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1 Abstract

Ground reaction force (GRF) measurements provide insight into biomechanical load. This
helps manage load and reduce injury risk. Currently measurement of the ground reac-
tion force is restricted to laboratory settings. To estimate ground reaction force in other
environments IMU’s can be used to track the runners movement from which the ground
reaction force can be estimated. The goal of this study is to estimate ground reaction
force using a single IMU located on the sternum, with the end goal of improved injury
prevention. This study explores the application of a mass, spring, damper model where
the ground reaction force is estimated using a dual-Kalman filter. This method has the
benefits of dynamic estimation of the model parameters as well as the unknown input. For
this study 13 participants ran at a speed of 10km/h at their preferred stride frequency.
GRF estimates were validated against an instrumented treadmill. Accuracy was measured
using RMSE, peak errors, and Pearson’s r with results: an RMSE of 0.214BW , absolute
mean peak error of 0.1000BW , relative mean peak error of 4.500% and a Pearson’s co-
efficient of 0.96. Though outperformed by current methods, it shows promise for future
single-sensor GRF estimation.
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2 Introduction

Over the last decades the knowledge about the health risks of an inactive lifestyle increased
significantly. Physical activity is widely regarded to have a positive influence on personal
health. Physical activity reduces the chance of getting several chronic conditions including
stroke, type 2 diabetes and multiple types of cancer [1]. Furthermore, people who regularly
engage in physical activity are less likely to struggle with different types of anxiety as well
as depression [2]. The growth in knowledge of the effects of physical activity and the dan-
gers of inactivity has lead to a growth in concerns about the inactive lifestyle large parts
of the population partake in. In spite of this a large part of the population still engages in
insufficient amounts of physical activity. In the Netherlands only 45% of the population of
4 years and older reached the recommended amount of physical activity in 2023 [3].

Running is one of the most popular sports in the world. Taking up a spot in the top 5
most popular sports in all regions of the world [4]. The low barrier of entry makes running
a great sport to adopt when working towards a healthy lifestyle. Furthermore, running
is also a large part of many other sports such as football, field hockey, etc. Apart from
the general benefits of physical activity, the effects of running on personal health have also
been studied widely. Runners have reduced all-risk as well as cardiovascular mortality [5].
Where the amount of running is related to the reduction in mortality risk. However, low
amounts of running are enough to clearly see a reduction in mortality risk. In addition to
this, the mental benefits of running are in line with the benefits of general physical activity,
as they decrease the chance of anxiety and depression and can positively influence mood
[6] [7].

Running has a lot of positive benefits however, many runners still quit running at some
point. When inquired through a survey the main reason ex-runners gave for quitting was
labeled "physical constraints and injuries" [8]. Over the course of a year between 27% and
70% of runners experience some kind of injury [9]. The injuries sustained during running
can be divided into two categories. These are acute injuries such as sprains and fractures
and overuse injuries which are caused by fatigue build up over time. Most injuries obtained
during running fall into the second category, where most injuries occur in the knee, ankle,
foot, and lower leg due to repetitive fatigue build-up. Fatigue builds up when stress is
applied to a material. Biological tissue responds to stress by repairing and strengthening
the tissue [10]. However, too much stress causes excessive build-up of fatigue. Stress needs
to be managed to ensure fatigue does not build up to a level that will result in an injury.
Injuries can lead to an inability to participate in physical activity and, as stated, is one
of the main reasons people stop running. Since this would eliminate all of the benefits of
physical exercise mentioned above, it is crucial to find ways to improve methods of injury
prevention.

The most direct and generally applicable method of preventing overuse injuries is man-
aging the accumulation of fatigue. The management of fatigue is done through proper
dosage of running and other physical activity as the amount of fatigue is mainly related to
a combination of intensity and frequency of exercise. To ensure a proper dosage of training
it is important to know the amount of fatigue gathered in your body during training ses-
sions. Since it is difficult to measure the amount of fatigue built up directly, it is useful to
estimate the load placed on the body since this is related to the amount of fatigue added
to your body. One of the measures that can be used to quantify biomechanical load is the
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ground reaction force (GRF) [11]. This is the force that the ground exerts on the body
when they come in contact. Next to the direct insight into biomechanical load from GRF,
it can also be used to estimate the load on specific parts of the body through biomechan-
ical models, in this way the amount of load on a specific (possibly injury prone) part of
the body can be estimated. Measurement of the GRF during running can help determine
optimal amounts of rest and training intensity to reduce the chance of overuse injuries.

