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Abstract

The quantification of biomechanical loads is crucial to gain insights in keeping the balance be-

tween enhancing training performance, and preventing injuries. The Ground Reaction Force

(GRF) is an important variable to assess the biomechanical loading. Measuring the GRF is re-

stricted to a gait laboratory, however, it would be more valuable outside the lab in the runners’

own environment. The development of sensorised running pants with five integrated inertial

measurement units makes it possible to measure accelerations and orientations of the body’s

segments. This thesis investigates wearable-sensor based methods to estimate the Ground

Reaction Force in the field, using the data of the sensorised running pants.

Firstly, a literature study was conducted to identify the existing GRF estimation models. Based

on this information, it was decided to further develop twomodels: the link-segment model and

themass-spring damper model. The link-segment model is based on a division of the body into

segments towhichNewton’s second law is applied. Themass-spring-dampermodel represents

the body as a series ofmasses, springs and dampers. Then, stepswere taken tomake themodels

as accurate as possible by further refining the different components, both with and without

artificial intelligence.

The results demonstrate the potential of the link-segment model, as it can estimate the vertical

GRF of running at a constant speed (8 km/h, 10 km/h and 12 km/h) and jumping with a relative

root mean squared error (rRMSE) of approximately 7 %. In particular for running, the peak

error and the impulse error were both approximately 7 %. Capturing the impact peak of run-

ning with the model was challenging, but this issue was solved by combining the link-segment

model with a two-mass model. The estimation of the Ground Reaction Moment (GRM) and

the Centre-of-Pressure (CoP) was less successful: the GRM around the vertical axis, with the

ankle joint axis as the point of application, showed an error rate of 16.50 ± 6.11%. The optimal

results were achieved with weighting factors calculated using machine learning rather than

anthropometric data. However, their practical implementation is not clear. Furthermore, it is

important to note that the GRF estimation is improved by increasing the number of segments.

The pelvis provides a rough estimation of the active peak, while the other segments provide

the smaller features, such as the impact peak. The cut-off frequency for the low-pass filter of

the acceleration of each segment will need to be selected individually for each segment, and

is dependent on the task.

The results demonstrate that the mass-spring damper model is less suitable for estimating the

Ground Reaction Force. Despite the small variability in parameter values among the partici-

pants, and the almost perfect alignment of the modelled accelerations and measured acceler-

ations, the model was unable to accurately estimate the GRF.

In conclusion, running pants equipped with intertial measurement units offer the possibility

to monitor training loads in the field based on the estimated GRF. The link-segment model

seems to be the best method to use, under the assumption of a good optimisation of the weight

factors, cut-off frequency of the low-pass filter and the number of segments.
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Extended Abstract

Introduction

The quantification of biomechanical loads on the body is crucial to gain insights in keeping

the balance between improving training performance, and minimising the injury risk [1]. The

Ground Reaction Force (GRF) is an important variable to assess the biomechanical load. Mea-

suring the GRF is restricted to a gait laboratory. However, it would be more valuable outside

the lab within the runners’ natural environment. The development of running pants with five

inertial measurement units (IMUs) makes it possible to measure accelerations and orientations

of the body segments. This study investigates IMU-based methods to estimate the Ground Re-

action Force (GRF) outside the lab [2], using the data of the sensorised running pants. Two

models are developed: a link-segment model combined with a two-body model [3] [4], and

a mass-spring-damper model [5] [6]. The aim is that the final model can estimate the GRF

for running and jumping with a relative root mean square error below 10 % in the vertical

direction.

Methods

Link-segment model

Newton’s second law states that acceleration is proportional to the force. Consequently, the

GRF can be estimated from the acceleration of the body segments, as shown in equation

2, for the medio-lateral, anterior-posterior and vertical direction. Since the IMUs measure

continuously and do not detect when the leg is in the flight phase, the vertical accelerations

(𝐚𝐢,𝐯) were corrected by stating that they should be larger than the gravitational acceleration

(𝑔 = 9.81𝑚/𝑠2):
𝐚𝐢,𝐯 = 0 if 𝐚𝐢,𝐯 ≤ −𝑔 (1)

After the calculation (see equation 2), the eGRF is normalised for bodyweight (BW=𝑚⋅𝑔). This
model applies to both running and jumping, and can estimate the GRF in the medio-lateral,

anterior-posterior and vertical directions.

𝑒𝐺𝑅𝐹 = 𝑚 ⋅ 𝐆 +
𝑁

∑
𝑖=1

𝑤𝑖 ⋅ 𝑚 ⋅ 𝐀𝐢 (2)
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where m: the body mass of the participant

𝐆 = [0, 0, g]: the gravitational acceleration in the medio-lateral (0), anterior-posterior (0)

and vertical (𝑔 = 9.81𝑚/𝑠2) direction
i: annotates the segment number and ranges from 1 to 𝑁 , with 𝑁 the total number of

segments. The number of segments is depend on the number of sensors. In this case, five

segments are defined, based on the data of the IMUs on the pelvis, left shank, left thigh,

right shank and right thigh.

w: the weighting factor that represents the fraction of body mass corresponding to the

segment where the sensor or marker is attached to. In this case, the weighting factors of

De Leva for men are used [7]

𝐀𝐢 = [𝐴𝑥𝑖, 𝐴𝑦𝑖, 𝐴𝑧𝑖]: the measured acceleration of each body segment, with 𝑥 the

medio-lateral direction, 𝑦 the anterior-posterior direction, and 𝑧 is the vertical direction

Two-body model

The fundamental hypothesis of the two-body model is that the total vertical Ground Reaction

Force is composed of two overlapping bell-shaped impulses, as described by Clark [4]. The

first impulse (𝐽1) is due to the vertical deceleration of the shank and the foot (𝑚1) during initial

contact with the running surface. Therefore, the impact peak of the GRF waveform originates

from this impulse. The second impulse (𝐽2) is due to the concurrent vertical accelerations of the
rest of the body (𝑚2) after surface impact. The two-body model can only be used to estimate

the GRF in the vertical direction, and is only valid for running.

𝑒𝐺𝑅𝐹𝑧(𝑡) = 𝐹1(𝑡) + 𝐹2(𝑡) (3)

= 𝐹1,𝑎𝑣𝑔 [1 + cos(
𝑡 − Δ𝑡1
Δ𝑡1

𝜋)] + 𝐹2,𝑎𝑣𝑔 [1 + cos(
𝑡 − 𝑡𝑐

2
𝑡𝑐
2

𝜋)] (4)

where m1: mass of the shank and the foot

Δt1: time interval between initial contact and the vertical velocity of 𝑚1 slowing to zero

F1,avg: the average force during the total time interval (2Δ𝑡1) of impulse 𝐽1
tc: period of time the foot is in contact with the ground (stance phase), i.e. from initial

contact to toe-off

When the link-segment model is combined with the two-body model to estimate the GRF in

the vertical direction, the first force (𝐹1) is calculated using the vertical GRF of the link-segment

model, and the second force (𝐹2) is calculated using the two-body model. The combination of

both models ensures that the impact peak can be approached, and that the deviation on the

active peak remains small. The GRF in the medio-lateral and anterior-posterior direction was

estimated based on the link-segment model, because the two-body model is not defined in that

direction.
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Mass-spring-damper model

The human body behaves in a spring-like manner during bouncing gaits such as running and

hopping. Therefore, a mass-spring-damper model describes the body as a series of masses that

are connected with springs and dampers. The vertical GRF acting on the MSD-model is then

calculated as

𝑒𝐺𝑅𝐹𝑧 =
(𝑚1 + 𝑚2)𝜔2

1 + 𝜆
(𝜔2𝐩𝟐 − 2𝜁𝐯𝟐) (5)

The velocities of the upper and lower masses (𝐯𝟏 and 𝐯𝟐) are determined by integrating the

accelerations of the IMUs. Their positions (𝐩𝟏 and 𝐩𝟐) can be calculated in a similar manner by

integrating the accelerations twice. The natural frequencies of the springs (𝜔1, 𝜔2), the mass

ratio (𝜆) and and the damping coefficient (𝜁 ) are still unknown in these equations. With the

prior knowledge of the weighting factors from the link-segment model, 𝑚1, 𝑚2 and therefore

𝜆 can already be estimated. The other parameters are calculated with a purpose-written al-

gorithm, based on finding the optimal value with two first-order differential equations. The

mass-spring-damper model can only be used to estimate the GRF in the vertical direction, and

is only valid for running.

Model Validation

The models are validated by comparing the estimated GRF with the measured GRF of an in-

strumented treadmill. Eight healthy athletes participated in the data collection for this study,

of which seven recordings were ultimately usable. The participants of the processed record-

ings were all men, 27 ± 5 years old, 1.77 ± 0.09m tall, and weigh 70 ± 6kg. All participants

signed a written informed consent beforehand.

The relative root mean square error (rRMSE) provides a general idea of how correct the fitting

is between the estimated and the measured GRF, and is defined as:

𝑟𝑅𝑀𝑆𝐸 =

√
∑𝑁

𝑛=1(𝑚𝐺𝑅𝐹𝑛−𝑒𝐺𝑅𝐹𝑛)2
𝑁

max(𝑚𝐺𝑅𝐹) − min(𝑚𝐺𝑅𝐹)
⋅ 100 (6)

Results

The number of analysed steps is 1337 at 8 km/h, 1630 at 10 km/h, and 1615 at 12 km/h. For

jumping, 29 countermovement jumps were analysed.

Link-segment model, combined with two-mass model

Figure 1 illustrates the mean eGRF with its standard deviation, using a link-segment model

in combination with a two-body model (blue). The measured GRF is shown for comparison

(orange). The visual analysis indicates that the combination of the two models should be

effective. More quantitatively, the mean rRMSE with standard deviation is 8.45 ± 2.98 % at 8
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km/h, 10.58 ± 5.38 % at 10 km/h and, and 17.13 ± 12.53 % at 12 km/h for the vertical GRF. For

the medio-lateral GRF, the errors are 25.06 ± 13.50 % at 8 km/h, 27.38 ± 14.05 % at 10 km/h,

and 31.45 ± 24.13 % at 12 km/h. For the anterior-posterior GRF, the errors are 20.60 ± 11.54 %,

22.04 ± 15.81 %, 29.51 ± 35.07 %, at 8 km/h, 10 km/h and 12 km/h respectively.

Figure 1: Mean estimated GRF with standard deviation from a link-segment model combined

with a two-body model (blue), and the mean measured GRF with standard deviation (orange)

as a reference.

Despite the fact that a jumping movement is less repetitive than a running movement, the

measured GRF and the estimated GRF visually match well (see figure 2). The rRMSE of the

medio-lateral GRF is 27.34 ± 12.91 %, 12.48 ± 4.40 % for the anterior-posterior GRF, and 6.11 ±
4.42 % for the vertical GRF.

Figure 2: Mean and standard deviation of the estimated (blue) and measured Ground Reaction

Force (orange) during jumping for all participants.

Mass-spring damper model

Although the error remained relatively constant during the calculation of the parameters, the

mass-spring-damper model did not produce the expected results. Figure 3 shows a representa-

tive example of the estimated Ground Reaction Force of the mass-spring-damper model.
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Figure 3: Representative example of the estimated vertical GRF from the mass-spring damper

model (blue), with the measured vertical GRF as a reference (orange).

Discussion

Discussion on link-segment model combined with two-body mode

The error of the link-segment model increases as the speed increases, and is therefore de-

pendent on the task. The model can be further improved by adding segments to the model,

optimising the weighting factors, and choosing a better cut-off frequency. The optimal results

are achieved with weighting factors calculated using machine learning rather than anthro-

pometric data. However, their practical implementation is not clear. Furthermore, it is im-

portant to note that the GRF estimation is improved by increasing the number of segments.

The pelvis provides a rough estimation of the active peak, while the other segments provide

smaller components, such as the impact peak. The cut-off frequency for the low-pass filter of

the acceleration of each segment will need to be selected individually for each segment, and

is dependent on the task. The higher the intensity of the task, the higher the required cut-off

frequency [8].

Discussion on mass-spring damper model

Although most papers assume a constant natural frequency in a mass-spring-damper model,

varying 𝜔1 allows for a quasi-perfect approximation of the acceleration of the upper mass

(𝑎1) with the model, while a constant 𝜔1 does not achieve the desired results [6][9]. This idea

is confirmed by the more theoretical literature: the leg is known to be stiffer during landing

than take-off [5], while the muscle-tendon units produce more work during the push-off phase

[10][11]. The average value of this varying 𝜔1 is approximately the same as the constant

value.

10



Calculating parameters 𝜔2 and 𝜁 for the approximation of the acceleration of the lower mass

(𝐚𝟐) was a more complex process. This is also the bottleneck of the mass-spring damper model.

Firstly, it should be noted that the results of the estimation algorithm for 𝜔2 and 𝜁 are very

dependent on the chosen initial values. After conducting a series of trials, it was determined

that 𝑤2,𝑚𝑒𝑎𝑛 was approximately equal to 18, and 𝜁𝑚𝑒𝑎𝑛 fell within the range of -4.8 to 0.5 across

all participants. The optimal parameters appeared to be fairly consistent across all participants,

and these values are in line with those of previous studies [6]. However, the results were not

as expected.

The results also demonstrated that 𝜔2 is primarily responsible for the active peak, while 𝜁 is

more associated with the impact peak. If the value of 𝜔2 increases, the active peak and the im-

pact peak both rise as well. Increasing the damping ratio led to a reduction in the impact peak,

and decreased the time from initial contact to the impact peak [5] [12]. However, it is important

to note that the model is very sensitive to small changes in the parameters. Furthermore, the

parameters are challenging to estimate due to the absence of a physical interpretation.

Conclusion

This study is a first step towards measuring Ground Reaction Forces in the field, with the

aim of improving injury prevention by better monitoring biomechanical body loads. The link-

segmentmodel has the potential to achieve this goal with sufficient accuracy. Themean rRMSE

of the vertical estimated GRF with standard deviation is 8.45 ± 2.98 %, 10.58 ± 5.38 % and 17.13

± 12.53 % for running at 8 km/h, 10 km/h and 12 km/h, respectively, and 6.11 ± 4.42 % for

jumping. The mass-spring damper model was not able to deliver accurate predictions of GRF

waveforms. The primary bottleneck of this model is the estimation of the natural frequency

of the lower spring (𝜔2) and the damping coefficient (𝜁 ).
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1 Introduction

Saturday 12th August 2017. It is the final of the 4x100m World Championships at the London

Olympic Stadium in the United Kingdom. Usain Bolt, currently the fastest man in the whole

world, is the last runner for Jamaica’s relays team. He starts in third position, a few steps

behind the two athletes in front of him. The crowd watches with bated breath to see what Bolt

will do. He approaches his opponents, but 20 meters before the finish line, his race goes totally

wrong... Bolt grasps his left hamstring, while his leg can no longer support any weight. After

refusing help, he drags himself back onto his feet and crosses the finish line despite being

in visible pain. Later, it turned out that he had suffered a hamstring injury during the race

[14].

What if sports injuries could be prevented? Most sports injuries are not caused by contact,

but are the consequence of a too low or a too high training load [15]. Monitoring and un-

derstanding how the biomechanical load on the body causes the muscles, tendons and bones

to change is a key factor in discovering the mechanisms behind injuries [16]. The Ground

Reaction Force (GRF) provides a general indication of the biomechanical load on the muscu-

loskeletal system. It is defined as the force that the ground exerts on a body in contact with it

[17]. Current methods for measuring the Ground Reaction Force are constrained to laboratory

instrumentation, are labour-intensive, costly, and require highly-trained specialist knowledge

[2]. The recent development of low-cost wearable sensors offers the opportunity to evaluate

the biomechanical load on the body outside the laboratory environment, for example during

training. With the kinematic data of inertial measurement units (IMUs) as input, a physical or

data-driven model can make an estimation of the Ground Reaction Force [18].

In this study, five IMUs are integrated into sensorised running pants to make an estimation of

the GRF with a self-designed model. The sensorised running pants (figure 4) are developed at

the BruBotics Research Group of the Vrije Universiteit Brussel [16]. The prototype contains

five inertial measurement units with nine degrees-of-freedom (BHI260AP, Bosh, Germany),

which are placed at the pelvis, thighs and shanks. The ultimate goal is to prevent injuries by

monitoring the training load in the field with the GRF estimation from data of the running

pants.
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Figure 4: Sensorised running pants, with one IMU attached on the pelvis, one IMU on each

thigh and one IMU on each shank.

1.1 Objectives

This thesis investigates wearable-sensor basedmethods to estimate the Ground Reaction Force

in the field and is structured according to three objectives. The first objective is to synthesise

the literature on IMU-based GRF estimation models. The second objective is to develop a new

GRF estimation model that uses the kinematic data from five IMUs integrated into sensorised

running pants. Based on the literature study, two models with two different approaches will

be developed.

• Model 1: link-segment model, in combination with a two-body model

In a link-segment model, the human body is represented as a chain of rigid body seg-

ments that are linked by joints. By applying the second law of Newton to each individual

body segment, the Ground Reaction Force is estimated. This model can be used for al-

most all movements, and can estimate the ground reaction force in the medio-lateral,

anterior-posterior and vertical direction. The combination with a two-body model en-

sures that the impact peak of the vertical GRF is better estimated during running. In

addition, this model can be used to calculate the ground reaction moment.

• Model 2: mass-spring-damper model

The human body behaves in a spring-like manner during bouncing gaits such as running

and hopping. Therefore, a mass-spring-damper model describes the body as a series of

masses that are connected with springs and dampers. This model can only estimate the

GRF in the vertical direction.

The models are validated by comparing the estimated GRF to the measured GRF of an instru-

mented treadmill. Such a treadmill is equipped with two force plates and is the gold standard

method for measuring forces, but it is restricted to laboratory environments. After the valida-
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tion, the best model will be implemented. The chosen model will be further refined. Since the

literature study showed that increasing the number of segments, for example adding an IMU

on the trunk or foot, and optimising the filter settings of the IMUs and the weighting factors of

the body segments can further increase the performance of the model, the influence of these

adjustments on the developed model will be investigated [8] [17].

Because the accuracy of the proposed model should meet the expectations for the use of sen-

sorised running pants in an injury prevention test, the third objective is to obtain a final model

with a relative root mean square error (rRMSE) below 10 % for the following sagittal motions:

running at a constant speed of 8 km/h, 10 km/h and 12 km/h, and jumping. This value is cho-

sen because meaningful performance or injury related differences in loading characteristics

can be as small as 3 to 10 percent of the GRF [8].

1.2 Outline Thesis

Chapter 1: Medical Background and State-of-the-art

Firstly, the medical background about the monitoring of training loads is discussed. One of the

parameters is the Ground Reaction Force. Therefore, the characteristic shape of the Ground

Reaction Force for running and jumping is discussed in more detail. Finally, the current state

of Ground Reaction Force estimation models is explored and the various studies are compared

with each other.

Chapter 2: Methods

In this chapter, two models are developed to estimate the Ground Reaction Force, with the ac-

celerations measured by inertial measurement units on sensorised running pants as the main

inputs. The Ground Reaction Moment (GRM) and the Centre-of-Pressure (CoP) are also esti-

mated. With the information from the state-of-the-art as inspiration, two models have been

selected for further investigation: a link-segment model combined with a two-body model and

a mass-spring damper model.

Chapter 3: Results

This chapter provides a discussion on the accuracy of the wearable-sensor based estimation

models that have been created. The primary metric is the relative root mean square error,

which calculates the average error between the estimated GRF of the model and the measured

GRF obtained with an instrumented treadmill. The evaluation of the estimation for the GRM

and the CoP is performed in an analogous manner. For the GRF of running, there are sev-

eral specific metrics that are additionally defined: the relative loading rate error, the relative

impulse error and the relative peak error. Finally, an attempt is made to further optimise the

models by investigating the influence of the number of segments and the filter cut-off fre-

quency.

Chapter 4: Discussion

This chapter discusses the limitations of this research, and provides a basis for further im-

provements.
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Chapter 5: Conclusion

Finally, a general conclusion is drawn on which wearable-based GRF estimation model is the

most accurate, and which adjustments are the most interesting.
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2 Medical background

This chapter provides the required medical background for a better understanding of this the-

sis. First, some frequently occurring terms are defined. Then it is explained how the training

load can be monitored, with the emphasis on the Ground Reaction Force. In particular, the

definition of the Ground Reaction Force, measuring methods and characteristic patterns for

running and jumping movements are described.

2.1 Definitions

Movement analysis is the assessment of a person’s motion, and includes the examination of

kinetics and kinematics (see figure 5). The difference between kinetics and kinematics lies in

the different perspective used to analyse the same motion. Kinematics describes the motion of

body segments without considering their masses or causal forces. It is quantified with either

linear variables (linear position, linear velocity and linear acceleration) or angular variables

(angular position or orientation, angular velocity and angular acceleration). Kinetics focusses

on the relation between the motion and its causes, by quantifying the forces (linear cause) and

moments (angular cause) applied to the segments and joints of the human body [19].

Figure 5: The components of movement analysis.

In anatomical terminology, the anterior and posterior directions (y) refer to the front and back

of the body, respectively. The medio-lateral direction (x) refers to the midline of the body,

and the vertical direction (z) is along the vertical axis of the body [11]. The directions are

illustrated in figure 6.
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Figure 6: Anatomical terms of location, labelled on the human body.

2.2 Training load monitoring

Training load monitoring is essential in sports to enhance performance and reduce the risk

of injury. When athletes are challenged to an appropriate level during training, their bodies

experience external and internal loads. External load refers to the physical work performed,

while internal load refers to the body’s response to that work. However, excessive loading

can lead to fatigue and injuries, particularly overuse injuries in the lower limbs [20]. In order

to manage this balance, training load is commonly assessed through two distinct but com-

plementary pathways: the physiological and the biomechanical load-response pathway. An

overview of the training load monitoring framework is shown in figure 7.

• Physiological load-response pathway

The physiological pathway focuses on metabolic and cardio-respiratory adaptations,

with common internal measures including oxygen uptake (𝑉02), heart rate, and blood

lactate, and external measures such as speed and distance.

• Biomechanical load-response pathway

The biomechanical pathway focuses on how muscles, tendons, ligaments, bones, and

cartilage adapt to mechanical stress. Soft tissue is compressed by absorbing braking

forces due to the surface impact, and extended by generating propulsive forces to push

off against the ground. When this cycle of compressive and extensive stresses on the

tissue continues for a long time, it will adapt by becoming stronger or weaker in some

places. It is challenging to measure the internal biomechanical load. In most cases, this
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is done using invasive techniques or complex musculoskeletal modelling. The external

biomechanical load is often assessed using the Ground Reaction Force (GRF), a well-

established indicator of whole-body loading [21] [1]. Because this research focuses on

the Ground Reaction Force, it will be explained in more detail in the next section.

The physiological and biomechanical load-response pathway offer unique insights into how

athletes adapt to training, and monitoring them provides a more complete understanding of

an athlete’s performance potential and injury risk. To illustrate both pathways, one could

make the analogy with with Usain Bolt’s sprinting. Physiological adaptation refers to the

body’s energy metabolism, where the main focus is on the efficient uptake of oxygen and

the consecutive release of energy. The biomechanical adaptation involves maintaining the

mechanical properties of the musculoskeletal system [2].

