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Chapter 1 – General introduction

Background

Horses and cows are both domesticated quadrupeds for which the proper 
functioning of their locomotor system is important for their health, well-being and 
performance (1-4). The performance of horses’ and cows’ locomotor system can 
be studied by observing their motion and behavior (such as standing time, lying 
time and eating time) as well as the specific sequence of the limb motion (e.g. 
walk, trot, canter etc.). Furthermore, the study of gait plays an important role in 
identifying deviation from normal gait patterns due to compensatory movements 
to avoid pain and discomfort, which is highly valuable for lameness detection, and 
hampers animal welfare (5, 6).

There are multiple methods to study and measure motion and gait. The most 
commonly used method in clinical surroundings is visual scoring during which 
the locomotion is visually inspected, which is often used for lameness assessment 
(9). Different locomotion scores and grading methods have been developed to 
inspect different gait characteristics such as motion asymmetry, body poses and 
position of the back. However, this method lacks objectivity and delivers variable 
accuracy and reliability due to discrepancies between observers (10, 11). To 
overcome these limitations, more objective and advanced methods are developed 
which can be subdivided in kinetic and kinematic methods. Kinetics studies the 
relationships between motion and forces and torques, while kinematics is the 
study of motion (without consideration of forces) in respect to time.

Kinetic methods
In kinetic measurements, a device called the force plate is considered the gold 
standard. The main working principle of the force plate is to measure the ground 
reaction forces exerted under the foot of the animal when standing on the force 
plate. Force plates are a robust method with high accuracy (12), and they come 
in different sizes and complexity. There are single pedestal force plates that 
can measure the weight distribution during standing, in contrast to multiple 
pedestal force plates which can measure consecutive steps. The simplest force 
plate measures the force in one direction while more advanced force plates 
can measure the ground reaction force in all three directions. The disadvantage 
of force plates is that they are expensive tools and therefore limit the number 
of consecutive steps that can be measured. It is also very time consuming to 
measure consecutive strides with single pedestal force plates. Furthermore, they 
are heavy and can therefore only be used in a laboratory setting (13). To overcome 
these limitations, a force measuring treadmill (large rectangle in Fig 1) has been 
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designed to measure consecutive strides but it requires accustomed locomotion 
of the animal and is even more expensive than several force plates (14).

Kinematic methods
The gold standard for kinematics is considered to be a video-based motion 
capture system that tracks the movements of infra-red markers. The markers 
(circles in Fig 1) can be placed on multiple anatomical locations of the animal 
and the position of the markers is measured over time with infrared cameras 
(small rectangles in Fig 1). The position data of the markers is used to calculate 
the displacement and velocity, in addition to the angle between two markers (12, 
13). Measurements with these systems result in a large amount of data of multiple 
anatomical locations, which makes it possible to gain extensive insight in multiple 
gait characteristics. Furthermore, the accuracy and precision of these systems is 
fairly high (15, 16). However, the usefulness in the field is limited because these 
systems are expensive and not easy to relocate due to the number of cameras and 
infrastructure needed (12). Nowadays, upcoming development of computer vision 

Figure 1. A horse equipped with reflective markers (circles) is trotting on a treadmill (large 
rectangle) surrounded by infrared cameras (small rectangles) (figure is obtained from (7) and 
made by M.A. Weishaupt (8)).
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techniques are providing marker less tracking where anatomical locations can be 
automatically followed based on video images. This development is less precise, 
but the ease of use makes it an interesting approach for future incorporation in 
clinical settings and farms (17, 18). However, knowledge about the healthy gait 
characteristics and deviations from what is considered to be normal is needed 
before these techniques can be used accurately.

Inertial Measurement Units
An alternative kinematic method that can more easily be used under various field 
conditions are Inertial Measurement Units (IMUs). These IMUs measure 
acceleration and angular velocity in three directions with an accuracy high 
enough to study changes in gait characteristics, although this is less accurate 
compared to optical motion capture systems (19, 20). Advantages of IMUs are that 
multiple IMUs can be attached to the animals on various anatomical locations (Fig 
2) while being synchronized in time to make it possible to measure consecutive 
strides. Furthermore, the whole system is wireless and relatively cheap (12, 13). 
Like the optical motion capture systems, large amounts of data of multiple 
anatomical locations can be obtained and displacement, velocity, acceleration 
and angles can be calculated from the data (Fig 2).