Most GRF measurements are currently done in a laboratory with the use of an instru-
mented treadmill or force plates [12]. With these methods it is possible to directly measure
the GRF. This does however come with the drawback of restricting the measurements to
a laboratory. The results gathered in the lab are very accurate but can not be directly
assumed to be the same as the GRF’s a runner experiences during a run outside where
variables such as running surface and different running form influence the GRF signifi-
cantly, the influence of this is even greater when looking at running related sports where
direction changes are common. Furthermore, it would be useful for managing fatigue to be
able to measure the GRF during any training session which will most often occur outside
of the lab. This gives rise to the desire to estimate GRF using a wearable device.

The ground reaction force can be split in three directions (mediolateral, posterior-
anterior, vertical). Of these directions the vertical direction contains the largest part of
the force. A vertical ground reaction force (vGRF) waveform typically consists of a passive
and an active peak [13]. The passive peak is caused by the initial impact absorbed in the
body, the active peak is caused by the force exerted by the runner to propel themselves
forward. The passive peak is mostly absorbed in the lower body while the active peak is
more prevalent in the entire body [14]. Running form has a large influence on the GRF
waveform. Heel-strike runners land with their heel first where they absorb the first im-
pact after which they roll onto their forefoot and exert force to propel themselves forward,
forefoot-strike runners land on their forefoot where they both absorb impact and generate
force. Because of this the impact peak is not present for forefoot strike runners while it
is prevalent in heel-strike runners [15]. Mid-foot strike runners GRF pattern usually is a
combination of the aforementioned running styles.

There are multiple types of sensors and methods that are currently used to estimate
GRF. Firstly the measurement of force through force sensors in the insoles of a runner. In
this method sensors are placed throughout the insole to directly measure pressure distri-
bution and force wave patterns during running [16]. While this method currently reaches
the highest accuracy in the area of wearable sensors [17] this method does come with some
downsides. Adding sensors in the insole of a shoe can change the feel and stiffness of the
shoe causing a change in the running pattern. Furthermore, these sensors are repeatedly
loaded with significant amounts of force which leads to a low lifespan.

Secondly, optical motion capture technology is used to measure the movement pattern
of a runner. From this the GRF can be estimated in different methods, one method is
using a neural network to estimate the GRF based on the measured movement [18]. This
can be an effective method and is applicable to many team sports where cameras can be
set up around the playing field. For running it is more difficult to implement since there
is no defined environment.
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The third method commonly used for GRF estimation makes use of IMU’s (inertial
measurement unit) to track the movement of different body segments, these sensors com-
bine accelerometer, gyroscope, and sometimes magnetometer data to give measurements on
acceleration, velocity, and orientation. To properly track a runners movement, sensors are
attached to multiple relevant body segments, these locations usually consist of some com-
bination of both feet, both tibias, both thighs, pelvis, and sternum [19] [20]. To estimate
the GRF from inertial sensor data there are multiple methods available. The most preva-
lent ones are estimation through the use of an artificial neural network [21] and estimation
using a biomechanical model [19] and filtering. A simple example of the second variation
is the Newtonian method, it implements newtons second law directly on the measured
acceleration, as successfully demonstrated by Scheltinga et al. [19]. Another variation of
this second method is implemented by Leblanc et al. [12], where a dual-Kalman filter is
used to estimate the states and parameters of a biomechanical model from which the GRF
can be calculated. The Kalman filter is a state estimation technique which combines mea-
surements related to the states of a model with the behavior predicted by the the models
state equations [22]. The dual-Kalman filter structure consists of an unscented Kalman
filter and a regular Kalman filter. Here the first is used for estimation of the states and
the model parameters, as the unscented Kalman filter is able to deal with the non-linearity
of the model due to its varying parameters. The second is used to deal with the unknown
system input.