Figure 7: Load monitoring framework, demonstrating the duality of the physiological and

biomechanical load-response pathway.

2.3 Ground Reaction Force

According to the definition, the Ground Reaction Force (GRF) is the force exerted by the ground

on a body in contact with it. Because the Ground Reaction Force is a three-dimensional force,

it can be represented as a three-dimensional vector with a direction and a magnitude. The

vector is typically decomposed in one component for each dimension: a vertical component,

an anterior-posterior component, and a medio-lateral component. In the context of training

load monitoring, the focus has predominantly been on the vertical component of the Ground

Reaction Force [17]. In addition to the direction and the magnitude, each vector has a point of

application which is defined as the point at which the force exerts its effect. For the Ground
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Reaction Force, this point is called the Centre-of-Pressure (CoP), and it is located on the foot

sole [13].

A schematic representation of the Ground Reaction Force is shown in figure 8. When Usain

Bolt is sprinting, his foot exerts a contact force on the ground to propel himself forwards.

The third law of Newton states that for every action, there is an equal and opposite reaction.

Consequently, at the same time when Bolt is pushing with his foot on the ground, an equal

and opposite Ground Reaction Force is exerted by the ground on his body.

Figure 8: Schematic representation of the Ground Reaction Force.

The main interaction between a subject and the environment is when the subject’s feet are in

contact with the ground. In that case, the Ground Reaction Force is interpreted as a generic

indicator of the cumulative external loading experienced by the whole musculoskeletal sys-

tem during physical activity. Therefore, assessing the joint loads requires the assessment of

Ground Reaction Forces and Moments [19]. Monitoring an athlete’s GRF during running can

help to better understand the relationship between the external forces experienced by the

body and the tissue adaptations as a consequence of this forces, ultimately helping to prevent

musculoskeletal injury. However, researchers and practitioners should be very cautious to ex-

trapolate the effect to the internal load component of biomechanical load. The GRF may even

be a poor predictor of the loads experienced at a structural level [8].
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2.3.1 Measuring and estimating the Ground Reaction Force

2.3.1.1 Laboratory methods

Traditionally, the Ground Reaction Force (GRF) has been measured in a (gait) laboratory. It is

commonly equipped with optical motion capture systems and force plates, which measure the

kinematics and kinetics respectively. A force plate is a rigid, flat platform with piezoelectric

crystals or strain gauges that convert small platform displacements into voltages, which are

proportional to the force. Although force plates are a bit like a regular spring-based bath-

room scale, there are major differences in precision and speed. Because the Ground Reaction

Forces can change rapidly, especially at the beginning and ending of foot contact, the data

are collected at a rate of thousands of measurements per second. Furthermore, the force is

reported along three orthogonal axes, rather than just one as with a bathroom scale [11]. A

pressure sensor is similar to a force sensor, but measures the pressure, a scalar value, instead

of the force, a vector. Both sensors can be integrated into the floor or a treadmill to measure

GRF during movements. They are highly accurate, with reported sub-Newton accuracy [13].

The gold standard in the medical world is currently a force plate in the floor. A force plate is

often used in combination with markers, also referred to as optical motion capture, to obtain

kinematic data in addition to kinetic data. An illustration of both measurement techniques is

shown in figure 9. However, these methods have certain limitations. They are hindered by

their high cost, lack of portability, and inability to capture data in natural settings [11].

(a) Force plate (b) Optical motion capture

Figure 9: Illustration of a force plate and optical motion capture.

2.3.1.2 Ambulatory methods

Various approaches have been explored to estimate the GRF from wearable devices in the field

to overcome these obstacles.

A first, intuitive method is by using instrumented insoles. These insoles are typically worn in

or under the shoe and provide a summation of the pressure that the foot exerts on the ground.

Although instrumented insoles can estimate GRF for running and jumping fairly well, their

limited accuracy for high-intensity movements, high cost, technical issues and practical diffi-

culties likemovement restrictions, addedmass in the shoe and discomfort, leaves the feasibility
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of using insoles for monitoring GRF on a large-scale in the field currently still questionable

[2].

The second method uses inertial measurement units [17]. With the development of novel data

processing approaches and deep learning in recent years, the inertial measurement unit (IMU)

is one of the most popular and promising wearable sensors to monitor biomechanical loading

during sports. A schematic representation of an IMU is shown in figure 10. It is typically

composed of an accelerometer, a gyroscope, and a magnetometer [18].

• An accelerometer is a motion sensor that measures linear acceleration, which is the rate

of change in velocity of an object relative to a local inertial reference frame [18].

• Angular rate sensors, more commonly known as gyroscopes, indicate the angular ve-

locity. The angular velocity is the rate of rotation about an axis [18].

• A magnetometer is used to detect and measure the strength and direction of the Earth’s

magnetic field. As such, the magnetic heading of the IMU is described, which is the

three-dimensional orientation of the IMUwith respect to themagnetic north. This infor-

mation allows to correct for gyroscopic drift and to improve the stability in determining

orientation changes [18] [22].

Figure 10: Schematic representation of an IMU. An IMU is composed of an accelerometer, a

gyroscope and a magnetometer.

With the information of these three components, IMUs are able to directly measure its orien-

tation, and the linear acceleration and the angular velocity of the segment where it is attached

to, for example the shank of a human body [11].
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Some advantages of IMUs are their low weight, cost effectiveness, convenience of use, and

accessibility for the general population when compared with a laboratory setup [18].

A disadvantage is that the components of an IMU are highly sensitive. The most prominent

source of error is due to the reliance on the magnetometer. Typically, the determination of the

IMU’s orientation assumes that the magnetic field within the environment of use is homoge-

neous. However, this assumption is shown to be invalid for several indoor environments, for

example in the presence of ferromagnetic material which can cause electromagnetic interfer-

ence. A secondary source of error is that the accuracy of the accelerometer and gyroscope is

sensitive to temperature, due to physical expansion or contraction of microscopic components

[18]. Therefore, the calibration of the IMU is critical to ensure that the output from the sen-

sors is accurate and repeatable within the specified operating conditions. The sensor should

output the same result, or very close to it, each time the IMU is subjected to the same inertial

conditions at the same temperature.

Inertial measurement units cannot measure the Ground Reaction Force directly, as do the force

plate and pressure sensors. Instead, the Ground Reaction Force is estimated by a model with

as input the variables that the IMUs measure, and as output an approximation of the Ground

Reaction Force. The accuracy of the IMUs and the model is therefore of great importance to

obtain a reliable result that is similar to the measured Ground Reaction Force. As an indica-

tion of the required accuracy, meaningful performance or injury related differences in loading

characteristics can be as small as 3 to 10 percent of the GRF [8]. Despite the difficulty of first

creating a model, it is certainly interesting to use wearable sensors. They are needed to go

beyond the limits of traditional lab-based methods, in order to monitor training load when it

is happening in the field, not just when it is being tracked in a lab [2].

2.3.2 Characteristics of the Ground Reaction Force

Typical human movements have characteristic Ground Reaction Force patterns that are quite

different from each other. This thesis focuses on the Ground Reaction Force during run-

ning and jumping. It is important to note that all these activities take place in the sagittal

plane. Consequently, the vertical GRF has the highest magnitude, while the medio-lateral and

anterior-posterior GRF are smaller.

2.3.2.1 GRF in walking

To clarify the GRF pattern of running, it is best to start with walking for better understanding.

Walking is a cyclic pattern of movement, where one walking gait cycle is defined by two

consecutive foot contact events on the same leg. Each leg has a stance phase and a swing

phase, which are further divided into initial contact, loading response, midstance, terminal

stance, preswing, initial swing, mid swing and terminal swing. These phases are demarcated

by different gait events: toe contact, foot flat, heel off, toe off and peak knee flexion, as shown

in figure 11. The stance phase occupies 60% of the gait cycle, and during this phase the foot

is in contact with the ground. The swing phase occupies 40% of the gait cycle, with the foot
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off the ground and the body weight supported by the other leg. Because the stance phase is

longer than the swing phase, both feet are in contact with the ground at the same time for 20%

of one gait cycle. This is called double-support. The remaining time is in the single support

phase, when only one foot is in contact with the ground.

Figure 11: Schematic representation of one gait cycle, which is defined by two consecutive

foot contact events on the same leg.

Recordings of the Ground Reaction Force during walking show several features, as seen in

figure 12). The vertical component of the Ground Reaction Force rises rapidly after foot contact

and reaches a force greater than body weight at about 10% of the gait cycle. The vertical

force falls below body weight at midstance and then rises again above body weight during

pushing off. The vertical force falls to zero afterwards, because after toe-off, the foot is in the

swing phase and therefore no longer in contact with the ground. On average, the total Ground

Reaction Force is equal to one time the body weight.

The anterior-posterior Ground Reaction Force is directed towards the back of the body, decel-

erating or ’braking’ the body during the first half of stance. Afterwards, it is directed towards

the front of the body until the swing phase. As a result, the body is accelerated or ’propelled’

forward [11].
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Figure 12: Recording of the Ground Reaction Force during one gait cycle.

The within-subject variability of the Ground Reaction Force is quite low: the coefficient of

variation for the anterior-posterior direction is 20 % and for the vertical direction 7 %. The

vertical Ground Reaction Force is dominated by gravitational forces, but the muscularly gen-

erated accelerations in both vertical and anterior-posterior directions show a consistent net

patternGRFVariabilityWalking The variability of the Ground Reaction Force increases with

increasing walking speed. It is suggested that there is "an optimum speed" at 5.5 - 5.8 km/h

for the neuromuscular locomotor system at which variability is minimum, but only for the

propulsion control mechanism [23].

2.3.2.2 GRF in running

As a person walks faster and faster, the duration of the stance phase decreases until the stance

phase corresponding to each leg will eventually span less than half the gait cycle, giving rise

to a flight phase. During this flight phase, both feet leave the ground. Figure 13 depicts one

running cycle. Similar to walking, a running cycle is divided into a stance phase and a swing

phase. The stance phase begins at foot contact, ends at toe-off, and accounts for about 30 % to

45 % of the gait cycle in running, although it may account for 25 % or less during high-speed

sprinting.
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Figure 13: Schematic representation of one running cycle.

What drives the transition between gaits? When moving at a particular speed, humans typi-

cally select the mode of locomotion with the lowest energy cost. Consequently, they transition

from walking to running around the speed at which running becomes more economical. The

transition from walking to running is also visible in the recordings of the Ground Reaction

Force, as shown in figure 14. The increasing speed results in a shorter support phase duration,

which leads to a change in the shape of the Ground Reaction Force curve (figure 15). The ver-

tical peak GRF will increase, whereas the anterior-posterior peak forces decrease. The higher

the speed, the higher the Ground Reaction Force will be and the more impact the body has

to absorb. At each foot landing, the body has to absorb an impact of about three the body

weight. The impact forces in running are therefore much higher than in walking, explaining

why more injuries occur during fast running than walking [11].
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Figure 14: The transition from walking (blue) to running (red) is visible in the recordings of

the Ground Reaction Force.

When the vertical Ground Reaction Force recording is investigated in more detail, as shown in

figure 14 (red graph on the right) and figure 15), one can conclude that the vertical component

of the GRF includes two peaks. The first peak is called the impact peak, and the second peak is

the active peak. Both are important load measures, related to overuse injuries in running. The

higher the load, the higher the risk of injuries. The impact peak is a high-frequency component

of the GRF, that results from the heel that hits the ground. It occurs at about 15 to 20 percent of

the gait cycle. The interpretation of the impact peak is mainly related to tibial stress fractures

and plantar fascilitis [24].

The active peak or peak GRF is a low-frequency component and it is influenced by neuromus-

cular feedback. It is the maximal force the body experiences at the moment the foot bears the

entire body, and it is expressed in body weight. Typically, the vertical Ground Reaction Force

peaks at approximately two or three times the bodyweight when running at a moderate speed.
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The peak GRF is mainly related to calf, quadriceps, ankle, and knee injuries [25]. Whether or

not both force peaks are visible in the recording of the vertical GRF depends on the foot strike

pattern and the footwear. For example, if the runner strikes the ground on the forefoot, the

vertical GRF raises more gradually and it may be more difficult to identify the impact peak. It

has been argued that this style of running is more ’natural’ and protects against impact-related

injuries, but subsequent research has cast doubt on this conclusion [17] [25].

Figure 15: GRF during running.

Research into the variability of the Ground Reaction Force shows that a ’movement stereotype’

for running exists. Differences between experienced and inexperienced runners are small for

the shock absorption variables, which are the magnitude of the vertical force impact peak, and

the force load rate leading to this peak, but marked for the running style variables. Inexperi-

enced runners demonstrated greater braking and propulsion impulses, and greater variability

in these two variables, indicating that they are using a less economical actionGRFVariabili-

tyRunning

2.3.2.3 GRF in jumping

Figure 16 shows a schematic representation of the countermovement jump. First, a person

descends into a jump. During this phase (a), he bends his knees, swings his arms and prepares
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the jump by lowering the centre-of-mass. From a sports science perspective, the velocity of

descent prior to the jump is a key metric.

In the second part of the countermovement (b), the person has to decelerate the downward

movement in order to reach a short moment of pause at the deepest position of the jump.

The third phase (c-f) begins with the person at the bottom of the jump, as he begins raising

upwards towards take-off. He then accelerates further until his feet leave the ground and there

are no more Ground Reaction Forces measurable.

During the flight phase (g), the subject can’t impact the velocity of his centre-of-mass any

further. The height of the jump has been predetermined by the build up of speed before and

during take-off. The only force that is now acting upon the subject is the gravity that is pulling

him back down.

Finally, the subject lands (h) on the ground with exactly the same velocity during landing as

during take-offGRFjumping

39



Figure 16: Schematic representation of the Ground Reaction Force of a countermovement jump

3 State-of-the-art

This chapter synthesises the literature on IMU-based GRF estimation models, as described in

the first objective of this thesis. First, themetrics to evaluate the different models are discussed.

Next, the GRF estimation methods are synthesised and discussed in more detail.

3.1 Model Validation

By determining the accuracy of each model, the most suitable model can be selected. Various

metrics exist to compare the performance of different models in terms of accuracy. Some

metrics provide a general idea of how correct the fitting is, for example the (relative) root mean

square error and the pearson correlation coefficient. Other metrics are more related to specific

features of the GRF during running, such as the peak error, loading rate error and impulse

error. A difficulty is that not all metrics are reported in studies, which makes it difficult to
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compare differentmodels. In addition, the definition of the variables can differ between papers,

which makes the comparison even more difficultReviewIMUmonitoring To avoid confusion,

the metrics are defined below as they will be used in this thesis.

The first metric is the root mean square error (RMSE) between the measured GRF (mGRF)

and the estimated GRF (eGRF). It is defined as the root of the quadratic difference between

both variables. A value of zero would indicate a perfect fit, which is almost never achieved in

practice. The RMSE is expressed in body weight (BW) or Newton/kilogram (N/kg), depending

on the study. Because the RMSE quantifies the average magnitude of errors in the same units

as the target variable, it allows to easily understand how far predictions deviate from actual

values. Typically, the estimated Ground Reaction Force of the model and themeasured Ground

Reaction Force are compared over the stance phase. Some studies also include the flight phase

in the comparison, but this phase is easy to predict as the GRF equals zero Newton, and it

results in a ’better’ performance than the actual one [17]

𝑅𝑀𝑆𝐸 =

√
∑𝑁

𝑛=1(𝑚𝐺𝑅𝐹𝑛 − 𝑒𝐺𝑅𝐹𝑛)2

𝑁
(7)

where: 𝑁 : sample size

𝑚𝐺𝑅𝐹𝑛, 𝑒𝐺𝑅𝐹𝑛: the individual sample points, indexed with n

The RMSE depends on the scale of the values of the measured GRF waveform. Normalising the

RMSE facilitates the comparison between the GRF estimation in all three directions, that have

different scales. Although there is no consistent definition of normalisation in the literature,

a common choice is dividing the RMSE by the range of the measured data, expressed as the

maximum value minus the minimum value. The normalised RMSE is commonly referred to as

the relative RMSE (rRMSE). The unit of the rRMSE is percent.

𝑟𝑅𝑀𝑆𝐸 =
𝑅𝑀𝑆𝐸

max(𝑚𝐺𝑅𝐹) − min(𝑚𝐺𝑅𝐹)
∗ 100 (8)

In addition to the RMSE and rRMSE as a general metric of the accuracy, the Pearson correlation

coefficient is used in some studies. It is a statistical metric that expresses the linear correlation

between two sets of data. Because it is essentially a normalised measurement of the covariance

(see equation 9, it has always a value between -1 and 1. A Pearson correlation coefficient equal

to 1 corresponds to a perfect fit. A value of zero implies that there is no linear dependency

between the measurement and the estimation.

𝜌 =
∑𝑁

𝑛=1(𝑒𝐺𝑅𝐹𝑛 − 𝑒𝐺𝑅𝐹)(𝑚𝐺𝑅𝐹𝑛 − 𝑚𝐺𝑅𝐹√
∑𝑁

𝑛=1 𝑒𝐺𝑅𝐹 2
𝑛 − 𝑁𝑒𝐺𝑅𝐹 2

√
∑𝑁

𝑛=1 𝑚𝐺𝑅𝐹 2
𝑛 − 𝑁𝑚𝐺𝑅𝐹 2

[−] (9)

where: 𝑚𝐺𝑅𝐹 = 1
𝑁 ∑𝑁

𝑛=1𝑚𝐺𝑅𝐹𝑛: the sample mean (analogous for 𝑒𝐺𝑅𝐹

Next, more running-related metrics are discussed. Specifically for the application of injury

prevention, it is important that the features defining the injury risk are correctly estimated.
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A first measure is the absolute peak error. It is defined as the absolute value of the difference

between the estimated and measured active peak Ground Reaction Force in the vertical direc-

tion (equation 10. To allow for comparison of different GRF magnitudes, a relative peak error

is defined in equation 11[26].

absolute peak error = |𝑒𝐺𝑅𝐹 𝑎𝑐𝑡𝑖𝑣𝑒 𝑝𝑒𝑎𝑘 − 𝑚𝐺𝑅𝐹 𝑎𝑐𝑡𝑖𝑣𝑒 𝑝𝑒𝑎𝑘 | (10)

relative peak error =
|𝑒𝐺𝑅𝐹 𝑎𝑐𝑡𝑖𝑣𝑒 𝑝𝑒𝑎𝑘 − 𝑚𝐺𝑅𝐹 𝑎𝑐𝑡𝑖𝑣𝑒 𝑝𝑒𝑎𝑘 |

𝑚𝐺𝑅𝐹𝑎𝑐𝑡𝑖𝑣𝑒 𝑝𝑒𝑎𝑘
⋅ 100 (11)

A second running-related metric is the loading rate error [22]. The loading rate is the average

GRF gradient from initial contact to the impact peak. Again, an absolute and a relative loading

rate error are defined, according to equations 12 and 13. For the practical implementation, the

average gradient during the first 30% of the stance phase was taken when no impact peak was

detectable.

absolute loading rate error = |𝑒𝐺𝑅𝐹 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 − 𝑚𝐺𝑅𝐹 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 | (12)

relative loading rate error =
|𝑒𝐺𝑅𝐹 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 − 𝑚𝐺𝑅𝐹 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 |

𝑚𝐺𝑅𝐹𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒
⋅ 100 (13)

A final metric is the impulse error [22]. The impulse is the area under the GRF curve. Analo-

gous to the other metrics, the absolute impulse error and the relative impulse error are defined

as follows:

absolute impulse error = |𝑒𝐺𝑅𝐹 𝑖𝑚𝑝𝑢𝑙𝑠𝑒 − 𝑚𝐺𝑅𝐹 𝑖𝑚𝑝𝑢𝑙𝑠𝑒 | (14)

relative loading rate error =
|𝑒𝐺𝑅𝐹 𝑖𝑚𝑝𝑢𝑙𝑠𝑒 − 𝑚𝐺𝑅𝐹 𝑖𝑚𝑝𝑢𝑙𝑠𝑒 |

𝑚𝐺𝑅𝐹𝑖𝑚𝑝𝑢𝑙𝑠𝑒
⋅ 100 (15)

3.2 Wearable-sensor based Ground Reaction Force estimation models

Various models have been proposed to estimate the Ground Reaction Force in the literature,

because different movements involve distinct biomechanical processes and therefore differ-

ent models. An overview of the three most common methods to develop a GRF estimation

model is shown in figure 17. The model development is categorised into three main meth-

ods: the dynamic method, the data-driven method, and the hybrid method. Depending on the

implementation, these three methods are subdivided into more specific models.

42



Figure 17: Overview of methods to estimate the GRF.

3.2.1 Dynamics

The first method to estimate the Ground Reaction Force during running is called ’Dynamics’.

Dynamics uses Newton’s laws of motion to explore the forces acting on the body. Depending

on the way of applying Newton’s laws, it is further subdivided into ’Inverse Dynamics’ and

’Forward Dynamics’. The inverse dynamics approach is based on the assumption that the

movement is known. The forces and moments required to bring about that movement, are

calculated. In the direct dynamics approach, movements are calculated by integrating the

equations of motion, usually based on a Lagrangian formulation. This is only possible when

the joint moments of force are known, typically via optimisation techniques [27]. The big

advantage of the dynamic approach is that the results are fully explainable by physics.

3.2.1.1 Inverse dynamics

In biomechanics, inverse dynamics is a technique used to calculate the internal forces and

torques within a musculoskeletal system, such as muscles and ligaments, based on measured

movement and external forces like Ground Reaction Forces. The Ground Reaction Force can

be computed via a biomechanical model from the kinematics. Typcally, the kinematics are

described by IMU-measurements or reflective markers. The two most used biomechanical

models are a link-segment model and a mass-spring-damper model.
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3.2.1.1.1 Link-segment model

In a link segment model, the body is broken down into multiple rigid segments with their own

masses and accelerations, as shown in figure 18. The segments are linked with joints. Some

link-segment models represent only a few body segments, for instance the feet and the lower

legs, while other link-segment models include all body segments. The model is applicable to

any movement, from walking to running and jumping. It proved to be a valuable tool in the

study of human gait and dynamic balance [28][13].

Figure 18: Link-segment model.

The link-segment model makes the following assumptions [13]:

1. Each segment has a fixed mass, which is located as a point mass at the centre of mass

(CoM) of the segment. If only the vertical direction (1D) is considered in the model as a

simplification of the full 3D-space, the centre of mass is often called the centre of gravity

(CoG).

2. The location of the CoM of each segment remains fixed during the movement.

3. The joints are modelled as ball-and-socket joints, also called spheroid or hinge joints.

A ball-and-socket joint enables the joint to move in many directions, by fitting the end

of one rounded bone, forming the ball, into the end of the other bone within the joint

containing a cup-like depression, forming the socket.

4. The mass moment of inertia of each segment about its rotational axis, in this case the

corresponding joint axis, is constant during the movement.

5. The length of each segment remains constant during the movement. In other words, the

distance between the ball-and-socket joints is fixed.

