [11,35] is used to quantify the fit between the original and
the reconstructed GRFs in both the time domain (R?) and the frequency domain, using the amplitude
spectrum (Rf,). Figure 1 illustrates that although the measured (figrr) and the reconstructed (pgrr)
GRFs appear highly correlated, the amplitudes of the reconstructed GRFs significantly exceed the
ones of the measured GRFs. This difference is also clearly reflected in the corresponding amplitude
spectrum (Figure 2). For the test involving a walking speed of 5.5 km/h, an R? coefficient of 0.863 and
0.889 is obtained for the fit in time domain and amplitude spectrum, respectively. Similar observations
and R? coefficients are obtained for the other walking speeds (Table 2) and the full experimental dataset
(Figure 3).
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(a) (b)
Figure 1. Time series of the GRFs normalised to G for a walking speed of 5.5 km/h: (a) relevant time
window; (b) detail of the time history; measurements (black, solid) and reconstructed using Newton’s
second law (grey, dashed).
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Figure 2. Amplitude spectrum of the GRFs: (a) frequency range of interest; (b) zoom around f;;
measurements (black, solid) and reconstructed using Newton’s second law (grey, dashed).
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Figure 3. R? and RJ% for the GRFs reconstructed using Newton’s second law for participant 1 (4);

participant 2 (0J); participant 3 (o) and participant 4 (5/), in terms of f;.
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The main sources for the error in the reconstructed GRFs are the assumption that a single point
on the body surface has the same kinematics as the BCoM and soft-tissue artefacts [11]. To reduce
this error, a magnitude scaling a ¢ can be applied to the body mass, resulting in an effective body
mass Mef = Aege [36]. The optimal scale factor a.f is dependent on the participant and the walking
speed. In the work of Silva et al. [37,38], this scale factor a. is found to vary between 42% and 92%
and to decrease for an increasing walking speed. For the present application, the average scaling
factor (@ef) is estimated as the linear magnitude scaling factor that minimises the difference between
the PSD of the reconstructed GRFs and the PSD of the measured GRFs. Table 2 shows that, for
participant 1, an average fraction of 76% is found. By considering the corresponding effective body
mass in Equation (1), the R? coefficient for the test involving a walking speed of 5.5 km/h increases to
0.962 and 0.982 for the fit in time domain and amplitude spectrum, respectively. Table 2 shows that
similar results are obtained for the entire range of the considered walking speeds.

This section shows that a fair approximation of the GRFs is obtained using the acceleration levels
registered at the BCoM and the effective body mass in Equation (1). However, this procedure has two
drawbacks. First, the reconstruction of GRFs from joint kinematics is in particular challenged by the
impact dynamics of soft tissue. The optimal scale factor a.¢ depends on the body composition of soft
(e.g., muscles, connective tissue, fat) and rigid (bones) parts, but also on the joint configuration (bent
vs. extended joints [36]) and the muscle activity [21]. The fraction aegm thus depends on the walking
speed as well as on the individual (inter-person variability). Second, this procedure is only applicable
when the acceleration levels are collected on a location on the human body close to the BCoM. In case
the applied inertial sensors only register the acceleration levels in the device’s local coordinate system,
additional estimation errors may result from orientation errors or changes.

4. New Approach: Combining the Experimentally Identified Time-Variant Pacing Rate with a
Single-Step Load Model

In this section, it is analysed how accurately the GRFs can be reconstructed using the identified
time-variant pacing rate together with a generalized single-step load model available in the literature.

First, a numerical analysis is performed (Section 4.1) to investigate how the time-variant pacing
can be identified with a high level of accuracy in the absence of measurement noise (Section 4.1.1).
In addition, the impact of integrating a lowpass filter with a cut-off frequency at 1.5 x f; or 2.5 x f; in the
preprocessing of the input signals (Section 4.1.2) and the applied single-step load model (Section 4.1.3)
is analysed. Second, the proposed methodology is applied on the experimental dataset described in
Section 2 (Section 4.2). The methodology is schematically presented and summarized in Section 4.3.