On the road to estimating GRF using wearable devices for general consumption it is
important to review the trade-off that occurs when adding and removing sensors. A larger
number of sensors gives more information on the motion of different body parts which will
lead to a more accurate estimation of the GRF [17]. The addition of more sensors does
lead to a decrease in comfort and ease of use which is very relevant with the context of
general use in mind. The goal of this project is set up around GRF estimation based on
a single inertial sensor placed on the sternum of the runner. This sensor setup is chosen
with the goal of high ease of use, as runners already often wear a heart-rate monitor
near this location. This could later be easily translated to other single sensor torso based
setups due to the rigidity of the torso. Because a single sensor located on the torso carries
limited information about the forces absorbed in the lower body a biomechanical model
based method is chosen for this study as this can help predict unmeasured behavior of
the model. The dual-Kalman filter method introduced above will be used to estimate the
GRF. Compared to the Newtonian method this method should allow implementation of
a more accurate model where the forces absorbed in the lower body are accounted for.
Furthermore, compared to a single Kalman state estimator the dual-Kalman filter allows
for estimation of the unknown input. This should better deal with unpredictable external
forces applied to the runner and thus improve performance. The dual-Kalman filter model
has previously been applied successfully by Leblanc et al. [12] using a single sensor placed
on the sacrum. The goal of this study is to evaluate whether this method is applicable
to a single sternum sensor setup with the end goal of improved injury prevention through
accurate GRF estimation. To validate the model the estimated GRF is compared to the
measured GRF obtained using an instrumented treadmill. To quantify the performance of
the dual-Kalman filter method several error metrics will be compared to a straight forward
Newtonian method using the same data as well as other presented literature. In this report
the applied method, its results and their interpretation will be presented.
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3 Method

3.1 Experimental design and measurement setup

The data used in this study was gathered as part of a larger study aimed at estimating
biomechanical parameters from IMU data. In this study 13 runners participated in the
measurements, this includes 9 male and 4 female runners with the following properties:
age 31.2± 8.9y, height 1.83± 0.10m, weight 76.03± 15.79kg

During the measurement, first parameters such as age and height were gathered, after
which the weight was measured. After this the running trials started, each trial started
and ended with the participant jumping 3 times. Participants ran at three different speeds
(10, 12 and 14 km/h) and three different stride frequencies (90, 100 and 110% of preferred
stride frequency). Each trial consisted of 40s ramp up, 40s running at speed and 10s of
slowing down. In between the trials the participants rested for 3 minutes to prevent them
from fatiguing excessively. For the scope of this study only the measurement at 10km/h
at preferred stride frequency is used.

The trials were completed using IMU sensors (MVN Link, XSENS, Enschede, The
Netherlands) to capture the movement of different segments on the body. For this study
only the IMU placed on the sternum is used. These sensors have a sampling frequency of
240Hz. The sensor are attached using double sided tape, an additional layer of tape was
used on top of the sensors to reduce movement artifacts in the sensor data.

A 3D instrumented dual-belt treadmill (custom Y-mill, motekforce link, Culemborg,
The Netherlands) was used to collect the reference GRF. This system has a sampling
frequency of 2048Hz.

3.2 Data processing

The data from the instrumented treadmill is filtered using a low pass 3rd order Butterworth
filter with a cut-off frequency of 30Hz. This signal is then downsampled to the frequency
of the IMU. The measurements are then aligned using the jumps at the start and end of
the measurements. From the middle of the trials 40 strides were extracted to be used in
the GRF estimation and its validation. Both the data from the instrumented treadmill
and the estimated GRF were normalized to body weight. To make a distinction between
the stance and flight phase, the data is labeled as flight phase if the measured GRF < 25N
for longer than 0.05s and as stance phase if the measured GRF > 25N for longer than
0.05s. The MVN Link system outputs different preprocessed accelerations, for this study
the sensor free acceleration is used which is acceleration in the global frame without gravity
included.

3.3 Model

The biomechanical model used to predict the ground reaction force is a mass spring damper
(MSD) model, shown in Figure 1. This model is used in many instances to estimate
locomotive mechanics, mainly used for predicting and characterizing the mechanics of
bouncing gaits such as running [23][24]. The vertical component of the GRF contains a
significantly higher portion of the total GRF compared to the other two components. To
restrain complexity while keeping an accurate measure of the GRF this study is constrained
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to estimating only the vertical component and can thus be modeled using a single degree
of freedom mass, spring, damper system.

Figure 1: Mass spring damper model, where k is the stiffness, c the damping and
m the mass

This model is characterized by the following differential equation:

m
d2q

dt2
(t) + c

dq

dt
(t) + kq(t) = u(t) (1)

Here m, c and k are the mass, damping and stiffness of the model respectively, q represents
the displacement of the mass at time t and u the unknown input at time t.

The output (estimated GRF (eGRF)) is a sum of the forces acting on the ground, in
this case these are the spring and damping forces:

eGRF = −kq − c
dq

dt
(2)

3.4 State and input estimation

The states of the a mass spring system are typically as follows, x = [q q̇]. These states
are not directly measured with the sternum IMU, while they are needed to calculate the
estimated GRF and thus need to be estimated using the model introduced above.