The calculation of the Ground Reaction Force is based on Newton’s second law, which states

that at any instant of time, the net force on a body is equal to the rate at which the body’s
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momentum is changingwith timeValididySegmentModelNewton’s second law is better known

in the form of the equations of the balance of force and momentum:

• Balance of forces: ∑𝐹 = 𝑚 ∗ 𝑎

• Balance of momentum: ∑𝑀 = 𝐼 ∗ 𝛼

where: 𝑚: mass of the body segment

𝑎: (linear) acceleration of the centre-of-mass of the body segment

𝐼 : mass moment of inertia of the body segment about its centre-of-mass

𝛼: angular acceleration of the segment

Using Newton’s second law, the mass of the segments should be optimised because the mass

distribution per corresponding acceleration does have an influence on the estimated Ground

Reaction Force. Themass of the body segments is typically obtained as a percentage of the total

body weight. The percentages or weight factors can be found in statistical tables, according

to the person’s height, weight, and sometimes sex. In more recent studies, the weight factors

from the tables are further optimised with machine learning, where a loss function minimises

the error between the mGRF and the eGRF by adjusting the weight factors [29].

3.2.1.1.1.1 Number of segments

The relationship between the measured segmental accelerations and the GRF seems to be

affected by the location of the IMU, but it remains uncertain which segmental acceleration

would better relate to the whole-body mechanical loading.

A study of Germanotta et al. (2021) compared the accuracy of two methods to estimate the

body’s centre of mass during six postural tasks. Fifteen healthy subjects took part in the study-

CoMIMU The first method collected the data by a single sensor on the pelvis, while the second

method used seven sensors on the pelvis and lower limbs. The accuracy of the two methods

was compared via the RMSE, using a marker-based system as a reference. Their findings

showed that the RMSE of the method with one IMU was lower in tasks with little or no oscil-

lations, while the method with seven IMUs outperformed in tasks with greater displacement

of the CoM. Therefore, they conclude that a model with a high number of segments should be

preferred to estimate the kinematic parameters. It should be noticed that this insight can be

extrapolated to the kinetic parameters like the GRF, based on Newton’s second law.

A study of Verheul et al. [8] aimed to assess the validity of estimating Ground Reaction Forces

(GRF) from segmental accelerations for various running activities, more specifically running

at a constant low, moderate or high speed, accelerating and decelerating, and 90° cutting. The

segmental accelerations were recorded with a three-dimensional motion capture system, and

the GRF profiles were estimated as the sum of the product of all fifteen segmental masses and

accelerations, or a reduced number of segments. The estimated GRF was compared with the

measured GRF of a single force platform. Afterwards, principal component analysis (PCA)

was applied to reduce the amount of redundant information and extract the key segments of

the biomechanical model.
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When the GRF was estimated from a single segment, the trunk acceleration was the best pre-

dictor across tasks despite the high mean RMSE [1]. Moreover, the trunk was part of all com-

binations of segments, and therefore the main contributor to the GRF estimation. Intuitively,

this result makes sense because the centre-of-mass of the human body is approximately at the

level of the belly button. However, the PCA analysis showed that the trunk’s large contribution

to the GRF is primarily due to its large mass rather than the characteristics of its acceleration.

The results of the PCA analysis are shown in figure 19, with in descending order of importance

of the contribution, the trunk is followed by the thighs, head, shanks, arms, pelvis and feet.

Although arm movements are not the primary contributors to the GRF, these segments do

account for a considerable part of the overall GRF, which highlights that all segments should

be considered when assessing whole-body loading [8].

Figure 19: Best combinations of segments across all the tasks for each given number of seg-

ments.

It may not be feasible in training and competition environments to measure the accelerations

of all body segmentsSegmentalAccelerationsPCA Therefore, a well-considered choice of the

measured segments should be made, so that the difference between the estimated GRF and the

measured GRF is minimalRelationshipWholeBodyExternalLoadAndAccelerometry In order to

achieve estimated GRF errors that were moderate or better (<3 N/kg) for at least 50 % of the

combinations and trials in the study [30], a minimum of two and three segments was required

for low- and moderate-speed running respectively. However, eight segments (90° cuts) and

eleven segments (accelerations) were necessary for more dynamic tasks. Furthermore, for
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the high-intensity tasks like decelerations and high-speed running, the majority of trials and

combinations resulted in very high errors, regardless of the number of segments used. The

influence of the number of segments on the accuracy is summarised in figure 20.

Figure 20: Root mean square errors (RMSE) for estimated resultant GRF curves for each task.

Bars represent the percentage of trials (primary y-axis) within the very low (<1 N kg-1), low

(1-2 N kg-1), moderate (2-3 N kg-1), high (3-4 N kg-1) or very high (>4 N kg-1) error bound-

aries, and black dots represent the mean errors (secondary y-axis), for each given number of

segments.

These results are confirmed in the study of Scheltinga (2022), where they recommend at least

ten sensors. In addition, they determined the optimal sensor configuration for running tasks

at a constant speed if only three sensors are used, from an initial configuration of sensors on

the sternum, pelvis, upper legs, tibias and feet. The setup with sensors on both tibia and the

pelvis showed the best results, with an average RMSE of 0.179 BW, a peak error of 3.6% and a
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Pearson’s correlation coefficient of 0.98Previous3IMU

In conclusion, an IMU only measures the acceleration of the segment it is attached to, and

it is inadequate to measure the acceleration of the whole body due to the complex coordina-

tion of multiple body segments during movementsRelationshipWholeBodyExternalLoadAn-

dAccelerometry There might be the potential of using the accelerations of body segments

to estimate the GRF, but reducing the number of segments to a more feasible number for a

practical setting substantially increases the GRF error. The results of both studies highlight

that segmental contributions to the GRF estimation are movement dependent, and this insight

could explain why link-segment models with one or a few acceleration signals cannot lead

to accurate GRF estimates across different tasks. For example, one particular segment might

be suitable to estimate GRF profiles for sprinting, while the same segment is less suitable to

describe the GRF for decelerated running.

3.2.1.1.1.2 Model performance

The performance of the inverse dynamic approach with a link-segment model has been tested

by several researchers for different motions, because the model is rather simple and Newton’s

equations of motion are applicable to any motion.

One of the first link-segment models to estimate GRF during walking was proposed in a study

by Karatsidis et al. (2016) [3]. Seventeen IMUs were mounted on a tight-fitting Lycra suit,

and the following segments were defined: head, sternum, pelvis, upper legs, lower legs, feet,

shoulders, upper arms, forearms and hands. Eleven participants walked at a self-selected nor-

mal speed, a fast speed and a slow speed, where their fast and slow speeds were at least 20%

higher or lower than their mean normal speed respectively. The method was evaluated for

the three walking speeds, by comparing the predicted GRF with the measurement of a force

plate. The results are summarised in table 2. They demonstrate that the estimation of the GRF

during walking, using only kinematic information from IMUs, is achievable with a strong cor-

relation compared to the force plate measurements. Additionally, the results were comparable

to studies using reflective marker input.
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Slow speed Normal speed Fast speed

Pearson’s correlation coefficient [-]

A-P GRF 0.955 0.965 0.950

M-L GRF 0.853 0.862 0.821

vGRF 0.990 0.992 0.986

Root Mean Square Error [N/BW]

A-P GRF 0.036 ± 0.012 0.034 ± 0.007 0.047 ± 0.011

M-L GRF 0.018 ± 0.005 0.017 ± 0.003 0.022 ± 0.004

vGRF 0.075 ± 0.039 0.063 ± 0.035 0.090 ± 0.040

Relative Root Mean Square Error [%]

A-P GRF 10.4 ± 3.2 9.4 ± 2.5 10.9 ± 3.1

M-L GRF 13.8 ± 3.3 13.1 ± 2.8 14.6 ± 3.1

vGRF 6.3 ± 3.3 5.3 ± 3.1 6.9 ± 3.0

Table 2: Comparison between Ground Reaction Forces, estimated from seventeen IMUs for

multiple walking speeds, and force plate measurements. (Karatsidis, 2017).

The success of Karatsidis’ model encouraged other researchers to extend his approach to other

movements, like running and jumping. In 2018, Raper et al. investigated the reliability and va-

lidity of one tibial accelerometer to estimate the peak vertical Ground Reaction Force from the

vertical tibial accelerations during running, by comparing the results to the GRF measured by

force plates. The data were obtained from ten professional athletes that ran at three constant,

self-selected speeds: slow, medium and fastTibiaIMU His study showed that the model based

on one IMU on the tibia underestimated the peak vertical force value by about 400 N. This dif-

ference was not the same for all participants, and consequently, cannot simply be added to the

peakGRF. A possible explanation is that the peak vertical tibial acceleration occurs about 25ms

after first foot contact, while the peak vertical Ground Reaction Forces are suggested to occur

between 50 and 150ms after first foot contact, depending on the point of contact. It is therefore

unlikely that the peak vertical Ground Reaction Force and the peak vertical tibial acceleration

occur at the same time. In conclusion, one IMU on the tibia does not measure vertical GRF as

compared to the standard force plates. When comparing the reliability of the model and the

force plate to obtain the same peak GRF value for the same athlete running at the same speed in

repeated trials, both showed excellent reliability. The intraclass correlation coefficient (ICC),

a descriptive statistic that describes how strongly samples in the same group resemble each

other, was calculated for this comparison. The peak Ground Reaction Force from the model

had an ICC of 0.877 (95% CI: 0.825-0.917). As expected, also the force plate showed an excellent

reliability with an ICC of 0.974 (95% CI: 0.964–0.982). He suggested that the reliability could

be further increased by averaging the peak GRF over multiple strides.

Nevertheless, Raper’s model is limited to the peak vertical Ground Reaction Force. Scheltinga

et al. (2023) did create a link-segment model that can estimate the full waveform of the vertical

Ground Reaction Force during running, based on 3 IMUs attached to both tibia and pelvis3IMU
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Themodel was validatedwith 12 participants, all were athletes runningwith a heel-strike. This

last condition applies because the data were also used for another study. It is not unimportant,

because as mentioned in section 2.3, foot placement has an influence on the waveform of

the Ground Reaction Force. Typically, a heel-strike runner will have a higher impact peak

than a runner with a flat foot. The participants ran on an instrumented treadmill in random

order at 10 km/h (2.8 m/s), 12 km/h (3.3 m/s) and 14 km/h (3.9 m/s) at a preferred, a high,

and a low stride frequency. They imposed different stride frequencies to make the data more

diverse. The high and low stride frequencies were determined by respectively increasing or

decreasing the preferred stride frequency with 10%. An overview of the model’s performance

is given in table 3. On average over the three running speeds, the model had an RMSE of 0.18

± 0.03 BW and corresponding rRMSE of 6.6 ± 1.2 %. The peak error was 3.61 ± 1.80 %. The

Pearson correlation coefficients between the estimated and measured values were excellent,

with a value of 0.98 ± 0.01. However, a large spread was observed between the subjects. An

additional visual inspection of the GRF waveforms revealed that most errors in the estimated

GRF waveform are directly after the impact peak.

RMSE [BW] rRMSE [%] Pearson’s corre-

lation coefficient

[-]

Peak error [%]

vGRF 0.18 ± 0.03 6.6 ± 1.2 0.98 ± 0.01 3.61 ± 1.80

Table 3: Root Mean Square Error (RMSE), Relative RMSE (rRMSE), Pearson’s correlation co-

efficient and peak error of the vertical GRF, estimated from three segmental accelerations for

running at a constant speed. Values are means ± one standard deviation. (Scheltinga, 2023).

In addition to running, jumping is another interesting movement to investigate the corre-

sponding Ground Reaction Force for the purpose of injury prevention. A study by D’Andrea

et al. (2019) examined Ground Reaction Force in football players during unilateral bound-

ingfootballIMU Twenty-five male participants performed alternate lateral jumps of increasing

distance (1.2m, 1.4m, 1.6m, 1.8m and 1.9 m), with their arms flexed and close to their torso.

The movement is shown in figure 21. The vertical and medio-lateral GRF were estimated us-

ing eight IMUs, attached to the feet, shanks, thighs, pelvis and trunk. The results are listed in

table 4. The RMSE values indicate that the vertical GRF was estimated with higher precision

than the medio-lateral GRF. Because the RMSE increases from the first to third stance phase,

the model’s performance to estimate the vertical GRF is related to the jumping distance. This

trend is not present in the estimates of the medio-lateral GRF.
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Figure 21: Measurement set-up of the experiment of D’Andrea (2019), that investigated the

Ground Reaction Force of alternate lateral jumps.

Stance 1 Stance 2 Stance 3 Stance 4

Root Mean Square Error [N]

M-L GRF 55.93 65.66 65.22 57.35

vGRF 43.42 52.17 76.21 71.59

Relative Root Mean Square Error [%]

M-L GRF 11.98 12.75 12.10 10.59

vGRF 4.45 5.23 7.51 7.10

Table 4: Root Mean Square Error (RMSE) and Relative RMSE of the medio-lateral and vertical

GRF estimated from eight segmental accelerations, for alternate lateral bounding. (D’Andrea,

2019).

Finally, the running and jumping movements from the previous studies are investigated in a

broad study by Verheul et al. (2019)ValididySegmentModel The resultant GRF was estimated

for a variety of dynamic and high-intensity tasks that are regularly performed during running-

based sports: acceleration from stand-still to maximal sprinting speed, deceleration frommax-

imal sprinting to immediate standstill, 90° cutting, which is a sharp change of direction, and

constant speed running at a low (2 m/s - 3 m/s, or 7.2 km/h - 10.8 km/h), moderate (4 m/s - 5

m/s, or 14.4 km/h - 18 km/h) and high speed (> 6 m/s or 21.6 km/h). Fifteen team-sport ath-

letes participated in the study, and full-body kinematic data were collected using a seventy-six

retro-reflective marker set attached to anatomical landmarks of the body. The tri-axial GRF

profile was estimated for each task as the sum of the product of fifteen segmental masses and

accelerations, or a reduced number of segments, for each of the three directions.
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RMSE [N/kg] rRMSE [%]

Acceleration 2.82 ± 0.7 8.4 ± 1.4

Deceleration 5.77 ± 1.8 6.1 ± 8.8

90° cuts 2.67 ± 0.7 3.3 ± 4.1

Constant speed running:

slow speed (2-3 m/s)

1.62 ± 0.4 1.8 ± 2.0

Constant speed running:

moderate speed (4-5 m/s)

2.48 ± 0.6 3.1 ± 5.7

Constant speed running:

high speed (> 6 m/s)

4.35 ± 1.3 6.4 ± 7.6

Table 5: Root Mean Square Error (RMSE) and Relative RMSE (rRMSE) of the resultant GRF (tri-

axial GRF) estimated from fifteen segmental accelerations, for several dynamic tasks. Values

are means ± one standard deviation. (Verheul, 2019).

As shown in table 5, the accuracy of the estimated GRF profile varied across tasks. For lower

intensity movements, the accuracy was high. As an example, the RMSE was low for running

at low speed. The accuracy was moderate for accelerations, 90° cuts and running at moderate

speed. For decelerations and high-speed running, the RMSE was very high. They concluded

that a direct mechanical approach cannot provide valid estimates of the GRF from segmental

accelerations across dynamic and high-intensity running tasks.

The accuracy of Verheul’s model with fifteen segments is similar or higher than the one of

Scheltinga’s model with three segments for the constant speed running tasks. Although it con-

tains fewer segments, the performance is notmuchworse. Themodel of Scheltinga achieves an

rRMSE of 6.6± 1.2 %, while Verheul obtains 3.1± 5.7 % formoderate speed running and 6.4± 7.6

% for high speed running. Furthermore, both models show the trend that the higher the move-

ment speed, the worse the model performance. A possible explanation for the less deteriorated

performance than expected is that the weight factors and cut-off frequencies were obtained via

a model optimisation. In addition, Verheul estimated the resultant GRF, while Scheltinga only

estimated the vertical component. Nevertheless, Verheul concludes that acceleration signals

and derived training load measures from one or several segments are unlikely to accurately

represent biomechanical loads. All other studies considered the use of wearable sensors to

evaluate athlete kinetics in the field as a ’promising’ method. Therefore, the question whether

the estimated value of the GRF is sufficiently accurate to determine the biomechanical load

remains unclear across studies, and it is difficult to make a general conclusion.

3.2.1.1.2 Mass-spring-damper model

Another approach for modelling human movement is the mass-spring-damper (MSD) model,

because the GRF during running is absorbed and returned by the body in a spring-like man-

ner. The human body is modelled as a composition of one or more masses, that are connected

to each other via springs and dampers. The masses represent the inertial properties of the
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corresponding segments of the body, where the segments include hard and soft tissues, like

bones, tendons, muscles and ligaments. The connecting springs and dampers are the mechani-

cal properties of the hard and soft tissues. The springs represent the stiffness properties, while

the dampers represent the damping properties [10]. A general benefit of the mass-spring-

damper model is that the estimated model parameters could provide additional information

for injury and performance evaluationMSDKalman A disadvantage is that due to the elastic

nature of themodel, it is only suitable to study the response of the human body during hopping

and running.

Figure 22: Schematic representation of the mass-spring-damper model during running. It

consists of a mass, a spring and a damper to represent the mass and mechanical properties of

the human body.

Several mass–spring–damper models have been developed over the years. They are divided

into two categories, more specifically the active and passive models. The majority of the mass-

spring-damper models belong to the category of passive models. In this case, the stiffness and

damping properties are assumed to remain constant. Because they do not include the effects

of active elements, such as muscles, the response of the model is the same regardless of the

environment or the type of footwear. Active models, in contrary, do adapt the mechanical

properties of the parameters to external loads. However, little research has been done on

these models and therefore, they will not be discussed further.

Based on the number of masses, the passive models are further categorised as either single-

body models, also called one-body models, or multi-body models.

3.2.1.1.2.1 One-body model

The single-body model was originally proposed by BlickhanBlickhanSMD It is built by attach-

ing one mass to a weightless spring and an optional damper. There are two types of single-

body mass-spring-damper models The first type is a one-dimensional model, that represents

hopping when there is no forward motion. The second type is a two-dimensional model, used

to study forward running in one plane. Both models are shown in figure 23.

53



Figure 23: Passive single-body model as a schematic representation of (a) 1D motion and (b)

2D motion.

For the one-dimensional model, the equation of motion is given by:

𝑚𝑦̈ + 𝑘𝑣𝑒𝑟𝑦 = 𝑚𝑔 (16)

where: 𝑘𝑣𝑒𝑟 : vertical stiffness, calculated as 𝑘𝑙𝑒𝑔 = 𝐹𝑚𝑎𝑥
△𝑦𝑚𝑎𝑥

𝐹𝑚𝑎𝑥 : maximum vertical force

△𝑦𝑚𝑎𝑥 : maximum spring deformation

For the two-dimensional model, the equation of motion is written as follows:

𝑚𝑦̈ + 𝑘𝑙𝑒𝑔𝑦 = 𝑚𝑔 (17)

where: 𝑘𝑙𝑒𝑔 : leg stiffness, calculated as 𝑘𝑙𝑒𝑔 = 𝐹𝑚𝑎𝑥
△𝐿

𝐹𝑚𝑎𝑥 : maximum vertical force

△𝐿: vertical displacement of the mass, calculated as △𝐿 = △𝑦 + 𝐿0(1 − cos 𝜃)
𝐿0: standing leg length
𝜃: angle, calculated as sin−1( 𝑥̇𝑡𝑐2𝐿0

)

Because of their simplicity, single-body models are the most widely used mass-spring-damper

modelsMass-spring-damperModelOverviewThey havemultiple applications, but themost im-

portant purpose is the estimation of the Ground Reaction Force during hopping and running.

Additionally, single-body models are used to study the energy cost of running, the effects of

running and hopping speed on the dynamics of the human body, and the determination of the

stiffness of the lower-extremities.

However, the simplicity of the single-body models raises questions about their accuracy in

predicting the characteristics of running. By comparing the model’s predictions to the ex-
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perimental data, it is concluded that one-body models predict the vertical active peak GRF

reasonably well in normal conditions. Unfortunately, the initial high-frequency impact peak

typically observed in the GRF waveform during running, which is speculated to be linked with

negative tissue adaptations and risk of injury, cannot be estimated with this oversimplified

modelMass-spring-damperModelOverview

3.2.1.1.2.2 Two-body model

Because the human body is a complex system with many masses, a multi-body mass-spring-

damper model has been proposed to achieve a more detailed description of human locomotion.

In this case, several masses are connected to each other and to the ground via linear springs

and dampers. The simplest example of a multi-body model is a two-body model. It is made of

two masses, which represent the upper and lower body.

Figure 24: An illustration of the human body represented as a two-body MSD-model. The

MSD-model consists of a lower mass-spring-damper element (m2, k2, c), that represents the

support leg of the human body, and an upper mass-spring element (m1, k1), that represents

the rest of the human body.

Derrick et al. (2000) were the first to create a two-body MSD model, for the application of

running with different stride lengthsDerrickSMDHowever, it remained a mathematical model

that was not used in practical experiments. A study of Nedergaard et alMSDTrunk (2018) did

put this two-body mass-spring-damper model into practice, as shown on figure 24. Based on

the hypothesis that the acceleration of the upper mass in the MSD-model primarily represents

the acceleration of the trunk segment, they tried to estimate from one IMU on the trunk the

required MSD-model parameters in order to predict the vertical GRF during running. For this

study, twenty male athletes ran at a constant speed between 2 m/s (7.2 km/h) and 5 m/s (18

km/h). They reported that despite the good match between the measured trunk accelerometry
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and the upper mass acceleration of the MSD-model (median RMSE: 0.16 g - 0.22 g), the vertical

GRF estimation accuracy was poor (median RMSE between 6.68 and 12.77 N/kg). These results

are illustrated in figure 25. The errors increased with the running speed.

A possible explanation for the low accuracy is provided by the analysis of the segments in

the link-segment model, as explained in section 3.2.1.1.1.1)ValididySegmentModel The large

contribution of the trunk to the GRF in a link-segment model could be primarily due to its

large mass, rather than the characteristics of its acceleration. Consequently, the value of only

using trunk accelerometry in a MSD-model to predict accurate GRF waveforms is probably

limited.

Figure 25: Representative examples of the trunk accelerometry fitting, GRF prediction, and

the median RMSE across running speeds, of a single stride from multiple subjects. Figure (A)

displays the fitting of the upper mass acceleration to the trunk accelerometry signal across

running speeds, and figure (B) displays the measured and predicted GRF for the same trials.

The RMSE for the trunk accelerometry fitting and GRF predictions are written in brackets for

the individual examples. Figures (C) and (D) display the average RMSE median, and 25th and

75th interquartile range for the trunk accelerometry fitting and GRF prediction, respectively

within and across the individual running speeds.