4.1. Numerical Investigations

The numerical investigations in this section are based on the walking load as numerically
simulated using single-step load models available in the literature [23,24]. The intra-person variability
in the walking load is simulated by considering a time-variant pacing rate, or, equivalently,
a time-variant pacing period. The variability in step frequency is set to match the variability as
identified for the previously described treadmill trials (see Section 3 and [14]). For these trials,
the step-by-step pacing rate is characterized by an average standard deviation of 0.04 Hz. As
for treadmill walking, the walking speed is fixed, and it can be assumed that the corresponding
intra-person variability is low in comparison to the one for in-field applications. Analyses show,
however, that, when the degree of intra-person variability is reasonably increased, e.g., up to two or
three times the standard deviation as observed for treadmill trials, similar results are obtained as the
ones presented in the following paragraphs.

4.1.1. Identification of the Time-Variant Pacing Rate

The time-variant pacing rate, or, more specifically, the time between two successive steps can be
identified as the time between the nominally identical events of successive cycles [39]. When the
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individual foot traces of the GRFs are available, the time-variant pacing rate can be easily determined
by identifying the time corresponding to the first non-zero value, or onset, for each step. This procedure
is no longer applicable when not the feet’s individual GRFs, but the body motion is used as input as
the human body is not at rest between two steps. In [14], the time-variant pacing rate was identified
based on the identification of the time between the peaks observed during the double-stance phase
(double-stance peak, Figure 4b). The timing of this peak is influenced by the timing of the two overlapping
steps. Alternatively, this study proposes to identify the time between the dips in the foot traces
(single-step dip, Figure 4b), or the corresponding event in the body motion. These dips occur in a time
frame where only a single foot is in contact with the ground.

The proposed methodology is illustrated on a numerical example. In this example, the continuous
GRFs (sum of left and right foot) are generated using a single-step load model (p1) and a predetermined
onset for each step (f5). In this study, two of the most pertinent single-step load models reported in
the literature are used. The Fourier series presented by Li et al. [23] was derived from the continuous
load model of Young [40,41], which, in turn, is based on an extensive amount of experimental data.
The eighth order polynomial description of Butz [24] has been derived from experimentally identified
ground reaction forces involving 98 persons. The European SYNPEX project [42] used this load
model in deriving their spectral approach for the vibration serviceability assessment of footbridges,
also presented by the HiVoSS guideline for footbridges and the JRC Scientific and Technical report for
the design of lightweight footbridges [3].

The continuous GRFs are constructed as follows. The onset of the first step £; 1 is chosen at 1 s.
The onset t, ; for each successive step k is determined as:

ts,k = ts,k—l + Ts,k—lr (3)

with T the period of step k. The periods of the successive steps are chosen to follow a Gaussian
distribution Ty = N (f; !, o1,) with standard deviation o7,. The force due to step k is then found as:

. 1, 0<t<T,
pe(t) =k (t—t) p1(t—tx),  with x(t) = - @)
0, otherwise,

with t [s] the general time of the force signal, p; the single-step load trace, e.g., simulated using a
model available in the literature [23,24], and T, [s] the duration of the contact between the foot and the
ground. The artificial GRFs then read:

pare() = Y pe(t). &)

k

The simulated GRFs, hereafter referred to as the original GRFs, are then applied as input to
determine the time-variant pacing rate. Two approaches are taken: the identification of the time
between two successive (1) double-stance peaks (T yx) and (2) single-step dips (T 4). The procedure
is first illustrated for an example using the single-step load model defined by Li et al. [23] with a mean
step frequency of 2 Hz (f; = 2 Hz). Considering a standard deviation of 0.04 Hz on the pacing rate,
results into a standard deviation o7, of 0.01 s on the step period. Figure 4a,b respectively show the
single-step load and time series of the original GRFs, together with the identified double-stance peaks
and single-stance peaks.

The results show that the difference between the actual and the identified step frequency of
each step Afsp = (for — fopk)/ fs with fop = (kg1 — tex) ' = sjkl and f, = T;I}k, according to
Equation (3) are characterized by a mean value of 0.02% and a standard deviation of 0.87%, respectively.
When the analysis is based on the single-stance dip, the identified pacing rate is a perfect match to
the true pacing rate (Af; ; = 0). These results illustrate that, for this numerical example, the identified
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time-variant pacing rate (almost) perfectly coincides with the true time-variant pacing rate. Table 3
shows that similar results are obtained for the entire range of the considered step frequencies.