The acceleration measured by the IMU closely matches the acceleration of the mass
in the model shown above. While this allows for direct integration of the acceleration
to estimate the states, this does not handle noise well and is unable to deal with the
uncertainty of the structural mechanics caused by the unknown stiffness parameter. The
use of a Kalman filter introduces optimized model-data fusion, which combines an estimate
of the state based on the model and previous values of the states with the measurements
to more accurately estimate the states of the system. Furthermore, the dual KF-UKF
observer structure proposed by Dertimantis et al. [25] is able to deal with the uncertainty
in the structural mechanics as well as the unknown input. The proposed dual KF-UKF
filter structure is shown in Figure 2.
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Figure 2: Dual KF-UKF filter structure used for vGRF estimation, previously
demonstrated by Leblanc et al. [12]

The Kalman filter used for estimation the input of the structural model is executed
through the following standard equations [22]:

Prediction step:

x̂−
k+1 = Ax̂k (3)

P−
k+1 = APkA

T +Q (4)

Correction Step:

Kk = P−
k H

T
(
HP−

k H
T +R

)−1 (5)
x̂k = û−

k +Kk (zk − zpred) (6)
Pk = (I−KkH)P−

k (7)

Where x̂k ∈ Rn×1 is the state, Pk ∈ Rn×n is the covariance matrix, Kk ∈ Rn×m is the
Kalman gain and A ∈ Rn×n, H ∈ Rm×n, Q ∈ Rn×n, R ∈ Rm×m are the state transition
matrix, measurement matrix, process noise covariance and measurement noise covariance
respectively. zk ∈ Rm×1 and zpred ∈ Rm×1 are the measurements and predicted values of
the measurements respectively. Here n and m are the amount of states and measurements,
for this first filter n = m = 1.

The goal of this first filter is to estimate the input of the mass spring damper model
and is thus processed as the state in this first filter, x̂k = [uk]. The state transition matrix
describes the modeled evolution of the state, since the behavior of the input is unknown
it is modeled using a 1st order linear autoregressive model, A = T . The input is thus
modeled by Equation 8:

uk+1 = Tuk (8)

The only notable difference between the standard Kalman filter and this implementa-
tion is the calculation of zpred. In a standalone Kalman filter this is calculated using the dot
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product of the measurement matrix and the state matrix. In the dual Kalman structure
it is calculated similarly but using the states and the measurement models of both filters.
This is where the feedback of parameters and state shown in Figure 2 is implemented.

The UKF is the second part of the total dual filter structure. Here the states and
stiffness get estimated which are then used to produce an estimate of the GRF. The UKF
consists of a similar recursive method to the KF containing a prediction and correction
step. These steps are however applied on a select number of points instead of the whole
distribution as is done in the KF. This change allows the handling of the time varying
stiffness parameter. The filter starts of every loop selecting 2n+ 1 sigma points as follows
[26]:

X[i] =


x̂ i = 0

x̂+
[√

(n+ λ)P
]
i

i = 1, . . . , n

x̂−
[√

(n+ λ)P
]
i−n

i = n+ 1, . . . , 2n

(9)

The Sigma points are then passed through the state transition model. To reproduce
the state and covariance from the processed sigma points, they are assigned weights as
follows [26]:

W[i]
m =

{
λ

n+λ i = 0
1

2(n+λ) i = 1, . . . , 2n
, W[i]

c =

{
λ

n+λ + (1− α2 + β) i = 0
1

2(n+λ) i = 1, . . . , 2n
(10)

Here W
[i]
m are the weights for the state mean and W

[i]
c are the weights for the state

covariance. Furthermore, α, β and κ are UKF parameters and λ = α2(n + κ) − n. The
mean and covariance of the predicted states is determined according to Equation 11 [26].

x̂− =
2n∑
i=0

W[i]
mX[i], Pxx =

2n∑
i=0

W[i]
c

(
X[i] − x̂

)(
X[i] − x̂

)T
(11)

ẑ =
2n∑
i=0

W[i]
mZ[i], Pzz =

2n∑
i=0

W[i]
c

(
Z[i] − ẑ

)(
Z[i] − ẑ

)T
(12)

In the correction step the sigma points processed in the prediction step are fed through
the measurement model. Again the weights are used to get the mean and covariance of the
estimated measurement values according to Equation 12. After which the Kalman gain is
determined and used to correct the state and its covariance matrix [26]:

Pxz =

2n∑
i=0

W[i]
c

(
X[i] − x̂

)(
Z[i] − ẑ

)T
(13)

K = PxzP
−1
zz (14)

x̂ = x̂− +K (z− ẑ) (15)

P = P− −KPzzK
T (16)

This second filter is used to predict the states and the stiffness of the MSD system.
The state space representation shown in Equation 17 is derived from Equation 1. The