In collaboration with Nedergaard, a study of Verheul et al. (2021) aimed to examine the feasi-

bility of a two mass-spring-damper model, based on eight model parameters, to reproduce the

resultant Ground Reaction Force for high-intensity running tasksVerheulMSD Additionally,

the study aimed to verify whether the required model parameters were physically meaning-

ful. Fifteen athletes participated, and they performed rapid accelerations and decelerations,

constant speed running and maximal sprints. The results are displayed in figure 26 and ta-

ble 6. The model parameters and equations were solved using a purpose-written optimisation

script, starting from the accelerations of the two masses as input. The estimated GRF was then

compared to the measured GRF of a force plate. They concluded that the GRF profiles could

be reproduced with low to very low errors across tasks, but more subtile loading character-
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istics (for example impact peak and loading rate) were modelled less accurately. Moreover,

the required model parameters varied strongly between trials and they had minimal physical

meaning. These results show that although a two mass-spring-damper model can be used to

reproduce overall GRFs for high-intensity running tasks, the application for predicting GRFs

in the field and consequently understanding the biomechanical loads of training in greater

detail is likely limited.
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Figure 26: Typical examples of measured (black continuous line) andmodelled (red dotted line)

Ground Reaction Force (GRF) profiles including the root mean square error (RMSE) between

both curves. (Verheul, 2021)
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RMSE [N/kg] rRMSE [%]
Acceleration 0.69 ± 0.47 9.9 ± 6.4

Deceleration 2.48 ± 1.17 33.9 ± 28.3

Constant speed running:

slow speed (2-3 m/s)

0.48 ± 0.22 7.6 ± 5.8

Constant speed running:

moderate speed (4-5 m/s)

0.78 ± 0.25 9.4 ± 3.9

Constant speed running:

high speed (> 6 m/s)

1.21 ± 0.56 13.6 ± 7.1

Table 6: Mean ± standard deviations for root mean square errors (RMSE) and relative root

mean square errors (rRMSE) of the modelled GRF profiles for different tasks. (Verheul, 2021).

3.2.1.1.2.3 Multi-body model

For amulti-body system, the equations ofmotion arewritten in a general form as follows

𝑀𝑋̈ + 𝐶𝑋̇ + 𝐾𝑋 = 𝑊 (18)

where: M: the mass matrix

C: the matrix of damping coefficients

K: the stiffness matrix

X: displacement vector

𝑋̇ : velocity vector

𝑋̈ : acceleration vectors

W: column vector that contains the weight of the masses included in the model. In some cases, the force produced by the element of the model that represents ground–shoe interactions is also included in W.

A three-body model was developed by Kim et alMass-spring-damperModelOverview Two

masses represent the foot and shank, and the other mass represents the rest of the body. The

masses are connected together via linear springs and dampers. Additionally, the shoe–ground

interaction is modelled using a spring and a damper.

The four-body model of Liu and Nigg (LN model) is probably the most used multi-body MSD

model of the human body during hopping and running. The model contains four masses, five

springs, and four dampers. Two important novelties distinguish this model. First, the upper-

and lower-body masses have been divided into rigid and wobbling masses. The wobbling

masses represent all non-rigid parts of the body, for example muscles, skin and blood vessels.

Secondly, the shoe-ground-interaction is modelled with a non-linear functionMass-spring-

damperModelOverview

It can be concluded that the complexity of the MSD-model increases rapidly as the number of

masses increases. It is therefore difficult to implement these mathematical multi-body MSD

models in practice with wearable sensors.
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3.2.1.2 Forward dynamic approach

Themajority of kinetic analyses of humanmovement are performed based on inverse dynamic

models. As explained earlier, this approach takes the kinematic measures to estimate for ex-

ample the Ground Reaction Force. It is the inverse of what really happens. Human movement

begins with an electrical signal from a motor nerve to the muscles, resulting in varying levels

of recruitment of agonist and antagonist muscles. The net effect of all these muscle forces

acting at each joint, is the generation of a time-varying moment on the joint, which in turn

accelerates or decelerates the adjacent body segments. The wearable sensors finally record

the accelerations. The constraints of forward solution models are considerable compared to

inverse solutions. For a forward solution, all body segments that are capable of moving must

be modelled before start. If any segment has the wrong mass or a joint has a missing or un-

realistic constraint, the model will start to generate displacement errors, and these errors will

accumulate over time.

a computational model tries to refine the calculation of the forces with the measured kinematic

data. However,

Despite the complexity of this approach, a study by Haraguchi (2024) developed a forward

dynamic model that predicts the GRF in walking based on six IMUs, mounted on the trunk,

lower arm, pelvis, thigh, shank and footForwardDynamics Therefore, their algorithm used

forward dynamics calculation to make a, estimation of the kinematics. A hybrid cost func-

tion optimised the estimated forces by minimising the error between the IMU recording data

and the estimated kinematics motion of the forward dynamic model. The accuracy of their

model was tested in an experiment with eighteen participants, and three conditions for walk-

ing speed: normal, fast and slow. The normal speed was set to the preferred walking speed of

each participant, and the fast and the slow speeds were set to approximately +20% and -20%,

of the normal walking speed. In the three walking speeds, a strong correlation was observed

for the anterior-posterior GRF ( 𝜌 = 0.709-0.796 , RMSE = 6.34-7.42 %BW, rRMSE = 14.4-16.5

%) and the vertical GRF ( 𝜌 = 0.866–0.898 , RMSE = 20.5-24.1 %BW, rRMSE = 17.6-18.3 %). Only

a moderate correlation was observed for the lateral GRF (𝜌 = 0.342-0.504, RMSE = 3.03-3.99

%BW, rRMSE = 26.8-29.4 %). However, the accuracy achieved is generally much lower than the

one obtained with an inverse dynamic approach. In addition, the iterative optimisation takes

hours and makes it difficult to use this method in practice.

3.2.2 Deep learning

Although the predictions of theGRF-estimationmodelswith the dynamic approach are promis-

ing, their application is either restricted to a limited range of movements or not yet feasible in

the field. Furthermore, to perform an inverse dynamics approach for modelling tissue specific

loads, all directions of the GRF are needed as input, while the Ground Reaction Force is mostly

only modelled in the vertical direction. As an example, the anterior-posterior GRF plays an

important role in the push-off phase [17].

To overcome the limitations of models based on the dynamic approach, a data-driven method
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to predict the GRF fromwearable sensors can be exploited. In this case, a combination of multi-

layer perceptrons (MLPs), also called deep learning or a neural network, will make a prediction

of the Ground Reaction Force based on the data of the IMUs. The rapid development of artificial

intelligence has made this approach more popular in recent years. The computing power of

artificial intelligence has become so strong, that one sensor is even sufficient to estimate the

GRF accuratelyNNTrunk The most important disadvantage of artificial intelligence is that the

estimation is primarily based on data inputs, rather than biomechanical reasoning. Another

difficulty is that the neural network requires data from many observations before it can make

a prediction with sufficient accuracy, and without the risk of overfitting.

Data-driven models can be either generic or personalised. It is evident that personalised ma-

chine learningmodels will result in better model performance than generic modelsDeepLearn-

ing Nevertheless, creating personal models is time consuming and not always possible. Cre-

ating generic models is more challenging, as they should be able to handle between-subject

variability in the data. The advantage is that these models can be used “out of the box”: once

a generic model is created, no specific model training is needed to estimate the GRF for new

subjects.

Most studies focus on developing generic models, and this was also the case in a study by

Scheltinga et al. (2023)3IMU They placed three IMUs on the pelvis and tibias, and these sensors

provided the input for an artificial neural network (ANN) to estimate the three components of

the GRF. They built an ensemble deep learning model, where different subjects were used for

training and validation for each ensemble-member. Twelve participants with a heel-strike gait

pattern participated. They ran nine trials at three different velocities (10 km/h, 12 km/h and 14

km/h) and three stride frequencies (preferred stride frequency and preferred stride frequency

± 10 %). The predicted GRF was compared to the measured GRF of an instrumented treadmill.

The results are listed in table 7.
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Constant speed running (low: 10 km/h, moderate: 12 km/h, fast: 14 km/h
Pearson’s correlation coefficient (r)

[-]

A-P GRF 0.91 ± 0.09

M-L GRF 0.57 ± 0.21

vGRF 0.97 ± 0.02

Root Mean Square Error (RMSE)

[BW]

A-P GRF 0.08 ± 0.03

M-L GRF 0.05 ± 0.01

vGRF 0.19 ± 0.04

Relative Root Mean Square Error

(rRMSE) [%]

A-P GRF 7.8 ± 3.1

M-L GRF 10.9 ± 2.5

vGRF 7.3 ± 1.8

Peak error [%]

A-P GRF -

M-L GRF -

vGRF 4.21 ± 1.36

Table 7: Model performance for the direct model in the different directions. (Scheltinga, 2023).

The model predicts the vertical GRF (rRMSE: 7.3 ± 1.8 %) most accurately, compared to the

anterior-posterior GRF (rRMSE: 7.8 ± 3.1 %) and medio-lateral GRF (rRMSE: 10.9 ± 2.5 %).

A possible explanation is that larger forces are predicted better by the model. As a possible

improvement, it is suggested that, since there are multiple ways to ensemble a model, there are

also other ways to combine the ensemble-members. In the current study, the average between

all members was taken, but for example, the weights of different members can be altered based

on the model performance during training.

A study of Pogson (2020) used a neural network method to predict the GRF magnitude from

the trunk acceleration magnitude for a variety of different running tasks across fifteen individ-

uals: straight overground accelerated, decelerated and constant-speed running trials, ranging

between 2 m/s (7.2 km/h) and 8 m/s (28.8 km.h) with 1 m/s incrementsNNTrunk The magni-

tude of the GRF was predicted with an average 𝑟2 of around 0.9 for the time series of each task.

The method therefore offers a promising approach to estimate GRF in the field (see figure 27).

The study has not considered the importance of sensor location on the body, but the results

may be improved by placing the accelerometer elsewhere on the body. Since the impact peak

is likely related to lower limb accelerations during landing [25], the addition of signals from

the lower limbs might improve the prediction.
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Figure 27: Test predictions from 10 repetitions of training. (a) 𝑟2 coefficient between predic-

tion and data; (b) corresponding RMSE. Results obtained using: (i) arbitrary options, without

appending signal length; (ii) arbitrary options, with signal length appended; and (iii) opti-

mised options, with signal length appended. Central horizontal lines show the median and

boxes show the interquartile range. Whiskers show up to 1.5 times the interquartile range;

any values outside this are plotted as individual points, which show the 𝑟2 or RMSE value for

individual outlying impact predictions.

When comparing the studies of Pogson (𝑟2 ≈ 0.9) and Scheltinga (𝑟2 = 𝜌2
= 0.94), Scheltinga’s

model is slightly better. However, the former only had data from one sensor, which was at-

tached to the trunk, while the latter used 3 sensors placed on the pelvis and tibia. To counteract

the lower variation in the data, the construction of Pogson’s deep learning network was there-

fore much more complex. However, it shows that a well-considered choice of the architecture

of the deep learning network can make a difference in achieving good accuracy.

Furthermore, Pogson’s deep learning network and Nedergaard’s mass-spring-damper model

[9] used both a single IMU on the trunk. If both methods are compared for the estimation of

the vertical GRF, the data-driven approach clearly outperforms the dynamic approach.

3.2.3 Hybrid Method

Because dynamics-based and deep learning techniques have both been used to estimate the

Ground Reaction Force, a hybrid method can be applied. It integrates the traditional physical

laws with the advanced deep learning to make a prediction of the Ground Reaction Force. As

such, the explainable biomechanical foundations of the dynamic approach and the compu-

tational accuracy of the data-driven method are combined and can lead to improved model

performance.

A study of Scheltinga et al. (2023) used data from three IMUs, placed on the pelvis and lower

legs, as input for an artificial neural network (ANN) to estimate the GRF. The estimated vertical

GRF from a physical model was used as an additional input3IMU The data was collected from

12 heel-strike runners, who ran at three different velocities (10 km/h, 12 km/h and 14 km/h)

and three stride frequencies (preferred and preferred ± 10%) on an instrumented treadmill.
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The results are summarised in table 8.

Constant speed running (low: 10 km/h, moderate: 12 km/h, fast: 14 km/h
Pearson’s correlation coefficient (r)

[-]

A-P GRF 0.91 ± 0.10

M-L GRF 0.58 ± 0.22

vGRF 0.97 ± 0.01

Root Mean Square Error (RMSE)

[BW]

A-P GRF 0.07 ± 0.03

M-L GRF 0.05 ± 0.01

vGRF 0.18 ± 0.04

Relative Root Mean Square Error

(rRMSE) [%]

A-P GRF 7.8 ± 3.2

M-L GRF 10.8 ± 2.5

vGRF 6.8 ± 1.7

Peak error [%]

A-P GRF -

M-L GRF -

vGRF 4.09 ± 1.35

Table 8: Model performance for the hybrid model in the different directions. (Scheltinga, 2023).

Since this study investigated a link-segment model, a deep learningmodel and hybrid model, it

is interesting to compare the performance of the three different approaches. The performance

of the hybrid model (rRMSE: 6.8 ± 1.7 %) outperformed the deep learning model in the vertical

direction (rRMSE: 7.3 ± 1.8 %), and was comparable with the link-segment model (rRMSE: 6.6

± 1.2 %). Additionally, the model performance was related to the magnitude of the estimated

forces, meaning that lower forces, for example the GRF in the medio-lateral direction, had

higher errors. The findings suggest that, using a hybrid model, it is possible to estimate the

GRF in the anterior-posterior and vertical direction using data from 3 IMUs on the pelvis and

one on each tibia, but it is not possible to precisely estimate themedio -lateral forces (Pearson’s

correlation coefficient: 0.58). A hybrid model is therefore more interesting than a link-segment

model if the aim is to estimate the GRF also in the anterior-posterior direction, instead of only

in the vertical direction.

3.2.4 Conclusion

An overview of the results of all mentioned studies is shown in tables 9 and 10. Besides the

efforts to make these models as accurate as possible, numerous questions remain unanswered.

For all approaches, there is no consensus about the amount and position of the sensors on
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the body, although sensors located on the trunk seem to provide more relevant information

for modelling the first peak, and those on the lower limbs appear to provide more relevant

information on modelling the second peak and the loading rate of the GRF profile in run-

ningSensitivity

A final remark is that a simple model is almost always preferable to a more complicated ver-

sion, because the latter provides similar utility but it is more difficult to understandBiomechan-

icsOfMovement After all, the explainability of the model is extremely important in a clinical

setting, where every decision must have a theoretical basis.
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Reference Number
of sensors

Position Movement Estimated
variable

Model Accuracy

(Karatsidis,

2017) [3]

17 whole body walking A-P GRF

M-L GRF

vGRF

link-

segment

model

rRMSE:

A-P GRF =

10.2 ± 2.9

%, M-L GRF

= 13.8 ± 3.1

%, vGRF =

6.2 ± 3.1 %

(D’Andrea,

2019) [31]

1 tibia alternate

lateral

bounding

link-

segment

model

M-L GRF,

vGRF

rRMSE: M-

L GRF = 6.1

%, vGRF =

11.9 %

(Verheul,

2019) [8]

15 whole body running link-

segment

model

Tri-axial

GRF

rRMSE:

resGRF =

4.8 ± 8.3

(Scheltinga,

2022) [29]

3 pelvis,

thigh

running link-

segment

model

vGRF rRMSE:

vGRF = 6.6

± 1.2

(Nedergaard,

2018) [9]

2 trunk, tibia running Tri-axial

GRF

two mass-

spring-

damper

model

𝑟2 = 0.9

(Verheul,

2021) [6]

2 trunk, tibia running Tri-axial

GRF

two mass-

spring-

damper

model

rRMSE:

Tri-axial

GRF = 17 ±
19.1

(Haraguchi,

2024) [32]

6 trunk,

pelvis,

right lower

arm, right

thigh, right

shank,

right foot

walking A-P GRF,

M-L GRF,

vGRF

forward

dynamic

model

rRMSE:

A-P GRF =

16.4 %, M-L

GRF = 29.1

%, vGRF =

18.2 %

Table 9: Overview of dynamic model accuracies. In case of multiple speeds and movements

the average accuracy is reported.
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Reference Number
of sensors

Position Movement Estimated
variable

Model Accuracy

(Scheltinga,

2023) [17]

3 trunk, tibia running A-P GRF,

M-L GRF,

vGRF

deep learn-

ing

rRMSE: A-

P GRF = 7.8

± 3.1, M-L

GRF = 10.9

± 2.5, vGRF

= 7.3 ± 1.8

(Scheltinga,

2023) [17]

3 trunk, tibia running A-P GRF,

M-L GRF,

vGRF

hybrid

learning:

link-

segment

model +

deep learn-

ing (3520

strides)

rRMSE: A-

P GRF = 7.8

± 3.2, M-L

GRF = 10.8

± 2.5, vGRF

= 6.6 ± 1.2

𝑟2 = 0.94

(Pogson,

2020) [33]

1 trunk running Tri-axial

GRF

deep learn-

ing

𝑟2 = 0.9

Table 10: Overview of data-driven model accuracies.

67



4 Methods

In this chapter, various biomechanical models that can estimate the Ground Reaction Force and

moment are designed and implemented. The IMUs in the sensorised running pants provide

the necessary data inputs. The models are then validated by comparing the estimated GRF

with the measured GRF of an instrumented treadmill.

4.1 Experimental Design and Data Processing

Eight healthy athletes participated in the data collection for this study, of which seven record-

ings were ultimately usable. One recording was lost because the treadmill had failed. The

participants of the processed recordings are all men, 27 ± 5 years old, 1.77 ± 0.09m tall, and

weigh 70 ± 6kg. All participants signed a written informed consent beforehand.

The participants were recordedwhile running on a dual-belt treadmill (X-Mill Dual Belt Instru-

mented Treadmill, ForceLink B.V, Culemborg, The Netherlands). They ran one trial at three

different speeds: 8 km/h, 10 km/h, 12 km/h for 60 seconds in increasing order. The sampling

frequency of the treadmill is 960 Hz. The recorded GRF data will be used as a reference for the

GRF estimation. In order to make more accurate comparisons between the different GRF mag-

nitudes of the participants, the GRF data is normalised for body weight, by dividing the GRF

by the mass of the participant multiplied with the gravitational acceleration (𝑔 = 9.81𝑚/𝑠2).
Subsequently, the GRF data is filtered using a second-order, low-pass Butterworth filter with a

cut-off frequency of 30 Hz and zero-phase shift. This cut-off frequency was selected as it was

the most commonly cited value in the literature [17].

Because most of the existing research uses optical motion capture to apply GRF prediction

methods to kinematic data, sixteenmarker trajectories weremeasured synchronously with the

treadmill data using the software Vicon Nexus (Vicon Motion Systems Ltd, UK). The reflective

markers were attached to anatomical landmarks of the lower limbs, according to the Lower

Body Plug-in Gait Model. The marker trajectories were sampled by the cameras at a frequency

of 120 Hz. For markers that were not detected for a short period of time, the trajectory was

approximated by a linear curve. The kinematic data was used to build a seven-segment (pelvis,

thighs, shanks and feet) six-degree-of-freedom model of the lower limbs in Vicon Nexus [34].

The trajectories of the markers were derived once to obtain the markers’ speeds, and twice to

obtain the accelerations. Subsequently, these variables were filtered with a zero-phase third

order low-pass Butterworth filter with a cut-off frequency of 6.5 Hz, and upsampled to the

same length as themeasured GRF. It was decided to upsample the signals to prevent informatio

loss. A disadvantage is that the values are interpolated and therefore, there is a risk of creating

incorrect points.

At the same time, the participant was wearing the sensorised running pants with five inte-

grated IMUs, as previously described in section 1. On top of the pelvis sensor, an additional

belt was placed to prevent movement artefacts due to sagging or flapping running pants. The

data were obtained at a sampling frequency of 100 Hz. Before the start of the measurement,
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the IMUs were calibrated according to the manufacturer’s instructions. The IMUs measure the

linear accelerations in multiples of the gravitational acceleration (𝑔). In order to work in SI

units, the values are first expressed in𝑚/𝑠2 by multiplying with the gravitational acceleration.

An important note is that each IMU measures the accelerations according to its own orienta-

tion, as schematically depicted in figure 28. The IMU’s orientation is expressed in quaternions,

and these are obtained by fusing the signals of the accelerometer, gyroscope and magnetome-

ter. Based on the quaternions, a rotation matrix corresponding to the orientation of the IMU

is constructed. By multiplying the accelerations and the angular velocities of the IMUs with

the inverse of the rotation matrix, the accelerations and angular velocities are expressed in the

same frame as the treadmill and the markers. Finally, gravity is subtracted from the rotated

vertical accelerations in order to obtain the sensor free acceleration.

Figure 28: Schematic representation of the local frame of the IMU and the global frame of the

lab.

The signals from the treadmill and the markers are recorded together by the Vicon system,

but the IMUs in the sensorised running pants record independently. Therefore, the signals

from the two systems must be synchronised. Each trial started with three jumps, serving

as a rough reference point to synchronise the IMU data and the Vicon data. The data were

trimmed so that they started from the reference point. The end point was selected 60 seconds

after the reference point. Next, the cross-correlation between the vertical acceleration of the

IMU on the pelvis and the measured GRF was calculated to refine the rough starting point

provided by the jumps. A range of lag values between -0.5 seconds and 0.5 seconds in steps

of 0.01 seconds, the sampling frequency, was added to the reference point of the jumps and

subtracted from the end. The lag value corresponding to the maximum in the cross-correlation

was used to optimise the synchronisation of the treadmill, markers and IMU signals. Finally,

the recording was filtered with a third-order zero-phase shift low-pass Butterworth filter with

cut-off frequency of 6.5 Hz, and upsampled to the same length as the corresponding measured

GRF.

The kinematic and kinetic data of the IMUs, markers and treadmill were exported to Python

3.11.4 for further processing and analysis. The entire code of this research is available in

appendix B.

To increase the readability of the calculations in this thesis, vectors and matrices are written

in bold lowercase letters and bold capital letters respectively.
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4.2 Anthropometry

The body dimenions and body mass of the subject are crucial in any model to calculate the

Ground Reaction Force. The first, andmost logical way, is tomeasure the requested dimensions

on the subject. Typically, anatomical landmarks are used, such as the left anterior superior

iliac spine or the flexion-extension axis of the knee. However, these measurements require

good anatomical knowledge and are also very time-consuming. Consequently, this was not a

feasible option.

Since the required dimensions were not available from all participants, a second method was

developed based on body length. The body is easy to measure and therefore, the developed

models can be used quickly. The method starts from the standard body dimensions for men

and women, as reported in the study by De Leva (1996) [7]. The dimensions were adapted

to the placement of the sensors in the sensorised running pants, as shown in table 11. For

example, it has been decided that the pelvis sensor represents the movement of the upper

body, because it is most close to the body’s CoM. The reference lengths of De Leva are then

personalised to the subject by rescaling them based on the ratio of the subject’s body height

to the standard body height. The tables do not mention the width (medio-lateral direction) or

depth (anterior-posterior direction) of the body segments. However, these could be calculated

based on the data from the male participants of this study.