Next, the identified time-variant pacing rates are applied to reconstruct the GRFs according to
Equations (4) and (5). It is important to note that neither the time of double-stance peaks nor those
of the single-step dips coincide with the actual onset of each step. To arrive at the actual onset of
each step, t;, a certain time shift is to be applied. In case of the singe-step dips, this time shift is
easily derived from the applied single-step load model: the time shift between the dip and the onset
of the single-step load trace. In case of the double-stance peaks, this time shift is to be derived from
preliminary numerical analysis [14]. Alternatively, this time shift is determined as the time shift
corresponding to the maximum correlation between the original and the reconstructed GRFs, or when
using the registered body motion as input as in Section 4.2, between the accelerations near the BCoM
and the reconstructed GRFs.

Figure 5 presents a detail of the time series of the original GRFs with the reconstructed GRFs.
Figure 6 shows the amplitude spectrum of the original GRFs and the GRFs reconstructed according
to the time-variant pacing rate f; ,. These figures shows that a nearly perfect fit is obtained between
the original and reconstructed GRFs when the reconstruction is based on the double-stance peaks.
An R? coefficient of 0.996 and 0.998 is obtained for the fit in time domain and amplitude spectrum,
respectively. For the reconstruction based on the single-stance dip, the GRFs are perfectly reconstructed,
resulting in R? coefficients equal to unity. Table 3 shows that similar results are obtained for the entire
range of the considered step frequencies.
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(a) (b)
Figure 4. (a) the single-step load model defined by Li et al. [23] for a step frequency of 2 Hz and (b) the
vertical single-step foot traces (dashed) and the corresponding sum (solid): actual onset of each step
(o), double-stance peaks (+, grey), single-step dips (+, black).
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Figure 5. The original GRFs (black, solid) and the reconstructed GRFs based on the single-step load
model and the time-variant pacing rate identified from the double-stance peaks (grey, dashed).
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original GRFs (black, solid) and reconstructed GRFs based on the single-step load model derived for

the participant and the time-variant pacing rate identified from the double-stance peaks (grey, dashed).

Table 3. For each of the numerically simulated cases: the average step frequency fs, the difference
between the actual and the identified step frequency Afsp = (fs — fsp)/ fs and Afs g = (fs — fsa)/ fs

with mean y and standard deviation ¢, and the corresponding coefficients of determination R% and R ¥

2.

fs Hz] Afsp [%] Afsq (%] R? [-] R} -]
K o H o fsp fsd fs.p fsd
1.5 0.02 1.05 0 0 0.988 1 0.997 1
1.6 0.01 1.09 0 0 0.989 1 0.997 1
1.7 0.02 1.02 0 0 0.992 1 0.998 1
1.8 0.01 0.97 0 0 0.994 1 0.998 1
1.9 0.02 1.00 0 0 0.994 1 0.998 1
2 0.02 0.87 0 0 0.995 1 0.998 1
2.1 0.01 1.01 0 0 0.994 1 0.998 1
Average 0.016 1.001 0 0 0.992 1 0.998 1
Influence of a cut-off frequency at 2.5 x fs
15 0.02 0.74 011 235 0994 0949 0998 0.974
1.6 0.01 0.68 013 247 099 0958 0999 0975
1.7 0.01 0.66 0.09 193 0997 0978 0999  0.986
1.8 0.01 0.61 0.09 178 0998 0984 0999  0.989
1.9 0.01 0.62 0.07 154 0998 0989 0999  0.993
2 0.01 0.57 0.05 123 0998 0993 0999  0.99%
2.1 0.02 0.74 0.05 120 0997 0994 0999 0.99%
Average  0.01 0.66 0.08 179  0.999 0.98 0.999  0.990
Influence of a cut-off frequency at 1.5 x f;
1.5 0.01 0.84 0.01 071 0993 0995 0999  0.998
1.6 0.01 0.81 0.01 064 0994 099% 0999  0.999
1.7 0.01 0.83 0.01 061 099 0997 0999  0.999
1.8 0.01 0.73 0.01 061 099 0997 0999  0.999
1.9 0.01 0.75 0.01 057 0997 0998 0999  0.999
2 0.02 1.10 0.01 055 0993 0998 0998  0.999
21 0.02 1.03 0.01 051 0994 0998 0999  0.999
Average 0.01 0.87 0.01 0.60 0.995 0.997 0.999 0.999
Influence of the single-step load model
1.5 = = = = 0903 0905 0949  0.951
1.6 = = = = 0.9 0.903 0951  0.952
1.7 = = = = 0.919 0.92 0.954  0.955
1.8 = = = = 0915 0915 0951  0.951
19 = = = = 0.891 0.889 0951  0.952
2 = = = = 0.853  0.858  0.948 0.95
2.1 = = = = 0.859  0.857 0.955  0.956
Average 0.891 0.892 0.951 0.952