8



evolution of the stiffness is modeled as a random walk, shown in Equation 19.

x̂−
k+1 = Ax̂k +Bûk, ẑk+1 = Cx̂k +Dûk (17)

A =

[
0 1

− k
m − c

m

]
, B =

[
0
1
m

]
, C =

[
− k

m − c
m

]
, D =

[
1
m

]
(18)

k−k+1 = kk (19)

The stiffness is included as an extra state in the augmented state vector resulting in
the augmented state vector, augmented state transition model and the augmented mea-
surement model shown in Equation 20, 21 and 22 respectively. These are the models used
in the UKF.

x̂aug = [q q̇ k] (20)

x̂aug−
k+1 =

[
A 0
0 I

]
x̂aug
k +

[
B
0

]
ûk (21)

ẑk+1 =
[
C 0

]
x̂aug
k +

[
B
]
ûk (22)

Combining the KF and UKF in an iterative process will apply the total dual filter
architecture to the measured acceleration to estimate the states of the applied model. In
this iterative process the vGRF is calculated at every state update using Equation 2. When
combined, this results in the total eGRF waveform.

3.5 Parameter determination and optimization

To use the state estimation method described previously a number of parameters and initial
values need to be determined. These are divided in the four categories. The following
sections describe how these values are derived. The values used in the estimation of the
vGRF can be found in Table 1.

3.5.1 Model parameters

Firstly, the MSD model parameters, these are the mass, damping and stiffness. The mass
of the participants is measured and directly used as the mass in the MSD model. The
damping is taken from a similar speed trial estimation form Leblanc et al. [12]. The
stiffness is included as a state in the filter architecture and is processed as described in
Section 3.4.

3.5.2 UKF parameters

There are three UKF parameters that need to be set, namely α, β and κ. The values
shown in Table 1 are commonly used in the unscented kalman filter. A small α ensures
tight grouping of the sigma points, β = 2 is optimal for gaussian distributions and κ is
usually set to 0 [26].

3.5.3 Noise covariance matrices

Figure 2 shows that two of the required inputs of this model are the measurement noise
and the unmeasured process covariances. These are implemented in the model in the form
of a measurement noise covariance matrix (R) and for each of the filters a process noise
covariance matrix (Q). Since the measurement and process noise are not known parameters
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in this instance they have to be determined experimentally. The values for the Q matrices
were set manually to best model the waveform shape. The ratio between the R and Q
influences how much the estimation is influenced by model and measurement. For the
performance of the filter the ratio between these matrices is crucial. Because of this the R
matrix was optimized using a Bayesian optimization scheme.

3.5.4 Initial values states and covariance

The initial values of the states are roughly estimated based on the order of the states
evaluated during previous processing, because the displacement, velocity, and input force
remained relatively small these were initially set at 0 to mimic a static starting position.
The stiffness varies during a step cycle, however this variation is relatively small compared
to its absolute value. The starting value used by Leblanc et al. [12] turned out to be
appropriate for the data in this study as most stiffness values settled around this value.
By choosing appropriate initial covariances the filter can move from the initial value to
the filters estimates in the desired period. All initial covariance values were set manually
with the focus on quick convergence of the states to the filter estimate without reaching
instability.

Parameter Definition Value

Mass (m) Participant body mass Variable (per participant)

Damping (c) Fixed damping coeffi-
cient

300 Ns/m

Alpha (α) UKF parameter 1e-3

Beta (β) UKF parameter 2

Kappa (κ) UKF parameter 0

Initial state (X) [q, q̇, k, F ]T
[
0, 0, 2 · 104, 0

]T
Initial covariance (P ) diag(σ2

q , σ2
q̇ , σ2

k, σ2
F ) diag

(
10, 10, 1 · 107, 100

)
Process noise (Q) diag(σ2

q , σ2
q̇ , σ2

k, σ2
F ) diag

(
1 · 10−5, 1 · 10−5, 1 · 10−3, 207

)
Measurement noise (R) GRF measurement vari-

ance
diag (130)

Table 1: Values used for the model, filter parameters and matrices in the dual-
Kalman filter estimation of vGRF

3.6 Reference method

For comparison a simple Newtonian method is implemented. Using the same sensor and
data processing, GRF is estimated according to newtons second law:

F (t) = ma (23)
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The data is filtered using a 2nd order low pass Butterworth filter with a cut-off frequency
of 5Hz. This frequency is optimized in the same way as the dual-Kalman filter. After
filtering the data the eGRF is determined using Equation 23. By comparing the results
of the Kalman filter architecture with this method the benefits and drawbacks that come
with the added complexity can be evaluated.