Definition Width [m] Depth [m] Longitudinal length [m]

Segment Starting

point

End

point

Men Women Men Women Men Women

Pelvis (≈
upper

body)

Vertex Mid-

hip

0.2739 - 0.1442 - 0.7352 0.7295

Thigh Hip

joint

centre

Knee

joint

centre

0.1176 - 0.1216 - 0.4222 0.3685

Shank

and foot

Knee

joint

centre

Sole

of the

foot

0.1064 - 0.1307 - 0.5836 0.4323

Total Vertex Sole

of the

foot

- - - - 1.741 1.735

Table 11: Reference body dimensions for men and women, as reported in the study by Paolo

de Leva.

The software Vicon Nexus can also estimate the body lengths, based on the position of the

markers. When comparing the body dimensions, with the reported values of Vicon as a refer-

ence, the error for leg length is on average 13𝑐𝑚 and for knee width 1.2𝑐𝑚. The leg length was
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calculated from the rescaled values of the table as the sum of the thigh length and the shank

length, and the knee length as the average of the width of the thigh and the shank.

4.3 Step detection

In order to evaluate the accuracy of the model per running step, a step detector was first cre-

ated. Three possibilities for a step detection algorithm were investigated: an arbitrary thresh-

old on the Ground Reaction Force, the values of the quaternions, and the acceleration of the

pelvis.

4.3.1 Step detector 1: arbitrary threshold on the vertical Ground Reaction Force

Force platforms detect a foot contact if the vertical component of the Ground Reaction Force

crosses a set threshold, typically a value between 10 N to 50 N [35]. In this application, stance

phase is detected when the threshold exceeds 15 N longer than 0.05 s. The step detection al-

gorithm is followed by an additional control algorithm, that checks if each initial contact is

followed by toe-off within a time period not longer than the time between two initial con-

tacts.

Since this method relies entirely on the value of the vertical GRF, incorrect estimation of the

GRF will result in incorrect detection of the steps. Therefore, it was decided that it should

only be used to divide the mGRF into steps. For this reason, step detectors 2 and 3 were

developed.

4.3.2 Step detector 2: quaternions

The method of using the quaternions to detect a step was proposed by the manufacturer of the

IMUs. When the scalar part of a quaternion measured by the IMU exceeds a certain threshold

value, in this case 104, a step is detected.

4.3.3 Step detector 3: velocity of the pelvis

The peak downward velocity of the pelvis (PDVP) is proposed and validated as a kinematic

method to detect initial contact and toe-off in running regardless of the running strike pat-

tern, according to studies of Benson and Reenalda [35] [36]. In this method, initial contact and

toe-off are detected when the velocity of the pelvis reaches a minimum. The step detection

algorithm is followed by an additional control algorithm, that checks if each initial contact

is followed by toe-off within a time period not longer than the time between two initial con-

tacts.

4.3.4 Jump detection

Similarly to the step detector for running, an algorithm was created to segment the jumps in

the time recording. Again, a distinction is made between the measured Ground Reaction Force

and the accelerations of the inertial measurement units, but the principle remains the same
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and is similar to that of step detector 1. When the mGRF is lower than 15 N for a specified

time period, for example 0.1s, the person is jumping. For the IMUs, this corresponds to the

condition where the vertical acceleration of the pelvis is less than −9.81 𝑚/𝑠2. Once the start
and end of the jump have been identified, 1 s is subtracted from the start and 1 s is added to the

end. These values were chosen arbitrarily based on a visual analysis of the recording. Finally

an addition control algorithm verified the jump’s physical reliability, by assuming a maximum

duration for the flight phase of 2 seconds.

4.4 Model Engineering

Based on the literature study on the state-of-the-art of GRF estimation models, it is chosen to

develop a link-segment model and a mass-spring-damper model. Both models will have the

data of the IMUs in the sensorised running pants as inputs.

4.4.1 Link-segment model

Figure 29 provides an overview of the steps involved in calculating the Ground Reaction Force

using the link-segment model. The first two steps were discussed in section 4.1, while the

subsequent sections cover the final two steps.

4.4.1.1 Ground Reaction Force

Newton’s second law states that acceleration is proportional to the force. Consequently, the

GRF can be estimated from the acceleration of the body segments, as shown in equation 19,

for the medio-lateral, anterior-posterior and vertical direction. Since the IMUs measure con-

tinuously and do not detect when the leg is in the flight phase, the vertical accelerations were

corrected by stating that 𝐚𝐢,𝐯 = 0 if 𝐚𝐢, 𝐯 ≤ −𝑔 with 𝑔 = 9.81𝑚/𝑠2. After the calculation, the
eGRF is normalised for body weight (BW) by dividing with 𝑚 ∗ 𝐺.

𝑒𝐺𝑅𝐹 = 𝑚 ⋅ 𝐆 +
𝑁

∑
𝑖=1

𝑤𝑖 ⋅ 𝑚 ⋅ 𝐀𝐢 with 𝐀𝐢 ≥ 0 (19)

where m: the body mass of the participant

𝐆 = [0, 0, g]: the gravitational acceleration in the medio-lateral (0), anterior-posterior (0)

and vertical (𝑔 = 9.81𝑚/𝑠2) direction
i: annotates the segment number and goes from 1 to 𝑁 , with 𝑁 the total number of segments.

The number of segments is depend on the number of sensors or markers. In this case, five

segments are defined: the pelvis, left shank, left thigh, right shank and right thigh.

w: the weighting factor that represents the fraction of body mass corresponding to the

segment where the sensor or marker is attached to.

𝐀𝐢 = [𝐴𝑥𝑖, 𝐴𝑦𝑖, 𝐴𝑧𝑖]: the measured acceleration of each body segment, with 𝑥 the

medio-lateral direction, 𝑦 the anterior-posterior direction, and 𝑧 is the vertical direction
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Figure 29: Block diagram of the implementation of the link-segment model.

73



4.4.1.2 Translated accelerations

It should be noted that the link-segment model assumes that the accelerations are measured

in the CoM of the segment. As it is physically not possible to place the IMUs there, the accel-

erations are being translated according to equation 20.

a𝑖 = a𝑖,𝑜 + 𝜔̇ × r𝑜𝑖 + 𝜔𝑖 × (𝜔𝑖 × r𝑜𝑖) (20)

where 𝜔: the angular velocity of the body segment

𝑟 : the distance between the IMU and the segment’s CoM

In this equation, 𝜔 is the angular velocity and 𝑟 is the distance between the IMU and the

CoM.

4.4.1.3 Weighting factors

The weighting factors define the mass of each body segment as a percentage of the total body

mass. Consequently, the weighting factors should be positive and their sum should be equal

to one, because as such, the body segments will sum to the total body mass. They are defined

either from anthropometric measurements or obtained by machine learning.

4.4.1.3.1 Anthropometric measurements

In case of anthropometric measurements, general weighting factors can be found in the liter-

ature or a more personal approach can be followed. General weighting factors are often taken

from the tables of de Leva [7] or Winter [13][20]. The weighting factors have been adjusted

to the configuration of the sensorised running pants, so that the weighting factor of the shank

includes the mass of the shank and foot, and the weighting factor of the pelvis includes the

mass of the head, trunk, and arms. Table 12 contains the adjusted weighting factors that are

used in the model.

Pelvis Thigh Shank

De Leva men (MdL) 0.6028 0.1416 0.057

De Leva women (FdL) 0.5824 0.1478 0.061

Winter (W) 0.678 0.1 0.061

Table 12: Adjusted weighting factors, which are based on the reported values in the tables of

De Leva [7] and Winter [13].

However, it should be noted that each body is different and these general values are not neces-

sarily applicable to everyone. Therefore, an attempt was made to define more personal weight

factors. The obtained formula is stated in equation 21. The method is based on the estimation

of the volume of the thigh and the shank as a cylinder. To calculate the mass of the body

segment, its volume must be multiplied by its density. The adjusted body dimensions from

table 11 were used for the radius and height of the cylinder, and the density was taken from
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Winter [13]. These density values are 1090 kg/𝑚3
for the shank and 1050 kg/𝑚3

for the thigh.

The mass of the pelvis was calculated by subtracting the mass of both femurs and both lower

legs from the total body mass. Finally, the estimated mass of the body segment was divided

by the total body mass to obtain the weighting factor. A potential drawback of this method is

that it shifts the previous problem to the density, which is again a generalisation.

𝑤𝑖 =
𝑚𝑖

𝑀
(21)

=
𝑉𝑖𝜌𝑖
𝑀

(22)

=
𝑟2𝑖 𝜋ℎ𝜌𝑖
𝑀

(23)

where V: the volume of body segment 𝑖
ri: the radius of the body segment 𝑖, which corresponds to half its width

hi: the longitudinal length of body segment 𝑖
𝜌i: the density of body segment 𝑖
M: the total body mass

4.4.1.3.2 Machine learning

A second approach to determine the weighting factors is by using machine learning. The ma-

chine learning methods will calculate the weighting factors for which the error between the

estimated and the measured GRF is minimal, in order to find the best fitting weight factors.

The error is typically expressed using the root mean squared error (equation 24. Three meth-

ods were tested: Linear Regression, Bayesian Ridge Regression, and a self-written Stochastic

Gradient Descent algorithm.

𝐽 (𝑤) =
1
𝑃

𝑃

∑
𝑗=1

(𝑒𝐺𝑅𝐹𝑣𝑗(𝑤) − 𝑚𝐺𝑅𝐹𝑣𝑗)
2

(24)

where 𝑃 : the number of data points

𝑒𝐺𝑅𝐹𝑗 : the GRF estimation at time point 𝑗 , which depends on the weighting factors 𝑤
𝑚𝐺𝑅𝐹𝑗 : the measured GRF at time point 𝑗

4.4.1.3.2.1 Linear Regression

Linear regression assumes that the predicted variable is a linear combination of other variables.

With a small reformulation (equation 25, the link-segment model is a linear combination of

the accelerations of each body segment with the weighting factors as coefficients. The model

was implemented in such a way that only positive coefficients were allowed, in order to ensure

that the weighting factors remained as realistic as possible.
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𝐦𝐆𝐑𝐅 ⋅ 𝑚 ⋅ 𝑔 − 𝑚 ⋅ 𝐆 ≈
𝑁

∑
𝑖=1

𝑊𝑖 ⋅ 𝑚 ⋅ 𝐀𝐢 (25)

4.4.1.3.2.2 Bayesian Ridge Regression

Bayesian Ridge Regression provides a probabilistic interpretation of the linear regressionmodel.

It can include regularisation parameters in the estimation procedure, in order to prevent over-

fitting.

4.4.1.3.2.3 Stochastic Gradient Descent

Stochastic gradient descent is an optimisation algorithm that allows to find a local minimum of

a loss function (see equation 24). Note that stochastic gradient descent finds a local minimum

of the loss function, which may not be the global minimum. Therefore, it is important to make

an accurate initial guess for the weight factors. The minimum of the loss function is found by

updating the weighting factors in the direction of the negative gradient. The updates will be

repeated until a minimum is reached. The learning rate 𝛼 is added to control the size of the

updates, and it needs to be selected carefully. If it is set too low, the algorithm may converge

slowly; if it is set too high, it may ’jump’ over the minimum and diverge. The formula to

calculate the weighting factors is then given by:

𝑤(𝑖+1) = 𝑤(𝑖) − 𝛼
𝜕𝐽 (𝑤)
𝜕𝑤

(26)

where 𝑤(𝑖): the i-th iteration of the algorithm to optimise weight factors 𝑤
𝛼: the learning rate
𝜕𝐽 (𝑤)
𝜕𝑤 : the partial derivative of the loss function to each weighting factor

In formula 26, the derivative of the loss function with respect to each weighting factor is still

unknown. Specifically for the link-segment model, this becomes:

𝐽 (𝑤) =

√
1
𝑃

𝑃

∑
𝑗=1

(𝑒𝐺𝑅𝐹𝑣,𝑗 − 𝑚𝐺𝑅𝐹𝑣,𝑗)
2

(27)

⇔ 𝐽(𝑤)2 =
1
𝑃

𝑃

∑
𝑗=1

(𝑒𝐺𝑅𝐹𝑣,𝑗 − 𝑚𝐺𝑅𝐹𝑣,𝑗)
2

(28)

⇔ 𝐽(𝑤)2 =
1
𝑃

𝑃

∑
𝑗=1 (

𝑁

∑
𝑖=1

(𝑤𝑖𝑚𝐴𝑣,𝑖𝑗) − 𝑚𝐺𝑅𝐹𝑣,𝑗)

2

(29)
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The derivative of the loss functionwith respect to eachweighting factor is then given by:

𝜕𝐽 (𝑤)
𝜕𝑤

0 (30)

⇔
𝜕
𝜕𝑤

1
𝑃

𝑃

∑
𝑗=1 (

𝑁

∑
𝑖=1

𝑤𝑖𝑚𝐴𝑣,𝑖𝑗 − 𝑚𝐺𝑅𝐹𝑣,𝑗)

2

= 0 (31)

⇔
1
𝑃

𝑃

∑
𝑗=1

2
(

2

∑
𝑖=1

𝑤𝑖𝑚𝐴𝑣,𝑖𝑗 − 𝑚𝐺𝑅𝐹𝑣,𝑗)
(𝑚𝐴𝑣,𝑖𝑗 − 𝑚𝐴𝑣,𝑁 𝑗) = 0 if 𝑖 ≠ 𝑁 (32)

where the condition is met that the weighting factors should sum to one, by stating that

𝑤𝑁 = 1 −
𝑁−1

∑
𝑖=1

𝑤𝑖 (33)

The self-written algorithm of the stochastic gradient descent allows to impose additional con-

ditions on the weighting factors. The method was implemented once such that the weighting

factors for the left and right legs are symmetric, and once such that they are asymmetric.

Furthermore, it was noted that it is important that the peaks of the estimated GRF and the

measured GRF agree well. Therefore, the loss function was adjusted so that the error between

the peaks is minimised instead of the entire curve.

An additional safety measure has been implemented whereby, when the algorithm diverges

(i.e. when the loss function increases if the weighting factors are updated), the calculation

stops immediately.

4.4.1.4 Number of Components

To further investigate the most contributing body segments, the link-segment model was cal-

culated with a varying number of segments and corresponding weighting factors. The weight-

ing factors used are listed in table 13. They are based on David Winter’s table, and they con-

tinue to reflect the anatomy of the body so that the total sum remains one. This prevents a

particular acceleration from having too much of an effect due to its large mass. If necessary,

the weighting factors were adjusted using linear interpolation.

Pelvis Left thigh Right thigh Left shank Right shank

1 body

segment

1 - - - -

- 0.5 0.5 - -

- - - 0.5 0.5

2 body

segments

0.678 0.161 0.161 - -

0.678 - - 0.161 0.161

- 0.3413 0.3413 0.1587 0.1587

3 body segments 0.678 0.1 0.1 0.061 0.061

Table 13: Weight factors for the analysis of the segments’ importance
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4.4.1.5 Principal component analysis

The aim of the principal component analysis is to identify generalised accelerations of the

body segments and to identify their contribution to the Ground Reaction Force for running

and jumping. The methodology was adopted from the research conducted by Federolf [37]

and Verheul [30]. For completeness, a detailed description is provided below.

All five segmental accelerations in the medio-lateral (x), anterior-posterior (y) and vertical (z)

direction are rearranged in an acceleration vector 𝐚 for every time point t:

𝐚(𝑡) = [𝐚𝐱𝟏(𝑡), 𝐚𝐲𝟏(𝑡), 𝐚𝐳𝟏(𝑡), 𝐚𝐱𝟐(𝑡), ..., 𝐚𝐳𝟓(𝑡)] (34)

The acceleration vectors were normalised and scaled, in order to assure that every participant

equally contributes to the variance of the total acceleration. To do this, the average accelera-

tion vector 𝐚 = [𝐚𝐱𝟏, 𝐚𝐲𝟏, ..., 𝐚𝐳𝟏] for each participant is first calculated and subtracted from the

acceleration vector:

𝐚′(𝑡) = [𝐚𝐱𝟏(𝑡) − 𝐚𝐱𝟏, 𝐚𝐲𝟏(𝑡) − 𝐚𝐲𝟏, 𝐚𝐳𝟏(𝑡) − 𝐚𝐳𝟏, 𝐚𝐱𝟐(𝑡) − 𝐚𝐱𝟐, ..., 𝐚𝐳𝟓(𝑡) − 𝐚𝐳𝟓] (35)

Secondly, the adjusted acceleration vector was divided by the mean Euclidean norm 𝑑 =
‖𝐚′(𝑡)‖2 of all acceleration vectors for each participant:

𝐚′′(𝑡) =
1
𝑑
⋅ 𝐚′(𝑡) (36)

Finally, each acceleration vector was normalised for the relative segmental masses by multi-

plying them with a weighting vector 𝐰, which contains mass ratios of each segment relative

to the total body mass (equation 37. In this case the weighting factors were based on the

tabulated values of Winter [13], with 𝑤𝑡ℎ𝑖𝑔ℎ = 0.1, 𝑤𝑠ℎ𝑎𝑛𝑘 = 0.061 and 𝑤𝑝𝑒𝑙𝑣𝑖𝑠 = 0.678.

𝐚′′′(𝑡) = 𝐰 ⋅ 𝐚′′(𝑡) (37)

Thus, the normalised acceleration vectors are defined as follows:

𝐚′′′(𝑡) =
1
𝑑
⋅[𝑤1(𝐚𝐱𝟏(𝑡)−𝐚𝐱𝟏), 𝑤1(𝐚𝐲𝟏(𝑡)−𝐚𝐲𝟏), 𝑤1(𝐚𝐳𝟏(𝑡)−𝐚𝐳𝟏), 𝑤2(𝐚𝐱𝟐(𝑡)−𝐚𝐱𝟐), ..., 𝑤5(𝐚𝐳𝟓(𝑡)−𝐚𝐳𝟓)]

(38)

The normalised acceleration vectors of the seven participants were combined by vertically

stacking them into the acceleration matrix 𝐀. The principal component analysis (PCA) is per-

formed on this acceleration matrix 𝐀. The PCA has three results: a matrix 𝐄𝐕 consisting of

the orthogonal eigenvectors 𝐞𝐯𝐤 or principal components, a matrix consisting of the associ-

ated eigenvalues 𝜆𝑘, and a time evolution matrix or score matrix 𝐂(𝑡). Each eigenvector 𝐞𝐯𝐤
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indicates the largest acceleration variability for all segments. The eigenvalues 𝜆𝑘 quantify the

amount of variability described by each eigenvector 𝐞𝐯𝐤. The score matrix 𝐂 describes how

the original segmental accelerations evolve along the principal accelerations. It is calculated

by projecting each normalised and scaled acceleration 𝐚′′′(𝑡) onto each eigenvector 𝐞𝐯𝐤:

𝐂(𝑡) = 𝐀(𝑡) ⋅ 𝐄𝐕 (39)

The principal accelerations 𝐏𝐀𝐤 were reconstructed from each eigenvector 𝐞𝐯𝐤, in order to

investigate how they contribute to theGRF. The principal acceleration 𝐏𝐀𝟏𝐤 was also calculated

as the sum of the first 𝐾 reconstructions, in order to examine the number of eigenvectors

required to accurately describe the GRFwaveform. The principal accelerations were expressed

in the original vector space by retracing the normalisation steps:

𝑃𝐴𝑘 = 𝐚 + 𝑑 ⋅ 𝐰−1 ⋅ 𝐂𝑘(𝑡) ⋅ 𝐞𝐯𝐤 (40)

𝑃𝐴1𝑘 = 𝐚 + 𝑑 ⋅ 𝐰−1 ⋅
(

𝐾

∑
𝑘=1

𝐂𝑘(𝑡) ⋅ 𝐞𝐯𝐤)
(41)

Because the reconstructed principal accelerations are consistent with Newton’s laws, the prin-

cipal segmental acceleration vectors can be used to calculate the GRF, called the principal GRF

(pGRF). The pGRFwas calculated according to the link-segmentmodel (see equation 19):

𝐩𝐆𝐑𝐅 = 𝑚 ⋅ 𝐆 +
𝑁

∑
𝑖=1

𝑤𝑖 ⋅ 𝑚 ⋅ 𝐏𝐀𝐤 (42)

The accuracy of the principal GRF was evaluated as the root mean squared error (RMSE) with

respect to the measured GRF.

4.4.1.6 Filter cut-off frequency analysis

It should be noted that the filtering settings of the IMU accelerations influence the estimated

Ground Reaction Force [29][17][3]. A trade-off must be made between retaining the high-

frequency components of the GRF, for example the impact peak, and avoiding to include too

much noise. Therefore, it is essential to optimise the filtering settings in order to achieve the

highest possible accuracy. The aim of this sensitivity analysis is to investigate what filter cut-

off frequency and order of the low-pass filter lead to themost accurate resultant GRF estimates.

In this analysis, the same filter is applied to all IMUs.

4.4.1.7 Ground Reaction Moment

The Ground Reaction Moment was calculated about the projection of the ankle joint on the

ground. Two possible equations were initially implemented. The first equation (equation 43) is
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taken from the literature review [3], and is based on Euler’s equation of rigid body dynamics.

The second equation 44is derived from the formula of angularmomentum, inwhich it was used

that the time derivative of the angular moment equals the applied moment [38]. From visual

inspection, it followed that equation 44 was most accurate in the medio-lateral direction, and

equation 43 was most correct in the anterior-posterior and vertical directions. Subsequently,

the GRM is normalised by dividing with body weight times body height.

𝐺𝑅𝑀 = −
(

𝑁

∑
𝑖=1

[𝐉𝐢𝜔̇𝐢 + 𝜔𝑖 × (J𝑖𝜔𝑖)] −
𝑁

∑
𝑖=1

𝐾𝑖

∑
𝑗=1

(r𝑖𝑗 × F𝑖𝑗))
(43)

𝐺𝑅𝑀 =
𝑁

∑
𝑖=1

𝜕
𝜕𝑡

(J𝑖𝜔𝐢 + r𝑖 × 𝑚𝑖v𝑖) (44)

where 𝐊𝐢: the number of endpoints in each segment (joints and external contact points

like the ground)

𝜔𝐢 and 𝜔̇𝐢 : the angular velocity and angular acceleration of each segment

𝐉𝐢: the inertia tensor around the CoM of each segment

r𝐢𝐣: the position vectors between the segment’s CoM and the end points of each segment

𝐅𝐢𝐣 is the resultant force in the end points of each segment.

For the inertia tensor, reference values from the literature provided the most reliable results

[39]. These values are listed in table 14. It was also attempted to calculate the inertia of each

segment by approximating the body segments as a cylinder. This method was found to be

effective for the thigh and shank, however, the inertia of the pelvis was overestimated by a

factor of 10 for each direction.

𝐼𝑥𝑥 [𝑘𝑔 ⋅ 𝑚2] 𝐼𝑦𝑦 [𝑘𝑔 ⋅ 𝑚2] 𝐼𝑧𝑧 [𝑘𝑔 ⋅ 𝑚2]
Pelvis 0.23432 0.39353 0.33894

Thigh 0.19994 0.19978 0.04134

Shank 0.0371 0.0385 0.00646

Table 14: Reference values of inertia tensor from literature [39].