259
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4.1.2. Influence of a Cut-off Frequency at 1.5 x f; or 2.5 X f;

The methodology presented in the previous subsection is now applied to investigate the impact of
additional filtering: a cut-off frequency of 2.5 x f; or 1.5 x f; is applied using a fifth order Chebyshev
type I lowpass filter. It is noted that a cut-off frequency as low as 2.5 x f; or 1.5 X f; is generally
not applied in the field of human-induced vibrations as this cut-off frequency is situated within
the dominant spectrum of the induced forces, which, consequently, would remove essential force
information. In the present application, however, no essential force information is lost as the filtered
signal is only applied to identify the time-variant pacing rate. The methodology proposed in this
contribution to reconstruct the GRFs accounts for the full frequency content of the human-induced
loading. The fact is, however, that the additional filter is applied to exclude the influence of
low-frequent measurement noise (6-12 Hz) often present on the in-field registered body motion,
i.e., noise that would otherwise prevent the accurate identification of the timing of successive steps.
In this way, applying a lowpass filter with a cut-off frequency at 1.5 X f; or 2.5 x f; would allow
for an identification of the time-variant pacing rate that is (more) robust against measurement noise.
This would also allow for the proposed methodology to be successfully applied when low-cost sensors
are used or to minimize the impact of soft-tissue artefacts.

After applying the lowpass filter with a cut-off frequency of 2.5 x f;, the time-variant pacing rate
is again identified based on the double-stance peak and single-step dip (see Section 4.1.1). Figure 7
shows the amplitude spectrum of the original GRFs and the GRFs reconstructed according to the
time-variant pacing rate f; , and f; 4 for the simulation case with a mean step frequency of 2 Hz. These
figures shows that, again, a nearly perfect fit is obtained between the original and the reconstructed
GRFs when the reconstruction is based on the double-stance peaks. Table 3 shows that, unexpectedly,
the application of the lowpass filter slightly increases the accuracy of the reconstruction based on the
double-stance peaks and slightly reduces the one based on the single-step dips.

Table 3 shows that, after applying the lowpass filter with a cut-off frequency of 1.5 x f;,
the time-variant pacing rate is identified with a comparable and very high level of accuracy based
on the double-stance peak and single-step dip. Furthermore, Table 3 shows that applying a cut-off
frequency of 1.5 x f; before identifying the time-variant pacing rate, allows for reconstructing the
GRFs with a very high level of accuracy: R? = 0.996 and R} = 0.999. The results are slightly better
when the reconstruction is based on the single-step dip.

It can be concluded that, with or without the application of a lowpass filter at 1.5 x f; on the input
signal used to identify the time-variant pacing rate, the fit between the original and the reconstructed
GRFs is nearly perfect. In other words, a lowpass filter at 1.5 X f; can be applied to measured data
to minimise the influence of measurement noise, without compromising the identification of the
time-variant pacing rate.
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(a) (b)
Figure 7. Amplitude spectrum of the GRFs: (a) frequency range of interest; (b) zoom around f;;
original GRFs (black, solid) and reconstructed GRFs based on the single-step load model derived
for the participant and the time-variant pacing rate identified from the lowpass filtered input signal
according to the double-stance peaks (grey, dashed).
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4.1.3. Influence of the Single-Step Load Model

This section investigates the impact of the applied generalised single-step load model in
Equations (4) and (5). To this end, the comparison is made between the original GRFs, simulated using
the single-step load model introduced by Li et al. [23], and the GRFs reconstructed the single-step load
model introduced by Butz [24].

The single-step load models are compared in Figure 8 for a step frequency of 2 Hz. This figure
illustrates that the load models display small differences in terms of forcing amplitudes and contact
time. Figure 9 shows the amplitude spectrum of the original GRFs and the GRFs reconstructed
according to the time-variant pacing rate f; , and Butz’s single step load model [24]. As a result of
using Butz’s model for the reconstruction of the GRFs, the following observations are made (Table 3):

e The R? coefficient on average reduces with 10%,
o The RJZI coefficient on average reduces with 5%.