3.7 Performance evaluation

The main metric used to quantify the performance of the implemented method is the root
mean square error (RMSE) between the eGRF and the GRF from the instrumented tread-
mill (mGRF). RMSE indicates the accuracy of the eGRF shape and amplitude during the
whole gait phase. For the calculation of the RMSE only the stance phase is included as
the flight phase GRF is assumed to be 0. To prevent the convergence of the stiffness from
impacting the RMSE the estimation was rerun with the previously found stiffness values.
As RMSE is the main performance metric it is used as the objective in the optimization
of noise matrices as described in Section 3.5.3. For this optimization a training/test data
split of 75%/25% was applied to prevent overfitting of the model.

Two other performance metrics are used to evaluate the model. Namely the mean of
both the absolute and relative peak error (mean peak error) and the Pearson’s correlation
coefficient. The mean peak error gives a good indication of the accuracy of the peak GRF
which on its own can give valuable insight to fatigue. Pearson’s coefficient gives insight
on the correlation between the eGRF and mGRF and thus the accuracy of the waveform
shape of the eGRF while neglecting its amplitude.

4 Results

4.1 participant exclusion

One of the measurements is excluded from the results. For this participants the waveform
of the measured acceleration in the sternum sensor consistently goes to 0BW in the mid-
dle of the step cycle following a sinusoidal shape. The measured behavior is unexplainable
from a biomechanical standpoint and is not seen in any other participant. Most likely this
is behavior is caused by imperfect sensor connections, as the wires connected to the legs
are moving rapidly and need to be strongly secured.

4.2 Dual-Kalman filter method performance

On average the dual Kalman filter method achieved an average RMSE of 0.206BW . Table
2 shows all performance metrics per participant.
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Participant RMSE (BW ) Absolute mean
peak error

(BW )

Relative mean
peak error (%)

Pearson’s
r

1 0.206 0.1023 3.929 0.97

2 0.172 0.0477 2.156 0.97

3 0.213 0.0660 2.784 0.96

4 0.242 0.0389 1.658 0.95

5 0.277 0.0540 2.127 0.94

6 0.160 0.0628 2.788 0.98

7 0.168 0.0688 2.878 0.98

8 0.231 0.1037 4.485 0.96

9 0.248 0.4088 20.108 0.96

10 0.203 0.0363 1.755 0.96

11 0.202 0.1152 5.395 0.96

12 0.249 0.0949 3.941 0.95

Mean 0.214 0.1000 4.500 0.962

Table 2: Performance metrics per participant and their mean

In Figure 3 the eGRF is shown against mGRF for each of the contestants. Here you
can see the visual difference between the estimated and measured GRF. The accuracy of
the estimated GRF varies between participants. However, it can be seen all impact peaks
are estimated to late and mostly underestimated in their amplitude.
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Figure 3: eGRF compared to mGRF for every participant

Below a typical example of the convergence of the stiffness is shown for one of the
participants. For all participant the stiffness has converged after 10 seconds.

Figure 4: Stiffness parameter of the mass spring damper model, predicted as part
of the augmented state vector in the UKF

The stiffness varies significantly per participant, an overview of all converged stiffness
values is shown in Table 3. The average stiffness is 22.864kN/m with a standard deviation
of 4.252kN/m.
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Participant 1 2 3 4 5 6 7 8 9 10 11 12

Stiffness
[kN/m]

20.32 17.22 25.88 21.39 26.12 23.33 20.15 17.22 33.23 20.71 24.78 24.04

Table 3: Stiffness per participant

4.3 Newtonian method performance

For comparison the overall performance of the simple Newtonian method presented in
Section 3.6 is shown in Table 4.

RMSE (BW) Absolute mean peak
error (BW)

Relative mean peak
error (%)

Pearson’s r

0.178 ± 0.044 0.1310 ± 0.0809 5.793 ± 4.081 0.978 ± 0.010

Table 4: Performance metrics simple Newtonian method with standard deviation

For comparison of the performance of the Newtonian method below a step cycle and
its eGRF is presented below. Both a step cycle with and without a strong impact peak
are shown to allow comparison of the performance of the dual-Kalman filter method for
different stride patterns.

(a) eGRF compared to mGRF, partic-
ipant 6

(b) eGRF compared to mGRF, partic-
ipant 6

Figure 5: eGRF compared to mGRF using the Newtonian method. Participant
6 and 8 are presented to show the model performance for different stride patterns
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5 Discussion

The goal of this study was to evaluate the application of a dual-Kalman filter as described
by Leblanc et al. [12] on a single sternum placed sensor setup. With the end goal of
achieving accurate vGRF estimation with limited sensor equipment, which can then be
used for injury prevention.