4.4.1.8 Centre-of-pressure

The centre of pressure can be computed from the Ground Reaction Force and Ground Reaction

Moment using the following equation[13] [11]:

M = r × F + T ⇔

⎧⎪⎪⎪
⎨⎪⎪⎪⎩

𝑀𝑥 = 𝑟𝑦 ⋅ 𝐹𝑧 − 𝑟𝑧 ⋅ 𝐹𝑦 + 𝑇𝑥
𝑀𝑦 = 𝑟𝑧 ⋅ 𝐹𝑥 − 𝑟𝑥 ⋅ 𝐹𝑧 + 𝑇𝑦
𝑀𝑧 = 𝑟𝑥 ⋅ 𝐹𝑦 − 𝑟𝑦 ⋅ 𝐹𝑥 + 𝑇𝑧

(45)
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where 𝐌: the moment at the force plate origin, in this case the Ground Reaction Moment 𝐆𝐑𝐌
𝐫: the vector from the origin to the centre of pressure. Assume that the surface is flat,

so 𝑟𝑧 = 0
𝐅: the Ground Reaction Force

𝐓: the moment required to produce an equivalent system when the force 𝐅 is applied

at the centre of pressure. Assume that friction can only generate a moment about the

vertical axis, so 𝑇𝑦 = 𝑇𝑧 = 0

If the following substitutions are made: (𝑟𝑥 , 𝑟𝑦 , 𝑟𝑧) = (𝐶𝑂𝑃𝑥 , 𝐶𝑂𝑃𝑦, 𝐶𝑂𝑃𝑧), (𝑀𝑥 , 𝑀𝑦 , 𝑀𝑧) =
(𝐺𝑅𝑀𝑥 , 𝐺𝑅𝑀𝑦 , 𝐺𝑅𝑀𝑧) and 𝐹𝑥 , 𝐹𝑦 , 𝐹𝑧) = (𝐺𝑅𝐹𝑥 , 𝐺𝑅𝐹𝑦 , 𝐺𝑅𝐹𝑧), and if the equations are solved to
𝐶𝑂𝑃𝑥 and 𝐶𝑂𝑃𝑦 , then

⎧⎪⎪⎪
⎨⎪⎪⎪⎩

𝐶𝑜𝑃𝑥 = −𝐺𝑅𝑀𝑦
𝐺𝑅𝐹𝑧

𝐶𝑜𝑃𝑦 = 𝐺𝑅𝑀𝑥
𝐺𝑅𝐹𝑦

𝐶𝑜𝑃𝑧 = 0
(46)

Notice that the equations are not valid when the vertical component of the Ground Reaction

Force (𝐺𝑅𝐹𝑧) approached zero. Therefore, the estimated centre of pressure is unreliable near

initial contact and toe-off.

The calculation of the centre-of pressure is important because, besides the GRF and GRM, it

is an unknown for inverse dynamics analysis. An inverse dynamic analysis computes the net

forces and moments at each joint, by solving a cascade of free body diagrams of each joint,

beginning at the feet. These values aremainly used in clinical practice to perform gait analyses,

instead of accelerations of segments.

4.4.2 Two-body model

A schematic representation of the two-body model is shown in figure 30. Note that the two-

body model is only valid for the GRF component in the vertical direction during running. The

fundamental hypothesis of the two-bodymodel is that the total vertical Ground Reaction Force

is composed of two overlapping bell-shaped impulses, as described by Clark [4].
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Figure 30: Schematic representation of the two-body model, that composes the Ground Reac-

tion Force of two overlapping bell-shaped impulses.

The first impulse (𝐽1) is due to the vertical deceleration of the shank and the foot (𝑚1) during

initial contact with the running surface. Therefore, the impact peak of the GRF waveform

originates from this impulse.

𝐽1 = 𝐹1,𝑎𝑣𝑔(2Δ𝑡1) = (𝑚1
Δ𝑣1
Δ𝑡1

+ 𝑚1𝑔)(2Δ𝑡1) (47)

where m1: mass of the shank and the foot

Δt1: time interval between initial contact and the vertical velocity of 𝑚1 slowing to zero

Δv1: change in vertical velocity of 𝑚1 during Δ𝑡1
F1,avg: the average force during the total time interval (2Δ𝑡1) of impulse 𝐽1

In the initial paper of Clark [4], initial contact is detected when the position of the foot marker

reaches a minimum. The sensorised running pants do not have an IMU on the foot, so the

shank IMU was used instead. The condition for detecting initial contact when the marker’s

position reaches a minimum is mathematically equal to the IMU’s velocity crossing zero. Be-

cause there is a difference between the speed of the foot and the shank, a correction factor was

added. With the speed of the recorded markers on the foot and shank in mind, after trying a

few values, a factor of 2.2 for Δ𝑣1 and a factor of 0.3 for Δ𝑡1 provided the best results.

The second impulse (𝐽2) is due to the concurrent vertical accelerations of the rest of the body

(𝑚2) after surface impact. It is determined from the total ground reaction impulse 𝐽𝑇 and

impulse 𝐽1:

82



𝐽𝑇 = 𝐹𝑇 ,𝑎𝑣𝑔 ⋅ 𝑡𝑐 (48)

= 𝑚 ⋅ 𝑔 ⋅
𝑡𝑐 + 𝑡𝑎
𝑡𝑐

⋅ 𝑡𝑐 (49)

𝐽2 = 𝐹2,𝑎𝑣𝑔 ⋅ 𝑡𝑐 (50)

= 𝐽𝑇 − 𝐽1 (51)

(52)

where tc: period of time the foot is in contact with the ground (stance phase), i.e. from initial

contact to toe-off

ta: time period the foot is in the air (flight phase), i.e. from toe-off to the next initial

contact

The average force 𝐹2,𝑎𝑣𝑔 of the rest of the body (𝑚2) during the contact interval 𝑡𝑐 is then:

𝐹2,𝑎𝑣𝑔 =
𝐽2
𝑡𝑐

(53)

The Ground Reaction Force [26] is a summation of the two bell-shaped force curves obtained

from the impulses 𝐽1 and 𝐽2:

𝑒𝐺𝑅𝐹𝑧(𝑡) = 𝐹1(𝑡) + 𝐹2(𝑡) (54)

= 𝐹1,𝑎𝑣𝑔 [1 + cos(
𝑡 − Δ𝑡1
Δ𝑡1

𝜋)] + 𝐹2,𝑎𝑣𝑔 [1 + cos(
𝑡 − 𝑡𝑐

2
𝑡𝑐
2

𝜋)] (55)

In equation 54, the force waveform 𝐹1(𝑡) is valid in the time interval 0 ≤ 𝑡 ≤ 2 Δ𝑡1 for each
step, and is equal to zero elsewhere. Analogously, the force waveform 𝐹2(𝑡) is valid in the

interval 0 ≤ 𝑡 ≤ 𝑡𝑐, and zero elsewhere.

4.4.3 Mass-spring-damper model

An alternative to the link-segment model and the two-body model to describe the dynamics

of the human body during the stance phase of running, is a passive two-body mass-spring-

damper model (MSD). The other mass-spring damper models discussed in the state-of-the-

art were only theoretical models or not applicable with the IMUs in the running pants. A

schematic representation of the model is shown in figure 31:
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Figure 31: Schematic representation of the passive two-body mass-spring-damper model, as

described by Derrick [12].

The equations for the vertical motion of the original MSD model are [12]:

𝐚1 =
𝑘1
𝑚1

(𝐩1 − 𝐩2) + 𝑔 (56)

𝐚2 = −
𝑘2
𝑚2

𝐩2 −
𝑘1
𝑚2

(𝐩2 − 𝐩1) −
𝑐
𝑚2

𝐯2 + 𝑔 (57)

𝐆𝐑𝐅𝐳 = 𝑘2𝐩2 − 𝑐𝐯2 (58)

where m2: the point mass of the lower element, representing the support leg

m1: the point mass of the upper element, representing the remainder of the body

p1, v1, a1: the vertical position, velocity and acceleration of 𝑚1

p2, v2, a2: the vertical position, velocity and acceleration of 𝑚2

k1: the linear spring constant of the upper spring
k2, c: the linear spring constant and damping coefficient of the lower spring and

damper, respectively

g: acceleration due to gravity (-9.81 𝑚/𝑠2)

Because other studies did not provide a consistent formulation of the equations, it was decided

to derive the equations of the original model in terms of natural parameters as described in
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other studies [9] [6]. To do this, the original equations are rewritten by making the following

substitutions:

𝜔2
1 =

𝑘1
𝑚1

(59)

𝜔2
2 =

𝑘2
𝑚2

(60)

𝜁 =
𝑐

2
√
𝑘2𝑚2

(61)

𝜆 =
𝑚1

𝑚2
(62)

(63)

where 𝜔1, 𝜔2: natural frequency of the upper and lower spring, describing their stiffness

𝜁 : damping ratio of the damper

𝜆: mass ratio of the upper mass relative to the lower mass

The original model can then be rewritten as:

a1 = −𝜔2
1(p1 − p2) + 𝑔 (64)

a2 = −𝜔2
2p2 + 𝜔2

1𝜆(p1 − p2) − 2𝜁𝜔2v2 + 𝑔 (65)

The vertical GRF acting on the MSD-model is then calculated as

𝑒𝐺𝑅𝐹𝑧 =
(𝑚1 + 𝑚2)𝜔2

1 + 𝜆
(𝜔2𝐩𝟐 − 2𝜁𝐯𝟐) (66)

The velocities of the upper and lower masses (𝐯𝟏 and 𝐯𝟐) are determined by integrating the

accelerations of the IMUs. Their positions (𝐩𝟏 and 𝐩𝟐) can be calculated in a similar man-

ner by integrating the accelerations twice. The parameters 𝜔1, 𝜔2, 𝜆 and 𝜁 in these equations

are still unknown. With the prior knowledge of the weighting factors from the link-segment

model, 𝑚1, 𝑚2 and therefore 𝜆 can already be estimated. With the weighting factors reported

byWinter is𝑚2 equal to 1.61 % of the total body mass, and𝑚1 is equal 8.38 ´% of the total body

mass. It follows that 𝜆 has a value of 5.21. Derrick’s original model uses 𝜆 equal to 2, and Ver-

heul’s study recommends a value of 3 as theoretically reasonable and physically meaningful.

Although the value of 5.21 is slightly higher, it does not seem potentially erroneous.

The other parameters are calculated by optimising the fitting of the model’s accelerations (𝑎1
and 𝑎2) to the measured accelerations of the IMUs. The acceleration of the support leg (𝑎1 is
fitted to the average of the accelerations measured by the IMUs on the left thigh and the left

shank. The acceleration of the remainder of the body (𝑎1) is fitted to the acceleration of the

IMU on the pelvis, since this IMU is located closest to the CoM of the body.

The value of 𝜔1 is derived directly from the equation for 𝑎1. :
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𝜔𝟏 =

{√
− 𝐚𝟏−𝑔

𝐩𝟏−𝐩𝟐
if − 𝐚𝟏−𝑔

𝐩𝟏−𝐩𝟐
≥ 0

0 if − 𝐚𝟏−𝑔
𝐩𝟏−𝐩𝟐

< 0
(67)

Initially, the obtained array of values for 𝜔1 was averaged, but the estimation was found to

work better when 𝜔1 varied over time (see results).

The calculation of parameters 𝜔2 and 𝜁 from acceleration 𝑎2 is less straightforward, because
two unknown parameters must be determined from only one known variable. Since a varying

parameter over time worked best for 𝜔1, it was chosen to follow this approach for 𝜔2 and 𝜁 as

well. Therefore, two additional equations were formulated:

𝜕𝑎2
𝜕𝜁

= −2𝜔2𝐯𝟐 (68)

𝜕𝑎2
𝜕𝜔2

= −2𝜔2𝐩𝟐 − 2𝜁𝐯𝟐 (69)

These two first-order differential equations were solved with a self-written algorithm. In order

to work, the algorithm needs initial values for 𝜔2 en 𝜁 . These were chosen as 19 and 0.31,

respectively, because these values were also used in the original model. The initial values

for 𝜔2 and 𝜁 are set at the starting time point (t = 0s). Then, based on the previous time

step, a prediction of 𝜔2 and 𝜁 is made for the next time step with the explicit forward Euler

method.

𝐲𝐢+𝟏 = 𝐲𝐢 + ℎ𝐟(𝐱𝐢, 𝑦𝑖) (70)

In this formula, 𝑦𝑖 (∈ ℝ𝑁𝑥2) contains the estimates of𝜔2 and 𝜁 at the previous time points 𝑖, 𝑦𝑖+1
is the estimate at the next time point for the 𝑁 time points in the time interval, and 𝑓 (𝑥𝑖, 𝑦𝑖) is
given by equations 69

This prediction was improved ten times with the second-order Adams-Moulton method. Then

it is shifted further to the next time step, and so on until the parameters are estimated at all 𝑁
time steps.

The second-order Adams-Moulton method was used to improve this prediction tenfold. The

process is then repeated for the next time point, until the parameters are estimated at all 𝑁
time points.

𝐲𝐢+𝟏 = 𝐲𝐢 +
ℎ
2
𝑓 (𝐱𝐢, 𝐲𝐢) + 𝑓 (𝐱𝐢+𝟏, 𝐲𝐢+𝟏) (71)

It was also tried to implement that the algorithm would only proceed to the subsequent time

point if the error fell below a predefined threshold. However, this approach introduced the

potential risk of algorithm failure if the threshold was not met.
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5 Results

5.1 Data analysis

A first question is whether any anomalous results are due to the sensor accuracy or the model.

To determine the impact of the sensors, the similarity of the accelerations and angular veloc-

ities measured by the IMUs and derived from the reflective markers are compared. A visual

comparison of the accelerations derived from the markers and those measured by the IMUs

in the running pants reveals that the measurements are similar. A representative example is

shown in Figure 32. Quantitatively, the Pearson Correlation Coefficient (𝜌) of both signals is

0.40 ± 0.26 in the medio-lateral direction, 0.81 ± 0.91 in the anterior-posterior direction, and

0.84 ± 0.13 in the vertical direction. The correlation remained approximately the same for all

running speeds and jumping. It can be concluded that possible inaccuracies of the estimated

GRF and the measured GRF are not due to bad measurements of the sensors for the anterior-

posterior and vertical directions. In the medio-lateral direction it could be the case, but this

direction is less important for the GRF of sagittal movements. However, for the GRM this

acceleration in the medio-lateral direction is also important.

When looking at the accelerations in the vertical direction of each body segment, which are

most important for the model, the accelerations measured at the pelvis are most similar (𝜌 =
0.99±0.05). This result was expected, as thismarker and IMU are closest to the CoMof the body,

where the accelerations do not show extreme changes and values. The pelvis is followed by

the left thigh and the right thigh, respectively with correlation coefficients of 𝜌 = 0.92 ± 0.07
and 𝜌 = 0.90 ± 0.09. The most deviating are the vertical accelerations of the shanks, with

𝜌 = 0.70 ± 0.24 for the left shank and 𝜌 = 0.70 ± 0.28 for the right shank. The legs experience
the highest accelerations and acceleration changes shortly after ground contact, because they

endure most of the surface impact. The Pearson Correlation Coefficients are summarised in

table 15.
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Figure 32: Representative example of the comparison between the accelerations of the IMUs

(blue) and the markers (orange). The top row are the accelerations in the medio-lateral di-

rection, the middle row in the anterior-posterior direction and the bottom row in the vertical

direction. The columns show the body segments, from left to right: right thigh, left shank, left

thigh, right shank and pelvis.

Medio-

lateral

Anterior-

posterior

Vertical

Left Thigh Right Thigh Left Shank Right Shank Pelvis

Pearson

Correlation

Coefficient

[%]

0.40±0.26 0.81±0.91 0.84 ± 0.13 0.92 ± 0.07 0.70 ± 0.24 0.70 ± 0.28 0.99 ± 0.05

Table 15: Overview of Pearson Correlation Coefficients to determine the similarity between

the accelerations measured by the IMUs and derived from reflective markers.

Besides the linear accelerations, the angular velocities are an important component of the

model. The angular velocity describes how quickly an object rotates around an axis of rota-

tion. The angular velocity is a direct output from the IMUs, but not from the markers. The

marker trajectories were loaded into the software OpenSim, where the angular velocities can

be requested as an output. A representative example of the comparison between the angular

velocities measured by the IMUs and derived from the markers is shown in figure 33. The

Pearson Correlation Coefficient of both signals is 95.6±4.36 for the angular velocity of the ro-
tation around the medio-lateral axis, 0.49 ± 0.23 for the rotation around the anterior-posterior

axis and 0.34 ± 0.26 for the rotation around the vertical axis. When the angular velocities of

the body segments around the vertical direction are examined in more detail, the pelvis is on
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average the most accurate (𝜌 = 0.63), followed by the shanks (left: 𝜌 = 0.53 and right: 𝜌 =
0.37), and finally the thighs (left: 𝜌 = −0.13 and right: 𝜌 = 0.29). The Pearson Correlation

Coefficients are summarised in table 16.

Figure 33: Representative example of the comparison between the angular velocities of the

IMUs (blue) and the markers (orange). The top row are the angular velocities in the medio-

lateral direction, the middle row in the anterior-posterior direction and the bottom row in the

vertical direction. The columns show the body segments, from left to right: right thigh, left

shank, left thigh, right shank and pelvis.

Medio-

lateral

Anterior-

posterior

Vertical

Left Thigh Right Thigh Left Shank Right Shank Pelvis

Pearson

Correlation

Coefficient [%]

95.6±4.36 0.49±0.23 - 0.13 0.29 0.53 0.37 0.63

Table 16: Overview of Pearson Correlation Coefficients to determine the similarity between

the angular velocities measured by the IMUs and derived from reflective markers.

This analysis suggests that the signals from the IMUs and markers are quite similar, and there-

fore models from the literature that involve markers can also be applied with IMUs. Possible

unexpected deviations in the model will be related to errors in the measured angular velocities

of the IMUs rather than the linear accelerations.
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5.2 Step detection

5.2.1 Step detector 1: arbitrary threshold on the vertical Ground Reaction Force

Figure 34 shows a representative example of the algorithm. Initial contact and toe-off are

indicated as expected, although the algorithm is susceptible for the chosen threshold value.

The higher the threshold value, the later initial contact is detected. In contrary, if the threshold

is chosen too low, initial contact could be detected already during flight phase.

Figure 34: Representative example of step detector 1, which used an arbitrary threshold value

on the Ground Reaction Force to determine initial contact and toe-off. For each step, initial

contact is indicated with an orange cross, and toe-off with a green cross.
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5.2.2 Step detector 2: quaternions

The results of the algorithm did not fully meet the expectations, as shown in figure 35. The

algorithm detects the moment when the vertical Ground Reaction Force reaches its active

peak, rather than initial contact and toe-off. An unexpected advantage of this algorithm is

that it can distinguish whether a step has been taken with the left or right leg. This is because

the threshold value is only reached by the body segment to which the IMU is attached.

Figure 35: Representative example of step detector 2, which used the quaternions of the IMU

on the right shank to determine initial contact and toe-off. For each step, initial contact is

indicated with an orange cross, and toe-off with a green cross.
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5.2.3 Step detector 3: velocity of the pelvis

A representative example of the results is shown in figure 36. Initial contact and toe-off are de-

tected well. When step detector 3 is compared with the steps of the mGRF from the threshold-

based step detector, initial contact is detected earlier and toe-off occurs around the same time

for the same step in the recording. When the eGRF and mGRF steps are later compared one-

to-one, this time difference causes an additional error.

Figure 36: Representative example of step detector 3, which used the peak downward velocity

of the pelvis to determine initial contact and toe-off. For each step, initial contact is indicated

with an orange cross, and toe-off with a green cross.
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5.2.4 Analysis of the detected steps

Based on the output of the first step detector, the mGRF recordings contained 1337 steps at

8 km/h, 1630 steps at 10 km/h and 1767 steps at 12 km/h. Altogether, this makes a total of

4734 steps. The third-step detector was used to analyse the eGRF, showing that 1472 steps

had been taken at 8 km/h, 1796 at 10 km/h, and 1732 at 12 km/h, making a total of 5000 steps.

An overview of the detected steps, both per participant as per running task, is given in table

17.

As a manual count of the actual number of steps would be very labour-intensive, it was not

possible to determine the performance of both algorithms, for example with a confusion table.

Because of the higher number of steps from step detector 3, and assuming that the threshold-

based step detector of the mGRF is the most accurate, it can be concluded that the step detector

for the eGRF is a bit oversensitive. The results are roughly similar for all participants, suggest-

ing that both step detectors are independent of the participant’s running style like rearfoot

strike or forefoot strike. Running speed also seems to have no effect on the performance.

To ensure that the same steps were compared between the eGRF and the mGRF, an additional

algorithm was introduced to check that the time interval between the corresponding initial

contacts of the mGRF and the eGRF was not too long. After this check, the number of steps

analysed was 1337 at 8 km/h, 1630 at 10 km/h, and 1615 at 12 km/h. In most cases, the number

of steps checked is equal to the minimum of the mGRF and eGRF step counts. However, for

the trial of person 7 at 12 km/h, the difference is significantly higher. This is probably due to

poor synchronisation between the IMU and the treadmill signals.

8 km/h 10 km/h 12 km/h

IMU mGRF check IMU mGRF check IMU mGRF check

Participant 1 155 155 155 166 164 164 - - -

Participant 2 169 167 167 170 168 168 176 173 170

Participant 3 223 188 188 288 268 268 388 360 356

Participant 4 262 232 232 313 289 289 331 314 310

Participant 5 211 205 205 315 311 311 301 306 299

Participant 6 194 174 174 269 209 209 327 297 295

Participant 7 258 216 216 275 221 221 209 317 185

Total 1472 1337 1337 1796 1630 1630 1732 1767 1615

Table 17: Overview of the detected steps for step detector 1, step detector 3 and the steps from

the control algorithm.

5.2.5 Jump detection

Figure 37 shows a representative example of the algorithm’s results. A total of 29 jumps were

detected based on the IMUs and 30 jumps based on the mGRF. An overview is provided in

table 18. The algorithm recognised 74 % of the jumps based on accelerations and 70 % based
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on mGRF. The first jump was mostly not detected because of the required margin of 1 s at the

beginning of the recording, and the same applied to the last 1 s of the recording for the last

jump. Therefore, the percentage of detected jumps may be slightly higher in reality.

Figure 37: Representative example of the jump detector. The start of the jump is indicated

with an orange cross, and the end with a green cross.