The small differences in forcing amplitude and contact time result into a reduction of the fit
between the original and reconstructed GRFs. The quality of the fit, with an error contained within 15%
in the time domain, is considered satisfactory. Furthermore, the quality of the fit for the corresponding
amplitude spectrum is very high, with a maximum error of 5% when using the double-stance peaks.
As the structural response is much more sensitive to small step-by-step variations in pacing rate than
to small step-by-step variations in force amplitude [14,25], the accuracy of the reproduction of the
amplitude spectrum is more important than the small step-by-step errors in force amplitude introduced
by the applied single-step load model.

In addition, it is noted that using the load model of Li et al. [23] results in larger load amplitudes
than when using the load model of Butz [24]. This can be explained by the fact that the model of
Li et al. [23] is derived from the design load proposed by Willford and Young [41] representing a 25%
probability of exceedance, whereas, to the best of the authors” knowledge, the load model of Butz [24]
represents the average single-step load.

1.5
Loy
S \
~
=
S0.5F
s
0
0 0.2 0.4 0.6 0.8 1
Time [s]

Figure 8. For a step frequency of 2 Hz: the single-step load model defined by Li et al. [23] (black, solid)
and Butz [24] (grey, dashed).
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Figure 9. Amplitude spectrum of the GRFs: (a) frequency range of interest; (b) zoom around f;; original
GREFs (black, solid) and reconstructed GRFs using the generalised single-step load model of Butz [24]
and the double-stance peaks (grey, dashed).
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4.2. Application to the Experimentally Registered Body Motion

Finally, the procedure is applied to the dataset described in Section 2. Figure 1b shows a detail of
the time history of the registered GRFs and the acceleration levels of the lower back (multiplied by the
nominal body mass). From this figure, it is clear that small oscillations at the double-stance peak and
single-step dips would prevent to clearly identify the timing of these events from the registered body
motion. As proposed in Section 4.1.2, this issue is addressed by applying a lowpass filter with a cut-off
frequency of 1.5 x f;. The corresponding filtered signals are presented in Figure 10.

Next, the processed acceleration signal is used to identify the time-variant pacing rate. The results
in Figure 11 show that the actual pacing rate is identified with a high level of accuracy, in particular,
when based on the double-stance peaks. For the latter case, the difference between the actual and
the identified step frequency of each step are characterized by a mean value of 0.02% and a standard
deviation of 2.2%, respectively.

2 . , . 2
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(a) (b)
Figure 10. Detail of the time history of (a) the measured GRFs and (b) the measured acceleration levels
on the lower back normalised to g, after applying a lowpass filter with a cut-off frequency at 12 Hz
(grey, dashed) and 1.5 x f; (black, solid) and the corresponding double-stance peaks (o) and single-step
dips (+).

Then, the GRFs are reconstructed using the procedure detailed in Section 4.1.1 and a single-step
load model. At this point, the single-step load model is determined as the average single-step load
trace of the participant for the involved treadmill trial, as shown for participant 1 in Figure 12.
Figure 13 shows the amplitude spectrum of the true GRFs and the GRFs reconstructed according
to the time-variant pacing rate f; ,. This figure shows that a very good fit is obtained between the
true and reconstructed GRFs when the reconstruction is based on the double-stance peaks. Table 4
shows that, for the entire range of the walking speeds considered for participant 1, a comparable fit
is obtained when the reconstruction is based on the double-stance peaks and the single-stance dips.
An average R? coefficient of 0.923 and 0.973 is obtained for the fit in time domain and amplitude
spectrum, respectively.

When instead, the single-step load model introduced by Butz [24] is applied, the small differences
in forcing amplitude and contact ratio causes the R? coefficient for the fit in time domain to reduce to
an average value of 0.77. However, the fit in the amplitude spectrum is still very good with an average
R? coefficient of 0.90.

Figure 14 presents the overview of the results obtained for the entire dataset. These results confirm
that the use of a generalized single-step load model reduces the accuracy of the reconstructed GRFs.
An average fit in the time domain of 0.74 is obtained. More importantly, an average fit of 0.89 is
obtained in the amplitude spectrum.