The dual-Kalman filter method achieved an average RMSE of 0.214 ± 0.035BW, an
average absolute mean peak error of 0.1000 ± 0.0965BW, a relative absolute mean peak
error of 4.500 ± 4.833% and a Pearson’s correlation coefficient of 0.962 ± 0.011. As can
be seen in Figure 3 the filter is not able to precisely match all the characteristics of the
GRF waveform. For a good part of the participants the active peak is estimated fairly
accurately while the impact peak is underestimated as well as delayed for all participants.
It is expected that a single IMU setup has difficulty estimating the impact peak as most of
the initial impact force is absorbed in the lower body and is thus not as prominently seen in
the acceleration of the upper trunk. This causes the accelerations of the lower extremities
of the body to be highly correlated with the impact peak characteristics while the acceler-
ation of the upper body has a lower correlation [14]. Furthermore, the delay between the
true impact peak and its representation in the measured acceleration is explained by the
time it takes for the forces to propagate through the body. While these two factors make
it difficult to estimate the impact peak accurately using only a sensor on the upper trunk,
the dynamic nature of the Kalman filter should allow for better filtering of the impact peak
compared to a low pass filter as used in the Newtonian method. Figure 3 shows that for
participants 1 and 8 a small impact peak is estimated. While this is a closer representa-
tion of the impact peak than estimated by the Newtonian method as shown in figure 5b,
the inaccuracy that is still present in these two cases combined with the the impact peak
missing from the other estimations shows that in its current form this method does not
provide a significant benefit over the Newtonian method for estimation of the impact peak.

As for the overall performance of the filter its RMSE is higher compared to the New-
tonian method (0.214 compared to 0.178). For both absolute and relative peak error the
dual Kalman filter performs slightly better compared to the Newtonian method (0.1000
and 4.500 compared to 0.1310 and 5.793). Lastly, the p correlation is slightly better using
the Newtonian method (0.978 for the Newtonian method and 0.962 for the dual-Kalman
filter method). These metrics show that only in the estimation of the peak GRF the dual-
Kalman structure is superior. While accurate estimation of the peak GRF is useful by
itself, it is important to mention that both estimation methods were optimized based on
RMSE and not mean peak error. Because of this it is hard to conclude which method
would be more suitable for estimating peak GRF. As for the other metrics the Newtonian
method while computationally more simple achieves a noticeably lower RMSE and also
has a slightly higher Pearson’s coefficient, thus in general outperforming the dual-Kalman
filter method.

Both the dual-Kalman filter method and Newtonian method should also be compared
to other literature. Firstly the performance is evaluated against a multi sensor setup.
While a single sensor setup is expected to be outperformed by a multi sensor setup, this
can give useful insight in to the trade off between ease of use and accuracy. Scheltinga
et al. [19] achieved an average RMSE of 0.157BW at the same running speed. While
this is significantly outperforming the dual-Kalman filter method the Newtonian method
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compares relatively well in this error metric, achieving a 13.4% higher RMSE . More no-
ticeable is the performance deficit of the peak error metrics, where Scheltinga et al. [19]
an absolute and relative mean peak error of 0.085BW and 3.68%. Here the dual-Kalman
filter achieves 17.7% higher absolute mean peak error and the Newtonian method a 54.1%
higher absolute mean peak error, the relative mean peak error differences are in the same
order. Lastly, the p-correlation is 0.98 in the multi sensor setup.

The dual-Kalman filter is also compared to the results found by Leblanc et al. [12]
using the same method. While the model was successfully validated by Leblanc, the exact
performance is hard to compare due to a mismatch in error parameters since RMSE is not
included in the paper from Leblanc et al. Visually comparing the step cycles and their esti-
mation the results from Leblanc show a similar amount of imperfections in the estimation
of vGRF. It is notable that most of the error in the paper by Leblanc occurs in the decay
after the active peak while most of the error in the results from this study comes from the
passive peak. A parameter that can be compared is the RMSE of the peak, here this study
outperforms the study be Leblanc et al. (0.11 ± 0.09 compared to 0.19±0.04) although the
variance is higher. There are however some notable differences between the two studies.
Firstly, the sensor location is different (sternum compared to sacrum). Although the torso
is fairly rigid there is like some acceleration absorbed in between these points. This should
allow the sacrum sensor to slightly better estimate the impact peak. Secondly, the running
style of the participants varies between the studies. This study contains mostly heel-strike
runners showing clear impact peaks. Where although not stated the GRF waveforms seem
to indicate a more mid- or forefoot running style in the participants in the study be Leblanc
et al. Since the impact peak is difficult to estimate using a single sensor setup this should
allow for a higher accuracy estimating vGRF of non-heel-strike runners. Lastly, the sample
frequency of the used equipment is higher in this study for both the IMU and instrumented
treadmill. While a lower sample frequency of the IMU is more representative to the IMU’s
used in commercial equipment, a lower sampling frequency for the reference signal could
miss out on some high frequency behavior.