IMU mGRF expected

Participant 1 0 0 0

Participant 2 1 1 3

Participant 3 9 7 10

Participant 4 8 7 10

Participant 5 1 1 3

Participant 6 7 8 10

Participant 7 8 8 10

In total 34 32 46

Table 18: Performance of jump detector

5.3 Link-segment model

As outlined in the definition of the link-segment model, the accelerations and weighting fac-

tors are crucial for achieving an accurate approximation. The following paragraphs will pro-

vide amore in-depth discussion of these componentswith the aim of further improving them.
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5.3.1 Translated accelerations

The effect of the translation on the accelerations is shown in figure 38: at some points in time

the acceleration increases, and at other points it decreases. When the Pearson Correlation

Coefficient is used to assess the similarity between the original and displaced accelerations,

the medio-lateral direction is modified the most (𝜌 = 0.94 ± 0.11. Next comes the anterior-

posterior direction (𝜌 = 0.97 ± 0.03, and finally the vertical direction (𝜌 = 0.97 ± 0.02). At the
level of body segments, the shanks change the most (left: 𝜌 = 0.87±0.07, right: 𝜌 = 0.99±0.01),
followed by the pelvis (0.99 ± 0.01) , and finally the thighs (left: 𝜌 = 1, 𝜌 = 1). It is unclear
whether this adjustment has truly corrected the accelerations, as the accelerations in the CoM

of the segment are not known. An attempt was made to determine these with OpenSim, but

unfortunately this was unsuccessful, most likely due to the manner in which the software

calculates accelerations.

Figure 38: Representative example of the comparison between the original accelerations of

the IMUs (blue) and the translated accelerations (orange). The top row are the accelerations in

the medio-lateral direction, the middle row in the anterior-posterior direction and the bottom

row in the vertical direction. The columns show the body segments, from left to right: right

thigh, left shank, left thigh, right shank and pelvis.

Therefore, it is hard to conclude whether translating the accelerations improved the GRF es-

timation. The translation increased the GRF in the vertical direction, which was beneficial for

some participants but not for others. Furthermore, it improved and deteriorated the GRF in

the medio-lateral and anterio-posterior direction, depending on the time point. In general, the

translation had an effect of ±2 % on the rRMSE the of the GRF estimation. A representative

example of the approximate GRF with original and translated accelerations is given in figure

39. Due to the ambiguity of the result, it was decided to continue the model development with
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the original accelerations.

Figure 39: Representative example of the comparison between the estimated GRF from the

original accelerations of the IMUs (blue), the estimated GRF from the translated accelerations

(green) and the measured GRF (orange). The top row is the GRF in the medio-lateral direction,

the middle row in the anterior-posterior direction and the bottom row in the vertical direction.

5.3.2 Model performance

The main performance metric to evaluate the link-segment model is the relative root mean

squared error (rRMSE) between the mGRF and eGRF during the stance phase, and analogously

for the GRM and CoP. For the GRF during running, the relative loading rate error, the relative

impulse error and the relative peak error are also used. All metrics were calculated as described

in section 3.1.

5.3.2.1 Ground Reaction Force

The mean GRF and one standard deviation of the estimated GRF (blue) and measured GRF

(orange) during running and jumping are depicted in figure 40 and figure 41 respectively. The

average was taken across all running speeds and participants.
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Figure 40: Mean and standard deviation of the estimated (blue) andmeasured Ground Reaction

Force (orange) during running for all participants.

For running, it was observed that some participants exhibited a discrepancy in leg strength.

For instance, the mGRF for the left leg was larger than the mGRF for the right leg. Therefore,

the decision was taken to report the GRF for both legs separately. However, when the mean

of all participants is taken, this effect is less visible.

The results are in line with the expectations, but there is an unexpected peak in the stan-

dard deviation of the medio-lateral mGRF and the anterior-posterior mGRF of the right leg.

This peak is not usually present, and it is therefore suspected that this error is due to resam-

pling.

Finally, it should be noted that the eGRF does not show an impact peak in the vertical direction.

However, this is an important component in the context of injury prevention. This could be
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due to a too low cut-off frequency for the low-pass filter of the signals. Therefore, it was

decided to do a filter cut-off frequency analysis (see section 4.4.1.6).

Figure 41: Mean and standard deviation of the estimated (blue) andmeasured Ground Reaction

Force (orange) during jumping for all participants.

Despite the fact that a jumping movement is less repetitive than a running movement, the

measured GRF and the estimated GRF visually match well. Especially in the anterior-posterior

direction and in the vertical direction the similarity is great. In the medio-lateral direction, the

measured GRF shows an offset of approximately 0.1 times the body weight. This could be a

calibration error of the instrumented treadmill, implying that this offset is also present in the

measured Ground Reaction Force for running. The prominent oscillations in the medio-lateral

mGRF and anterior-posterior mGRF around 1.5 seconds occur when the participant lands after

the jump. It is more diffcult to capture these with the IMUs, due to the lower cut-off frequencies

applied (𝑓 𝑐𝑡𝑟𝑒𝑎𝑑𝑚𝑖𝑙𝑙 = 30𝐻𝑧 and 𝑓 𝑐𝐼𝑀𝑈 = 6.5𝐻𝑧).
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Figure 42: Violin plot of the loading rate error, impulse error and peak error of the estimated

Ground Reaction Force of the link-segment model, during running for all participants.
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Figure 43: Violin plot of the relative root mean squared error of the estimated Ground Reaction

Force of the link-segment model, during running for all participants.

The visual analysis can be made more quantitative by applying the metrics from section 3.1.

The results are presented using violin plots (figures 42 and 43) [40]. Violin plots are similar to
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boxplots, but the probability density (blue shaded area) of the data points is added to have a

clearer indication of the spread of the data. The median is represented by a white sphere, the

black box runs from the first quartile to the third quartile, and the blue bars extend from the

minimum to the maximum. Generally, the higher the speed, the larger the error. The relative

and absolute loading rate error are equal to 32.69 ± 68.71% and 12110 ± 24620𝑁/𝑠 over all

speeds, which is quite high. However, this high value is mainly due to the poor performance at

12 km/h (8 km/h: 14.91±15.50%𝑜𝑟𝑁/𝑠, 10 km/h: 18.93±17.71%, 12 km/h: 64.21±110.05%). The
relative impulse error and the relative peak error are acceptable, with 8.99 ± 8.20% (absolute:

33 ± 27𝑁 ⋅ 𝑠) and 7.93 ± 9.27 (absolute: 96 ± 55 N) respectively. The rRMSE for the GRF in the

vertical direction was smallest, with a value of 7.18 ± 4.87 % (absolute: 124 ± 137 N), followed

by the anterior-posterior direction (relative: 21.15 ± 21.08%, absolute: 103 ± 102𝑁 ) and the

medio-lateral direction (27.81±16.95%, absolute: 89±53𝑁 ). This result was also expected based

on the accelerations, where the IMU accelerations were most similar to the accelerations of

Vicon in the vertical direction, followed by the accelerations in the anterior-posterior direction

and medio-lateral direction. All results are summarised in table 19. When these results are

compared with those of the studies on link-segment models from the literature study, the

results are approximately the same.

8 km/h 10 km/h 12 km/h Jump All
Relative loading
rate error [%]

14.91 ± 15.50 18.93 ± 17.71 64.21 ±
110.05

- 32.69 ± 68.71

Relative impulse
error [%]

7.84 ± 5.87 7.78 ± 6.67 11.37 ± 10.68 - 8.99 ± 8.20

Relative peak er-
ror [%]

6.26 ± 7.39 8.02 ± 10.04 9.51 ± 9.86 - 7.93 ± 9.27

rRMSE (medio-
lateral direction)
[%]

25.06 ± 13.50 27.38 ± 14.05 31.45 ± 24.13 27.34 ± 12.91 27.81 ± 16.95

rRMSE
(anterior-
posterior di-
rection) [%]

20.60 ± 11.54 22.04 ± 15.81 29.51 ± 35.07 12.48 ± 4.40 21.15 ± 21.08

rRMSE (vertical
direction) [%]

6.22 ± 2.00 6.78 ± 3.86 9.64 ± 6.94 6.11 ± 4.42 7.18 ± 4.87

Table 19: Performance of the link-segment model to estimate the Ground Reaction Force for

running and jumping. The mean and standard deviation were calculated across the seven

participants.

5.3.2.1.1 Weighting factors

An overview of the calculated weighting factors per body segment (column), per assignment

and participant (row), is shown in figure 44.
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Figure 44: Overview of the calculated weighting factors per body segment (column), per as-

signment and participant (row). The weighting factors calculated using machine learning are

LSE (Linear Regression), BR (Bayesian Ridge Regression), SGD (Stochastic Gradient Descent)

with the conditions of only symmetric weighting factors (SGD symm), non-symmetric weight-

ing factors (SGD nosymm), and fitting based on the peaks (SGD peaks). For the weighting

factors based on anthropometric measurements, there are MdL (De Leva for men), FdL (De

Leva for women), Winter (W), and AM (method based on approximate volume of the body

segment).

In general, the values of the weighting factors per participant are all similar to each other,

regardless of whether they are calculated based on anthropometric calculations or machine

learning.
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When the Linear Regression algorithm was applied on the IMU accelerations and the mea-

sured GRF, the coefficients were positive or zero. A zero coefficient would mean that these

accelerations were irrelevant. This sometimes occurred with the acceleration of the thigh or

shank, but never with the acceleration of the pelvis. One explanation for this could be that the

accelerations deviated too much from the expected measured GRF pattern. Additionally, the

sum of the coefficients was close to one, showing that summing the IMU accelerations with

appropriate weighting factors is an effective way to assess the whole-body load represented

by the Ground Reaction Force.

Due to the Bayesian framework, the weighting factors found with the Bayesian Ridge Re-

gression method are slightly different to the ones found with Linear Regression. However,

Bayesian Ridge Regression is more robust to ill-posed problems. An unexpected result was

that some of the weighting factors were negative, which would physically imply a negative

mass of the body segment. Interestingly, these negative weighting factors corresponded to the

zero coefficients of Linear Regression.

The weighting factors calculated with the self-written Stochastic Gradient Descent algorithm

are consistent with those calculated with the Bashian Ridge Regression algorithm. With this

method, certain weighting factors also became negative.

The assignment seems to have little influence on the weighting factors frommachine learning,

which is beneficial as it ensures the consistency of the weighting factors. From an anatomical

perspective, it is logical that themass of a body segment remains the samewhen the participant

performs a different movement. There is a slight trend that at higher speeds the accelerations

of the thighs become less meaningful, and those of the shanks become more important.

Relative loading rate error [%] Relative Impulse error [%]

8 km/h 10 km/h 12 km/h 8 km/h 10 km/h 12 km/h

LSE 9.35 ± 8.68 13.53 ± 6.01 26.32 ± 10.31 5.36 ± 2.32 5.93 ± 1.77 7.65 ± 0.82

SGD symm 9.31 ± 7.40 15.13 ± 6.61 41.89 ± 33.64 5.64 ± 2.25 6.65 ± 2.01 10.96 ± 4.17

SGD no symm 9.41 ± 7.51 14.85 ± 6.66 44.66 ± 32.23 5.51 ± 2.09 6.36 ± 1.94 18.65 ± 15.10

SGD peaks 8.75 ± 6.63 13.53 ± 6.93 31.71 ± 9.61 6.14 ± 2.73 5.71 ± 1.81 7.71 ± 1.37

BR 9.75 ± 8.39 14.73 ± 6.94 38.80 ± 26.58 5.32 ± 2.34 6.50 ± 1.82 13.59 ± 8.98

AM 21.07 ± 18.09 23.53 ± 22.53 39.09 ± 20.81 9.23 ± 6.18 9.28 ± 6.19 10.43 ± 6.28

MdL 17.10 ± 15.75 21.61 ± 19.48 37.08 ± 17.87 9.18 ± 5.51 9.32 ± 5.99 10.46 ± 6.15

FdL 16.50 ± 14.23 20.63 ± 18.27 35.82 ± 17.01 8.67 ± 5.59 9.11 ± 5.77 10.28 ± 5.90

W 21.41 ± 18.42 24.43 ± 23.04 40.45 ± 20.78 9.44 ± 6.19 9.71 ± 6.58 7.47 ± 1.51

Table 20: Performance of each weighting factor on estimating the loading rate and the impulse

of the Ground Reaction Force. The best weighting factor is indicated in blue.
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Relative peak error [%] Relative RMSE (vertical direction) [%]

8 km/h 10 km/h 12 km/h 8 km/h 10 km/h 12 km/h

LSE 2.85 ± 0.93 5.15 ± 3.50 5.47 ± 2.55 5.51 ± 1.49 6.21 ± 2.46 7.77 ± 3.31

SGD symm 2.73 ± 0.68 6.16 ± 4.38 10.77 ± 5.79 5.62 ± 1.55 6.30 ± 2.48 10.25± 7.16

SGD no symm 2.94 ± 1.15 6.64 ± 3.96 11.53 ± 6.04 5.56 ± 1.53 6.24 ± 2.44 14.64 ± 12.35

SGD peaks 2.75 ± 1.01 2.67 ± 0.83 5.65 ± 2.16 5.85 ± 1.70 6.75 ± 2.82 8.52 ± 4.02

BR 2.91 ± 0.99 6.75 ± 4.03 9.78 ± 5.59 5.47 ± 1.48 6.14 ± 2.44 11.06 ± 9.24

AM 9.31 ± 8.25 8.70 ± 11.45 9.84 ± 11.19 6.64 ± 2.17 7.97 ± 4.70 8.59 ± 4.55

MdL 8.63 ± 7.00 9.03 ± 10.63 9.95 ± 10.71 6.59 ± 2.07 7.88 ± 4.35 8.63 ± 4.43

FdL 8.14 ± 6.59 8.59 ± 10.20 9.54 ± 10.28 6.51 ± 2.01 7.84 ± 4.21 8.57 ± 4.34

W 11.61 ± 11.25 11.81 ± 17.10 13.04 ± 16.31 6.81 ± 2.17 8.13 ± 4.80 8.76 ± 4.70

Table 21: Performance of each weighting factor on estimating the peak and the general shape

of the Ground Reaction Force (rRMSE). The best weighting factor is indicated in blue.

Tables 20 and 21 show the performance of the estimated Ground Reaction Force based on each

weighting factor, for the loading rate error, the impulse error, the peak error and the relative

root mean square error. The mean and the standard deviation were taken over all participants

per assignment.

The weighting factors based on anthropometric measurements perform slightly worse than

the weighting factors obtained with machine learning. Only for the loading rate error there is

a big difference between both approaches. In that case, the difference in weighting factors can

be small, but the effect on the estimated Ground Reaction Force can be large. An additional

remark is that the errors increase as speed increases.

The self-written Stochastic Gradient Descent method that optimizes the fitting based on the

peaks appears to do its job well. For the relative peak error, these weighting factors are the

best or second-best option. However, a good fit on the peaks does not mean that the other

errors are also minimised.

It is therefore difficult to decide what the ’ideal’ weighting factors are. The weighting factors

based onmachine learning are generally themost accurate, but they have a practical drawback.

They cannot be calculated if the measured GRF is not known, which is almost always the

case. They could be useful if, for example, there is a database with participant data. Another

possibility is that the participant first performs a short test on an instrumented treadmill when

using the sensorised running and then uses them in the field.

Therefore, the results based on weighting factors from machine learning can be interpreted

in this comparison as the ’most accurate’ GRF estimation possible with the given accelera-

tions. When only weighting factors based on anthropometric measurements are considered,

De Leva’s weighting factors based on the body dimensions of women seem to perform best,

despite the fact that all participants were men.

As a final note, it is important to consider whether the most effective weighting factors will
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also be the most anatomically correct.

5.3.2.1.2 Number of segments

The aim of this section is to determine which body segments contribute the most to a correct

estimation of the GRF. The correlation matrix provides an initial indication of the most impor-

tant segments. The correlation matrix shows the Pearson Correlation Coefficient between the

vertical acceleration of each body segment measured by the IMUs, and the GRF of the left leg

(left mGRFv), the right leg (right mGRFv) and the sum of both components (mGRFv).

Figure 45: Correlation matrix of the accelerations of all participants for running.

As can be seen in Figure 45, the acceleration of the pelvis most closely resembles the mGRFv

(0.88), followed by the shanks (left: 0.75, right: 0.75) and thighs (left:0.74, right:0.71). However,

the pelvis is much more similar to the eGRFv (0.98), suggesting that its importance in the

eGRFv may be slightly overestimated. A more unexpected result is that for the left mGRFv,

the left side of the body is not necessarily the most important, with the pelvis, left shank and

right thigh being the main components. The same is true for the right mGRFv, where the main

components are the pelvis, right shank and left thigh. This may be because the participants
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were not running with both feet perfectly on each treadmill belt.

Figure 46: Correlation matrix of the accelerations of all participants for jumping.

Figure 46 shows the correlation matrix for jumping. As in running, the acceleration of the

pelvis is most similar (0.84). This is logical, since the IMU on the pelvis is closest to the centre-

of-mass of the body. The thighs (left: 0.8; right: 0.8) are next most similar, followed by the

shanks (left: 0.7; right: 0.72). Therefore, the difference in contribution between the thighs

and shanks is clearer for jumping than for running. Once again, the acceleration of the pelvis

is more dominant in the eGRFv (0.97), which confirms the probably too high weighting fac-

tor.

When the results are examined inmore detail by varying the number of segments in themodel,

it is noticeable that for the jumping task the pelvis and the thighs are the most important.

Adding the shank accelerations had no added value. For the running task, the answer is more

nuanced. At a pace of 8 km/h the pelvis and the thighs were also the most important, but

from 10 km/h there was a transition. At that pace the thighs and the shanks became equally

important to be the second component, and from 12 km/h the two most important segments

were the pelvis and the shanks. Therefore, the higher the speed, the more important the
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accelerations of the shanks became. This can probably be explained by the fact that the impact

peak becomes more prominent at higher speeds, and that this information lies in the shank

accelerations. This is confirmed in Liang’s review: of the 14 papers examined, 10 studies added

a shank IMU to a pelvic IMU for higher accuracy, while 7 studies used the combination of thigh

and shank [18]. An overview is given in table 22.

# Segments in the combination RMSE [BW] rRMSE [%]

Mean SD Mean SD

1 Pelvis 0.339 ± 0.194 8.71 ± 6.81

2 Pelvis + thighs 0.298 ± 0.165 7.44 ± 5.24

3 Pelvis + thighs + shanks 0.288 ± 0.165 7.13 ± 5.00

Table 22: Best combinations of segmentswith the lowestmean rootmean square errors (RMSE)

and relative root mean square error (rRMSE) across participants (6) and tasks (running and

jumping).

This analysis was repeated with the accelerations of the Vicon markers, and the same result

followed. Since a marker was also placed on the foot, it could be determined whether an IMU

on the foot would be an added value to determine the GRF. However, it turned out not to be the

case. The accelerations of the foot show many oscillations due to the impact with the ground,

which worsens the estimation. In the study by Verheul that was cited in the literature study

3.2.1.1.1.1, the estimation of the GRF did improve by adding the feet accelerations. This result

might also be achieved by selecting more appropriate weighting factors or filter frequency of

the low-pass filter.

5.3.2.1.3 Principal component analysis

The plot of the explained variance per principal component shows a clear elbow at five compo-

nents for running (see figure 47 and table 23). This means that the GRF is primarily described

by the first five principal components. Together, they explain 98.75 % of all segmental accel-

eration variability across participants and running speeds.
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Figure 47: Explained variance of principal component analysis for all participants during run-

ning.

Principal components 1 2 3 4 5

Explained variance [%] 90.68 2.86 2.68 1.99 0.54

Cumulative explained variance [%] 90.68 93.54 96.22 98.21 98.75

Table 23: Explained variance of principal components for running.

The GRFwas then reconstructed based on the principal components, and is called the principal

GRF (pGRF). A visual representation of the reconstruction is shown in figures 48 and 49. The

first principal component (K=1) only provides a rough estimation of the GRF curve. Further

details are added from the second component, primarily in the medio-lateral and anterior-

posterior directions. When the results are compared with the accelerations of the IMUs, it

can be deduced that the first principal component is similar to the trunk acceleration. Given

that the body centre-of-mass is located in the trunk, accelerations of the trunk multiplied

with the body mass should provide a rough estimation of the active peak of the GRF. The

smaller oscillations observed on top of the first principal component may originate from other

segments, like the thigh and shank. Asmost impact is absorbed by the legs shortly after ground

contact, they should explain the impact peak [17]. Unfortunately, even on the pGRF with five

components, no impact peak can be seen. Potential explanations for this observation are that

the impact is filtered out due to a too low cut-off frequency; or the impact peak is not present

in these signals and additional segments are needed; or the impact peak is not detected by the

PCA.
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Figure 48: Representative example of the individual principal components (left) and the recon-

structed Ground Reaction Force (right), from the first three principal components for running.

(Second part on figure 49).
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Figure 49: Representative example of the individual principal components (left) and the re-

constructed Ground Reaction Force (right), from principal components three until five for

running. (First part on figure 48).

When the same analysis is performed for jumping, it follows that the GRF is mainly described

by the first four principal components. Taken together, these components account for 99.17%

of the observed variation among the participants. The curve of the (cumulative) explained

variance of the principal components is shown in figure 50. It should be noted that the choice

for the number of principal components is subjective, and other possibilities exist. For ex-

ample, it is also possible to consider only two components. Table 24 provides a quantitative

summary of the results.
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Figure 50: Explained variance of principal component analysis for all participants during jump-

ing.

Principal components 1 2 3 4

Explained variance [%] 90.06 6.69 1.81 0.61

Cumulative explained variance [%] 90.06 96.75 98.56 99.17

Table 24: Explained variance of principal components for jumping.

When the principal components for jumping are added one by one to reconstruct the principal

Ground Reaction Force, the same progression is visible as for running (see figures 51 and 52).

The first principal component (K=1) provides an initial approximation of the shape. However,

the flight phase is not yet completely correct, and the countermovement is also not yet visible.

It is only possible to observe the finer details starting from the third component (K=3). Again,

the parallel can be drawnwith the analysis of the number of segments, where the overall shape

of the GRF is determined by the pelvis sensor close to the CoM, and with the sensors on the

thighs providing the finer details.
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Figure 51: Representative example of the individual principal components (left) and the recon-

structed Ground Reaction Force (right), from the first three principal components for jumping.

(Second part on figure 52).
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Figure 52: Representative example of the individual principal components (left) and the re-

constructed Ground Reaction Force (right), from the fourth principal component for jumping.

(First part on figure 51).

5.3.2.1.4 Filter cut-off frequency analysis

Based on the frequency spectrum with the Discrete Fourier Transform sampling frequencies

of the vertical accelerations of the IMUs (see figure 53), it was decided to vary the frequencies

in the frequency analysis between 2 Hz and 16 Hz.

(a) Representative example of the frequency

spectrum of the vertical acceleration of the

pelvis.

(b) Representative example of the frequency

spectrum of the vertical acceleration of the

thighs and shanks.

Figure 53: Representative examples of the frequency spectra of the vertical accelerations of

the pelvis, thighs and shanks.