It is concluded that the time-variant pacing rate can be accurately identified from the registered
acceleration levels close to the BCoM of the pedestrian. In addition, the GRFs can be estimated with a
high level of accuracy when the GRFs are reconstructed based on the identified time-variant pacing
rate and a generalised single-step load model: the estimation error on the amplitude spectrum is
approximately 10%. Furthermore, it is expected that the error resulting from the use of a generalised
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single-step load model available in the literature will average out when applied to large groups and
crowds with a representative level of intra- and inter-person variability. In terms of the amplitude
spectrum, the estimate obtained with the proposed methodology is comparable to the corresponding
estimate calculated using the method based on Newton’s second law of motion (Figures 3b and 14b).
However, in contrast to applying Newton’s second law, the proposed methodology does not allow for
accounting for step-by-step variations in the single-foot forces. This is reflected in the lower values of
R% (Figures 3a and 14a).

The results in Figures 11 and 14 also show that the accuracy of the identified pacing rate and
reconstructed GRFs decreases for decreasing f;, and thus decreasing walking speeds. A possible
explanation for this observation is the fact that these lower walking speeds were less comfortable for
the participants, that is, further away from their self-selected walking speed. Hence, it is expected that,
in those cases, the walking behavior and GRFs display more step-by-step irregularities that are less
well captured by the proposed methodology.
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(a) (b)
Figure 11. The mean value y and standard deviation ¢ of the difference between the actual and the
identified step frequency of each step Af; based on the double-stance peaks (black) and the single-step
dips (gray), for participant 1 (A), participant 2 (O), participant 3 (o) and participant 4 (57), in terms

of fs.
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Figure 12. For a step frequency of 2 Hz: the single-step load model derived for participant 1 (black,
solid) and defined by Butz [24] (grey, dashed).
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Figure 13. PSD of the GRFs: (a) frequency range of interest, (b) zoom around fs ; measured GRFs (black,
solid) and GRFs reconstructed using the time-variant pacing rate identified from the double-stance peaks
and the single-step load model derived for the participant (dash-dot) and defined by by Butz [24] (dashed).
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Table 4. For each of the treadmill trials of participant 1: the walking speed vs, the identified average step

frequency fs, the difference between the actual and the identified step frequency Afs, = (fs — fs,p)/ fs

and Af; 3 = (fs — fs,4)/ fs with mean p and standard deviation ¢, and the corresponding coefficients

of determination R% and R;.

vs fs Afs,p [%] Afs,q[%] R?[-] R} ]
[km/h] [Hz] U (4 1 o f: s,p fsd f: s,p f. s,d
35 168 001 155 050 780 0.824 0855 0945 0.930
4 175 003 154 039 763 0922 0894 0971 0958
45 1.85 001 138 030 596 0914 0923 0976 0970
5 192 000 120 018 415 0943 0954 0.982  0.980
55 200 001 144 013 341 0966 0963 0990 0988
6 206 000 151 008 251 0970 0953 0992  0.980
Average 001 144 026 524 0923 0924 0976  0.968
35 1.68 = = = = 0614 0645 0.865 0.837
4 1.75 = = = = 0682 0713 0900 0.887
45 1.85 = = = = 0770 0780  0.927 0917
5 1.92 = = = = 0814 0827 0924 0921
55 2.00 = = = = 0.847 0843 0922 0919
6 206 = = = = 0.846 0.828 0905 0912
Average = = = = 0762 0.773  0.907  0.899
1 - R 1 TS ST
° »
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Figure 14. R? and RJZ( for the GRFs reconstructed using the identified time-variant pacing rate, and
the single-step load model derived for the participant (black, solid) and defined by Butz [24] (grey,
dashed), for participant 1 (A), participant 2 (OJ), participant 3 (o) and participant 4 (), in terms of f;.

4.3. Summary

Figure 15 schematically presents the proposed methodology to reconstruct the GRFs from the
registered body motion:

1. An experiment is performed where the body motion of the pedestrian is registered, e.g.,
the acceleration levels close to the BCoM.
2. The registered body motion data is preprocessed:

e the data is resampled at at least 500 Hz: Given the accuracy that has to be attained when
identifying the time-variant pacing rate (1%), a resolution in time domain of 0.002 s is
recommend. This resolution corresponds to 0.5% of the smallest period of the walking cycle
that reasonably can be expected, i.e., corresponding to a step frequency of 2.5 Hz;

e the mean step frequency f; is estimated as the dominant contribution in the PSD of the
registered body motion in the relevant frequency range [1.0-2.5] Hz. A frequency resolution
of at least 0.05 Hz is recommended;

e the data is lowpass filtered with a cut-off frequency at 1.5f;.
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3. The preprocessed data is used to identify the time-variant pacing rate using the method detailed
in Section 4.1.1, preferably based on the double-stance peaks. If necessary, apply the appropriate
time shift to arrive at an estimate of the actual onset of each step.