One of the theoretical strengths of the dual-Kalman filter approach is the estimation
of the stiffness parameter. This parameter is influenced by many factors such as running
form, running surface and shoe type. As these factors change from person to person and
might even change over different training sessions the ability of the filter to account for
these changes is a valuable advantage. However, in the current implementation it also
shows some disadvantages. The participants for which the stiffness converges to higher
values a higher peak error is observed, most prominently visible for participant 9 which
has a significantly higher estimated stiffness as well as a high peak error. Implementing a
predefined stiffness (such as 20kN/m) in a similar filter structure results in a higher peak
accuracy since it consistently dampens the peak to the same degree, however it also leads
to a higher RMSE. This does show that the dynamic estimation of the stiffness is beneficial
for a low RMSE value compared to a similar method without dynamic stiffness.

Currently the dual-Kalman filter does have some limitations. The model includes a
single mass spring damper model while the body consists of multiple moving segments
with each their own mass. Since the impact peak is mainly absorbed in the lower body
[19] the use of only a single mass is unable to accurately model both peaks. The impact
peak is most prevalent in heel strike runners. This leads to the current model modeling
mid- and forefoot-strike runners better than heel-strike runners. As most runners use a
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heel-strike (75%− 95%) [27] it is desirable to improve the accuracy of GRF estimation for
heel-strike runners specifically. To do this a more complex model could be implemented
using a similar filter structure. Here a double mass spring damper model could be used [28]
to increase the ability of the model to capture the impact peak or for even higher accuracy
of the runners model a higher order MSD model could be implemented as proposed by
Zanetti et al. [29].

Another limitation of the current structure is that it only estimates vertical GRF, ig-
noring forces in the mediolateral and posterior-anterior direction. While the forces in these
directions are relatively small [11] compared to the vGRF they still add to the total biome-
chanical load. Especially when looking at sprinting and direction changes while running
these forces can add up to a significant addition in biomechanical load that is currently
neglected. In future implementing a 3D GRF estimation could make the model more rep-
resentative of the total biomechanical load on the body. This could also make it more
suitable for use in other sports where sprinting and direction changes are more common
such as football.

Future research could be done to improve the presented method. For the goal of ac-
curately estimating the impact peak for heel-strike runners there are currently two main
problems. Firstly, the inability for the model to represent both passive and active peak,
which could possibly be improved by implementing a more complex model as described
previously. Secondly, the underrepresentation of the passive peak in the acceleration mea-
sured on the sternum. If a single sensor setup is desired future research could be done
using other sensor locations closer to or on the lower body where the passive peak is more
present, otherwise a multiple sensor setup can be applied as shown by Scheltinga et al. [19].
To make the model more generally applicable more research should be done to estimate the
mediolateral and posterior-anterior components of GRF. Furthermore, the method should
be validated at higher running speeds since accuracy of the vGRF estimation tends to
decrease as speed increases [11].

6 Conclusion

The goal of this study was to evaluate the application of a dual-Kalman filter as described
by Leblanc et al. [12] on a single sternum placed sensor setup. With the end goal of
achieving accurate vGRF estimation with limited sensor equipment, which can than be
used for injury prevention. The GRF estimation using this setup was not as accurate
compared to a more simple Newtonian method. A similar accuracy as Leblanc et al. was
achieved. The application of the method in its current form does not validate its use over
other single sensor estimation methods. Using a more complex model, this method could
improve performance and be especially useful for the estimation of the impact peak. To
verify this further research is needed. The inclusion of dynamic stiffness estimation could
also be a benefit over other methods which do not allow for dynamic stiffness estimation,
as stiffness varies significantly from person to person. These two factors could support
further research into the dual-Kalman filter method, however in the current form of the
method described in this paper the presented method does not provide a better insight
than other methods such as the Newtonian method and thus does not provide an improved
estimation of biomechanical load with the goal of reducing injury risk.
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