To determine the effect of the filter cut-off frequency, a visual analysis (see figures 54, 55 and

56) and a quantitative analysis based on the rRMSE (see table 25) were performed. Estimated

GRF errors generally decreased for lower cut-off frequencies. However, excessive smoothing

of the accelerations resulted in the loss of important GRF characteristics (3 Hz and lower).
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Higher frequencies include more oscillations in the estimated GRF profiles (8 Hz and higher),

resulting in a higher active peak and impact peak. From 16 Hz onwards, noise dominated the

GRF. In this case, a cut-off frequency of 6.5 Hz provides the best results. Although the error is

lower at a cut-off frequency of 4 Hz, the cut-off frequency was set at 6.5 Hz, because the small

additional error is due to impact peak characteristics. This is consistent with the results in

Karatsidis’ paper, where a cut-off frequency of 6 Hz is recommended for walking movements

[3]. One might expect a higher cut-off frequency for running. In his study of constant-speed

running at 10 km/h to 14 km/h, Scheltinga recommended a cut-off frequency of 5.6 Hz to 6.6

Hz for the pelvis and 8.2 Hz to 8.8 Hz for the tibia [17]. A maximum speed of 12 km/h, or

even 14 km/h, is probably still low enough to be in the same range of cut-off frequencies as

walking.

Table 25 shows the percentage changes in the root mean square error (𝑅𝑀𝑆𝐸) of the medio-

lateral, anterior-posterior, vertical and resultant GRF, relative to the cut-off frequency of the

second-order, zero-phase shift low-pass Butterworth filter. The percentage change was calcu-

lated as follows:

RMSE change =
|𝑅𝑀𝑆𝐸𝑟𝑒𝑓 − 𝑅𝑀𝑆𝐸|

𝑅𝑀𝑆𝐸𝑟𝑒𝑓 +𝑅𝑀𝑆𝐸
2

⋅ 100 (72)

Negative values indicate a decrease in RMSE, while positive values indicate an increase. The

selected cut-off frequency (𝑅𝑀𝑆𝐸𝑟𝑒𝑓 ) is used as a reference for comparison.

Frequency (Hz) 2 4 6 8 10 12 14 16

Medio-Lateral GRF -16.22 -5.13 0.0 +9.52 +18.18 +26.09 +29.79 +36.73

Anterior-Posterior GRF -10.53 -5.13 0.0 +4.88 +13.95 +18.18 +22.22 +26.09

Vertical GRF 48.64 -7.4 0.0 +4.65 +11.24 +15.38 +19.35 +23.16

Resultant GRF 44.25 -7.06 0.0 +6.59 +10.75 +14.74 +18.56 +22.22

Table 25: Root Mean Square Error (RMSE) change (%) of the estimated GRF across different

frequencies.

Generally, an ideal cut-off frequency is difficult to determine, and this is also illustrated in

figures 54, 55, and 56. They show representative examples of the GRF when the accelerations

are filtered with a cut-off frequency of 2 Hz, 4 Hz, 6 Hz, 8 Hz, 10 Hz, 12 Hz, 14 Hz, and 16

Hz. An additional division was made at 12 Hz in the figure (12 Hz (a) and 12 Hz (b)), because

this frequency had a different effect on different participants. For some participants, an impact

peak appeared before the active peak. In the other participants, the active peak became much

larger and an additional peak appeared after it.
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Figure 54: Representative examples of the measured vertical Ground Reaction Force (orange)

and estimated vertical GRF (blue), when the cut-off frequency of the IMU filtering is 2 Hz, 4

Hz and 6 Hz.

Figure 55: Representative examples of the measured vertical Ground Reaction Force (orange)

and estimated vertical GRF (blue), when the cut-off frequency of the IMU filtering is 8 Hz, 10

Hz and 12 Hz.

Figure 56: Representative examples of the measured vertical Ground Reaction Force (orange)

and estimated vertical GRF (blue), when the cut-off frequency of the IMU filtering is 12 Hz, 14

Hz and 16 Hz.

It could be hypothesised that the estimated resultant Ground Reaction Force (GRF) profiles
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would be more accurate if a combination of different cut-off frequencies was used for different

inertial measurement units (IMUs). Due to limitations in computing power, this could not be

attempted. However, it was investigated in a study by Verheul [8], which recommended a cut-

off frequency of 10 Hz for the trunk marker and 15 Hz for the other markers. Additionally, the

task can affect the optimal cut-off frequency. For example, constant speed running requires a

lower cut-off frequency than accelerations and decelerations. However, from a practical point

of view, achieving this with sensorised trousers for multiple movements is difficult.

5.3.2.2 Ground Reaction Moment

Figure 57 shows the mean GRMwith standard deviation for all participants and speeds during

the stance phase of running. The literature on the GRM during running was limited, making it

difficult to conclude whether the curves are in line with the expectations. For the GRM around

the medio-lateral axis (transverse plane), the shape of the eGRM and the mGRM seems the

same, but an offset is visible. The mGRM around the anterior-posterior axis (sagittal plane)

appears to be an average of two opposing curves based on the standard deviation, suggesting

that the axis may have changed between participants. The problem could have been solved

by multiplying these mirrored curves with a factor (-1). For the GRM around the vertical axis

(frontal plane), the two curves agree quite well. Furthermore, the large standard deviation is

particularly notable for both the estimation and the measurement of the GRM.

Figure 57: Mean and standard deviation of the estimated (blue) andmeasured Ground Reaction

Moment (orange) during running for all participants.

This visual analysis was made quantitative by calculating the relative root mean square error

between the mGRM and the eGRM. Violin plots were used to provide an overview of the

distribution of the metrics across all participants (see figure 58), and table 26 shows a summary

of the mean rRMSE and its standard deviation. Unlike the GRF, the error does not increase

with higher running speeds, but remains almost constant. This could be explained by the fact

that the GRM calculation relies more on the values of the angular velocities than of the linear

accelerations. The error is significantly higher in comparison to the GRF. However, when

the angular velocities of OpenSim and the IMUs are compared, a similar trend is observed.
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When the results are compared with those of a study by Karatsidis [3], this implementation

of the model has a slightly higher rRMSE value for the GRM around the medio-lateral axis

(44.90±25.21%, compared to 21.60±4.20%) and a much higher value for the anterior-posterior

axis (75.86 ± 30.29%, compared to 16.10 ± 3.20%). The GRM estimation around the vertical

axis (16.50±6.11%) is much better than that of Karatsidis (30.60±8.00). The large difference in
error of theGRMestimation around the anterior-posterior axis is probably due to the suspected

reversed axis of the measured GRM.

117



Figure 58: Violin plot of the relative root mean squared error between the estimated and mea-

sured Ground Reaction Moment, during running for all participants.
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8 km/h 10 km/h 12 km/h Jump All
rRMSE
(medio-
lateral
direction)

51.48 ± 27.78 53.56 ± 25.96 41.64 ± 13.63 32.93 ± 25.28 44.90 ± 25.21

rRMSE
(anterior-
posterior
direction)

62.26 ± 12.82 68.83 ± 7.66 58.63 ± 13.17 113.73 ± 36.17 75.86 ± 30.29

rRMSE
(vertical
direction)

21.64 ± 6.46 18.93 ± 4.36 15.95 ± 2.10 9.49 ± 1.54 16.50 ± 6.11

Table 26: Overview of the results of the link-segment model to estimate the Ground Reaction

Moment.

5.3.2.3 Centre-of-pressure

Unfortunately, the deviation in the Ground Reaction Moment was too large to make a reliable

estimate of the centre-of-pressure. To be complete, a representative example is shown in figure

59.

Figure 59: Representative example of the estimated centre-of-pressure (blue) and measured

centre-of-pressure (orange) during running.
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5.4 Two-body model

Figure 60 shows a representative example of the estimated GRF (blue), based on the two-body

model, with the measured GRF (orange) indicated as a reference. An interesting advantage of

this model is its ability to estimate the impact peak. However, the less accurate active peak is a

disadvantage. This model can also only be used to calculate the vertical GRF for running.

Figure 60: Representative example of the GRF estimation (blue) during running from the two-

body model, and the measured GRF (orange) as reference.

The successful addition of the impact peak is also demonstrated by the metrics (see table 27

and the violin plots in figures 61 and 62). The loading rate error and the relative impulse error

are smaller than for the link-segment model, due to the accurate estimation of the impact

peak. The value of the leading rate is 5.59±19.33% and 32.69±68.71% for the two-body model

and link-segment model, respectively. The relative impulse error is 6.92 ± 5.03%, compared

to 8.99 ± 8.20%. However, the relative peak error and the rRMSE have increased due to the

higher error at the active peak of the GRF, namely 15.78±14.13% compared to 7.93±9.27% for

the relative peak error, and 13.91 ± 5.17% compared to 7.18 ± 4.87 for the rRMSE. As with the

link-segment model, the error of the two-body model increases with velocity.
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Figure 61: Violin plot of the loading rate error, impulse error and peak error of the estimated

Ground Reaction Force from the two-body model, during running for all participants.
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Figure 62: Violin plot of the relative root mean squared error of the estimated Ground Reaction

Force from the two-body model, during running for all participants.

8 km/h 10 km/h 12 km/h All
Relative loading
rate error [%]

13.67 ± 13.91 12.64 ± 11.17 18.05 ± 26.84 15.59 ± 19.33

Relative impulse
error [%]

4.50 ± 3.44 7.54 ± 5.47 8.37 ± 4.62 6.92 ± 5.03

Relative peak er-
ror [%]

6.98 ± 6.26 19.29 ± 14.10 21.09 ± 15.60 15.78 ± 14.13

rRMSE (vertical
direction) [%]

9.31 ± 3.53 17.37 ± 3.66 14.31 ± 2.02 13.91 ± 5.17

Table 27: Summary of the results of the two-body model to estimate the Ground Reaction

Force.

Both the link-segment model and the two-body model have their own set of advantages and

disadvantages. Consequently, the decision was taken to combine the link-segment model with

the two-bodymodel in one GRF estimationmodel. In that case, the first impulse (𝐽1) is given by
the two-body model and the second impulse (𝐽2) by the link-segment model. As such, the two-

body model should provide a reliable estimation of the impact peak, while the link-segment

model should provide an accurate assessment of the active peak.

5.5 Combination of link-segment model and two-body model

Figure 63 illustrates the mean vertical eGRF with its standard deviation, using a link-segment

model in combination with a two-body model (blue). The measured GRF is shown for com-

parison (orange). The GRF in the medio-lateral and anterior-posterior direction was estimated

based on the link-segment model, because the two-body model is not defined in that direction.

In the vertical direction, the combination of both models ensures that the impact peak can be
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approached, and that the deviation on the active peak remains small. Therefore, the visual

analysis indicates that the combination of the two models should be effective.

Figure 63: Mean estimated GRF with standard deviation from a link-segment model combined

with a two-body model (blue), and the mean measured GRF with standard deviation (orange)

as a reference.
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Figure 64: Violin plot of the relative loading rate error, relative impulse error and relative peak

error on the estimated GRF for running of the link-segment model combined with the two-

body model.
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Figure 65: Violin plot of the rRMSE (vertical direction) on the estimated GRF of the link-

segment model combined with the two-body model.

This combination of two models in one model can be seen in the results, as they are between

the results of the two models. The distribution of the various metrics is illustrated in the violin

plots on figures 64 and 65. Themeans and standard deviations are listed in table 28. The relative

loading rate error has an average value of 30.85 ± 39.03%, while for the link-segment model

it was 32.69 ± 68.71% and for the two-body model 15.59 ± 19.33%. This error is higher than
expected, but it is probably due to impulse 𝐽2 of the link-segment model that also influences

the loading rate. The relative impulse error is found to be 13.94 ± 10.32%, in comparison to

8.99±8.20% for the link-segment model and 6.92±5.03% for the two-mass model. The relative

peak error is consistent with that of the link-segment model, with a value of 7.93 ± 9.27%.
Finally, the rRMSE results were on average 12.06 ± 8.86%, where it was 7.18 ± 4.87% for the

link-segment model and 13.91 ± 5.17% for the two-body model. The slightly higher rRMSE

can be explained by adding the impact peak, but the advantages outweigh the disadvantages.

The rRMSE in the medio-lateral and anterior-posterior directions remain the same as for the

link-segment model, because the same model is used. Again, it should be noticed the errors

increase as the velocity goes up.
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8 km/h 10 km/h 12 km/h All
Relative loading
rate error [%]

18.83 ± 17.18 19.18 ± 20.38 48.78 ± 57.39 30.85 ± 39.03

Relative impulse
error [%]

11.43 ± 7.73 12.65 ± 9.06 14.56 ± 13.15 13.94 ± 10.32

Relative peak er-
ror [%]

6.26 ± 7.39 8.02 ± 10.04 9.51 ± 9.86 7.93 ± 9.27

rRMSE (vertical
direction) [%]

8.45 ± 2.98 10.58 ± 5.38 17.13 ± 12.53 12.06 ± 8.86

Table 28: Summary of the results of the link-segment model combined with the two-body

model to estimate the Ground Reaction Force.

5.6 Mass-spring damper model

Although most papers assume a constant natural frequency in a mass-spring-damper model,

varying 𝜔1 allows for a quasi-perfect approximation of the acceleration of the upper mass

(𝑎1) with the model, while a constant 𝜔1 does not achieve the desired results [6][9]. This idea

is confirmed by the more theoretical literature: the leg is known to be stiffer during landing

than take-off [5], while the muscle-tendon units produce more work during the push-off phase

[10][11]. The average value of this varying𝜔1 is approximately the same as the constant value.

These results are illustrated by figure 66.

Figure 66: Approximation of the acceleration of the upper mass with the mass-spring-damper

model, if the natural frequency of the upper mass (𝜔1) is constant (left) or variable over time

(right).

Calculating parameters 𝜔2 and 𝜁 for the approximation of the acceleration of the lower mass
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(𝐚𝟐) was a more complex process. This is also the bottleneck of the mass-spring damper model.

Firstly, it should be noted that the results of the estimation algorithm for 𝜔2 and 𝜁 are very

dependent on the chosen initial values. After conducting a series of trials, it was determined

that 𝑤2,𝑚𝑒𝑎𝑛 was approximately equal to 18, and 𝜁𝑚𝑒𝑎𝑛 fell within the range of -4.8 to 0.5 across

all participants (see figure 67). The optimal parameters appeared to be fairly consistent across

all participants, and these values are in line with those of previous studies [6].

The results also demonstrated that 𝜔2 is primarily responsible for the active peak, while 𝜁 is

more associated with the impact peak. If the value of 𝜔2 increases, the active peak and the

impact peak both rise as well. Increasing the damping ratio led to a reduction in the impact

peak and the time from impact peak and the time from initial contact to impact peak [5].

However, it is important to note that the model is very sensitive to small changes in these

parameters. Furthermore, these parameters are challenging to estimate due to the absence of

a physical interpretation.

Finally, it should be noted that the integration constant of the positions is not known. These

were calculated as the distance from the ground to the IMU, using the anthropometric mea-

surement data.
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Figure 67: Representative example of the course of𝜔2 and 𝜁 over the recording, as the running

speed increased from 8 km/h to 12 km/h.

Despite the error remaining relatively constant during the calculation, themass-spring-damper

model did not produce the expected results. Figure 68 shows a representative example of the

estimated Ground Reaction Force of the mass-spring-damper model. Although the shape of

the estimated GRF is similar to the measured GRF during stance phase, the timing is not cor-

rect. An attempt was made to refine the algorithm by stating that the estimation of 𝜔2 and 𝜁
continued until the error was below a chosen threshold. However, this approach caused con-

vergence problems. Based on this visual assessment it is concluded that the eGRF and mGRF

were too different. Therefore, no metrics were calculated.
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Figure 68: Representative example of the estimated GRF from the mass-spring damper model

(blue), with the measured GRF as a reference (orange).

6 Discussion

6.1 General remarks

For this study, the GRF patterns for running and jumping tasks of 7 participants were exam-

ined. The results are comparable to those of similar studies [17] [8] [3]. However, the partici-

pants were only men, and therefore it was not possible to know whether the results would be

different for women. For example, women have a different body shape to men, resulting in a

lower centre-of-mass [41].

6.2 Remarks on the model development

To the best of the writer’s knowledge, this is the first study to have created a mass-spring-

dampermodel and link-segmentmodel for the same IMU data to estimate the GRF. A limitation

of the models is that estimated GRF errors could be due to measurement and methodological
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inaccuracies. For example, the application of a step detector on the GRF recording caused an

additional distortion in the calculation of metrics. To minimise the methodological error for

further research, the full code is shared in Appendix B.

It should be noted that the number of wearable sensors is limited to five IMUs due to the

design of the running pants. This limits the number of segments in a link-segment model,

and therefore the accuracy of the prediction of the GRF. However, there is still potential for

optimisation through the refinement of weighting factors and the cut-off frequencies. This

thesis only explores a preliminary attempt to optimise them.

The mass-spring damper model could be further improved by estimating the parameters via

other methods, for example by using deep learning. In previous studies, this approach was

successful for low-intensity movements [42].

Another potential improvement is to combine models, for example via weighting factors that

make amodelmore reliable depending on themovement. As outlined in the study by Scheltinga

[17], the physical models could also be combined successfully with a neural network.

6.3 Remarks on the model validation

Besides running and jumping, it would also be interesting to look at more complex movements

such as sprinting, accelerations, decelerations and side-cuts. On the instrumented treadmill

that was used for the model validation, these movements can’t be done for practical reasons.

The utilisation of a force plate would be a viable alternative for further experiments. Previous

studies have shown that the accuracy of the model will likely deteriorate [8].

Although the current research was performed on an instrumented treadmill in a lab, the GRF

estimation models are not limited to a laboratory setting. Before this method can be imple-

mented in practice, the potential impact of outdoor factors should be investigated. For ex-

ample, the impact of the running surface, incline, and running shoes should be examined.

Validation of the model outdoors is very challenging, but could be performed with pressure

insoles.

Finally, how accurate should a model be to be clinically relevant? Despite thorough research, it

was not possible to find a specific value. An rRMSE lower than 10 % was taken as an objective,

because meaningful performance or injury related differences in loading characteristics can

be as small as 3 to 10 percent of the GRF [8]. However, it should be noted that the rRMSE

does not provide all information about the performance of the model. For instance, the error

can be large at the peak of the GRF, or the loading rate can be wrong. To address this need

for clinical relevant metrics, additional metrics were calculated such as the peak error and

the loading rate error. However, it results in a large number of metrics, and not all metrics are

reported in all studies. In some cases, the metrics may also be calculated differently. Therefore,

a discussion is required about current metrics in literature to create a uniform framework to

evaluate wearable-sensor based GRF estimation models. One potential question to consider is

whether the asymmetry between both legs should be taken into account. Would it be advisable
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to report an average of both legs, or should the legs be reported separately? The unit of the

metric is also important: a relative metric in percentages allows for easier comparison between

movements with a different GRF, but the original unit and magnitude of the absolute metric

are lost. The question of whether an ideal metric exists is a complex one.

A final remark, while extensive research has been conducted on estimating Ground Reaction

Forces and Moments, there is less written about their interpretation. This complicates the

identification of the important features of the Ground Reaction Force and moment estima-

tion.

7 Conclusion

The primary objective of this thesis was to estimate the Ground Reaction Force for running

and jumping with a relative root mean square error of less than 10 %. Two models were tested,

with the data of IMUs on sensorised running pants as input: a link-segment model combined

with a two-body model, and a mass-spring-damper model.

It can be concluded that this objective has been achieved for the GRF estimation with a link-

segment model, in combination with a two-body model. The mean rRMSE with standard

deviation of the vertical GRF is 8.45 ± 2.98 %, 10.58 ± 5.38 % and 17.13 ± 12.53 % for running

at 8 km/h, 10 km/h and 12 km/h, respectively. Consequently, the error increases as the speed

increases, and is therefore dependent on the task. The rRMSE for jumping is 6.11± 4.42 % in the

vertical direction. Additionally, the estimation of the GRM around the vertical axis for running

had an error of 21.64 ± 6.46 % at 8 km/h, 18.93 ± 4.36 % at 10 km/h, 15.95 ± 2.10 % at 12 km/h,

and 9.49 ± 1.54 % for jumping. The model can be further improved by adding segments to the

model, optimising the weighting factors, and choosing a better cut-off frequency. The optimal

results are achieved with weighting factors calculated using machine learning rather than

anthropometric data. However, their practical implementation is not clear. Furthermore, it is

important to note that the GRF estimation is improved by increasing the number of segments.

The pelvis provides a rough estimation of the active peak, while the other segments provide

the smaller features, such as the impact peak. The cut-off frequency for the low-pass filter of

the acceleration of each segment will need to be selected individually for each segment, and is

dependent on the task. The higher the intensity of the task, the higher the required frequency

[8].

Unfortunately, the mass-spring damper model was not able to deliver accurate predictions

of GRF waveforms. The primary bottleneck of this model is the estimation of the parame-

ters.

In summary, this study is a first step towards measuring Ground Reaction Forces andmoments

in the field, with the aim of improving injury prevention and rehabilitation by better moni-

toring biomechanical loads on the body. The link-segment model has the potential to achieve

this goal with sufficient accuracy.

131



8 Societal reflection

This appendix reflects on the master’s thesis from a societal perspective, using the Sustainable

Development Goals of the United Nations as a guideline [43]. The aim of this societal report

is to discuss the social, economic and political impact of the research.

8.1 Sustainable Development Goal 3: Good Health and Well-Being

Doing sports is important for a healthy lifestyle, but according to Dutch research, one in ten

sporters suffered an injury in the last three months [44]. By utilising the sensorised running

pants, the training load can be more effectively monitored. For example, the ground reaction

force based on the GRF estimation model can determine the load on the tibia after heavy a

running training [24]. Consequently, the running pants have the potential to reduce the risk

of injuries, thereby enabling sporters to engage in physical activity for a longer period. In

addition, the running pants can help in the rehabilitation after an injury, for example to detect

a difference in strength between both legs. Initially, the product may be for a niche audience,

such as top athletes and physiotherapists, but in the long term it may become accessible to a

wider audience. Maybe in a few years everyone will be training with these sensorised running

pants?

8.2 Sustainable Development Goal 9: Industry, Innovation and Infrastruc-
ture

The process of transforming an innovative idea into a final product is a long and arduous

journey. Firstly, it is essential to conduct thorough research on the design of the sensorised

running pants. The next step is to test them, and this requires the involvement of an ethical

committee. Then, the pants must be produced and marketed. In addition, investors who are

interested in providing financial support for the development are sought. All of these steps

require infrastructure and an environment that stimulates innovation.

8.3 Sustainable Development Goal 12: Responsible Consumption and Pro-
duction

Once the design phase has been completed, the next stage is the production of the sensorised

running pants. Extra attention was paid to ensure a cost-effective and sustainable solution. In

order to avoid the necessity of purchasing new running pants after each use, it is important

that they are washable without causing damage to the sensors.

During the test phase, efforts were made to ensure that the sometimes expensive materials

were used responsibly. For instance, to test the washability, an outdated sensor was initially

tested to prevent the newer sensors from being damaged.
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8.4 Sustainable Development Goal 17: Partnerships for the Goals

A project of this complexity demands a diverse range of expertise. In order to create a visually

appealing running pants, seamstresses are required. Furthermorde, the integration of sensors

must be carried out by engineers. Administrative and financial tasks must best completed,

while programmers are needed to ensure clear reporting. Finally, physiotherapists are required

to extract relevant information from the data. And it is likely that there are many people who

have been overlooked... In conclusion, it is essential for the successful completion of this

project that all parties work together.
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A Appendix: Usage of AI

With the exception of the algorithms mentioned in this thesis, no artificial intelligence was

used.
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