4.  The GRFs are reconstructed according to Equations (4) and (5).

The benefits of the proposed methodology are the following. The GRFs are reconstructed with a
high level of accuracy. The proposed methodology can also be successfully applied when low-cost
sensors are used. This results from the fact that the minimum sampling rate of the sensors used
to register the body motion is approximately 25 Hz, allowing for accurately capturing the relevant
frequency content (0-10 Hz). The registered body motion is then resampled at 500 Hz to obtain a
sufficient high resolution in time domain for the subsequent time-domain analysis. A lowpass filter
with a cut-off frequency at 1.5f; is applied to the registered (resampled) body motion, making the
methodology robust against measurement noise. The methodology furthermore allows for accurately
identifying the time-variant pacing rate from the registered body motion through the identification
of the time between the nominally identical events of successive walking cycles. This means that the
proposed procedure can be applied to the registered body motion, regardless of the position of the
sensor on the human body. The only requirement is that the events identified from the registered
body motion can be uniquely matched to the corresponding nominally identical event in the walking
cycle. Finally, it is observed that the estimation errors mainly result from (small) differences in the
step-by-step load amplitude and contact time and not from estimation errors on the time-variant
pacing rate. This is an important observation as the structural response is predominantly sensitive to
variations of the pacing rate for successive footfalls.

Experiment Preprocessing Processing Reconstruction
I I I I
Register body motion Resample at 500 Hz Identify time-variant Reconstruct GRFs using
| pacing rate the identified

time-variant pacing rate
and a single-step load
I model from literature
Apply lowpass filter,
cut-off frequency 1.5 fs

Estimate fs

Figure 15. Schematic representation of the proposed methodology to reconstruct the GRFs from the
registered body motion.

5. Conclusions

This paper introduces a methodology to reconstruct the vertical GRFs from the registered body
motion, which is reasonably robust against measurement noise arising from soft-tissue artefacts
and the application of low-cost sensor technologies. The vertical GRFs are reconstructed from the
experimentally identified time-variant pacing rate and a generalised single-step load model available
in the literature. It is shown that the time-variant pacing rate can be identified with a high level of
accuracy from the registered body motion. As the proposed methodology applies a lowpass filter with
a cut-off frequency at 1.5 times, the average pacing rate of the person to minimise the influence of
measurement noise on the registered body motion, it can also be successfully applied when low-cost
sensors are used. Furthermore, the proposed procedure can be applied to the registered body motion,
regardless of the position of the sensor on the human body. The only requirement is that the events
identified from the registered body motion can be uniquely matched to the corresponding nominally
identical event in the walking cycle.

It is shown that, when using the experimentally identified pacing rate and an individually
identified single-step load model, the GRFs can be reconstructed with a very high level of accuracy:
the estimation error on the amplitude spectrum is close to 5%. Due to the use of a generalised
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single-step load model available in the literature, the estimation error increases to approximately 10%.
These estimation errors mainly result from small differences in the step-by-step load amplitude and
contact time and not from estimation errors in the time-variant pacing rate. It can be expected that
the error resulting from the use of a generalised single-step load model available in the literature
will average out when applied to large groups and crowds with a representative level of intra- and
inter-person variability. When the impact of soft-tissue artefacts is low, a comparable estimate can
be obtained using Newton’s second law of motion. The proposed methodology furthermore has the
benefit that only the time between successive cycles, and not the exact magnitude of the registered
body motion, is of interest. This advantage is interesting for the application of low-cost sensors that
are characterised by a relatively low sensitivity, and, therefore, for application in situ when a large
number of persons is involved.

The present study uses generalised single-step load models available in the literature. These load
models are determined for the walking load induced on a rigid floor. This implies that the
reconstructed GRFs represent the pedestrian load induced without any impact of HSI. When the
proposed methodology would be applied to replicate in situ experiments, the impact of HSI can be
determined by investigating the difference between the observed structural response (with HSI) and
the one predicted using the reconstructed GRFs (without HSI).
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Abbreviations

The following abbreviations are used in this manuscript:

BCoM  Body Centre of Mass

CoM Centre of Mass

GRFs  Ground Reaction Forces

HSI Human-Structure Interaction
PSD Power Spectral Density
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