Figure 2. An IMU is shown in the upper left part and data obtained from different anatomical 
locations is shown. Different types of data can be obtained depending on the anatomical location, 
such as upper body displacement data from the tuber sacrale (blue), limb angle data from the left 
front limb (orange) and hoof acceleration and angular velocity (green).
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Figure 3. Hoof-on and hoof-off events are shown with the break-over phase onset in the upper 
part of the figure. The corresponding acceleration and angular velocity data of an IMU attached 
to the hoof are shown in green, the corresponding force plate data is shown in yellow and the 
corresponding motion capture data of markers placed on the heel and toe is shown in blue.
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Data processing
IMUs have a great potential to monitor sport performance of horses, and to provide 
objective data for evaluation of orthopedic rehabilitation and injury prevention in 
both horses and cows. In Fig 2, the IMU data is shown for different anatomical 
attachment places. Important gait characteristics for lameness detection are 
support durations of the limbs, limb angles and upper body displacement. 
Another important characteristic is the break-over phase onset (Fig 3) that gives 
information about the hoof-unrollment pattern and can assists the farrier. Before 
these characteristics can be studied, the data should be preprocessed and hoof-
on and hoof-off timings should be obtained from the data (Fig 3). Depending on 
the method and on the anatomical location, the data shows different patterns. 
Furthermore, foot-fall patterns can be obtained from the hoof-events which 
can be used to differentiate between different gaits. This is valuable for exercise 
purposes in equestrian sport (21).

Aim and outline of this thesis

Although there are many advantages of using IMUs, the analysis of the IMU data 
is time consuming and might be subjective when no automatic signal analysis 
procedures are implemented. However, these automatic analysis techniques do 
not yet exist and need to be developed. In addition, the performance of these 
analysis techniques needs to be evaluated against the gold standards (force 
plate and optical motion capture system). The aim of this thesis is to develop and 
apply different signal analysis procedures on IMU data obtained for the study of 
kinematic gait characteristics in horses. The performance of these signal analysis 
procedures is evaluated by comparison with the force plate and optical motion 
capture system. The second aim of this thesis is to implement IMUs and both 
measurement and signal analysis procedures from horse to cows with the aim to 
study kinematic gait characteristics since horses and cows are both quadrupeds 
with a similar locomotion apparatus. This is a novel approach for which 
knowledge about the kinematic gait characteristics in healthy cows is described 
first. Thereafter, a start has been made with the study to identify the changes in 
kinematic gait characteristics due to hindlimb lameness.

Part 1: Development of signal analysis procedures
In the first part of this thesis, the procedures of newly developed algorithms 
are described for the automatic detection of hoof-events from hoof-mounted 
IMU signals. In Chapter 2, the focus will be on two algorithms to detect hoof-
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on and hoof-off events. The performance of these algorithms is evaluated by 
comparison with results obtained with the force plate. In Chapter 3, the focus 
will be on two algorithms to detect the break-over phase onset and on evaluating 
the performance of these algorithms by comparison with resulted obtained from 
both the optical motion capture system and force plate.

Part 2: Application of signal analysis procures to another species
In the second part of this thesis, explorative studies are performed with IMUs 
attached to the upper body and limbs of dairy cows. For both chapters, horse 
algorithms were modified for the analysis of the cow data. In Chapter 4, an 
overview of the biomechanical gait characteristics and the appearance of 
IMU signals is given for clinically sound dairy cows. In Chapter 5, the same 
biomechanical gait characteristics are compared for clinically sound cows and 
cows with induced hind limb lameness.

In Chapter 6, the challenges that came with these studies are discussed, followed 
by a presentation of two case studies with different sensor techniques in other 
species. This chapter concluded on the application of sensors and development of 
analysis procedures.
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Abstract

For gait classification, hoof-on and hoof-off events are fundamental locomotion 
characteristics of interest. These events can be measured with inertial 
measurement units (IMUs) which measure the acceleration and angular velocity 
in three directions. The aim of this study was to present two algorithms for 
automatic detection of hoof-events from the acceleration and angular velocity 
signals measured by hoof-mounted IMUs in walk and trot on a hard surface. Seven 
Warmblood horses were equipped with two wireless IMUs, which were attached 
to the lateral wall of the right front (RF) and hind (RH) hooves. Horses were walked 
and trotted on a lead over a force plate for internal validation. The agreement 
between the algorithms for the acceleration and angular velocity signals with 
the force plate was evaluated by Bland Altman analysis and linear mixed model 
analysis. These analyses were performed for both hoof-on and hoof-off detection 
and for both algorithms separately. For the hoof-on detection, the angular velocity 
algorithm was the most accurate with an accuracy between 2.39 and 12.22 ms 
and a precision of around 13.80 ms, depending on gait and hoof. For hoof-off 
detection, the acceleration algorithm was the most accurate with an accuracy of 
3.20 ms and precision of 6.39 ms, independent of gait and hoof. These algorithms 
look highly promising for gait classification purposes although the applicability 
of these algorithms should be investigated under different circumstances, such as 
different surfaces and different hoof trimming conditions.
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Introduction

Gait analysis is an important element for the understanding of equestrian sport 
and can be performed by examining gait characteristics and body segment 
positions of the horse while moving. Gaits can be distinguished by their foot-
fall pattern in addition to knowledge about the duration of the support phase 
compared to the whole stride duration of one leg (1). For gait classification, the 
fundamental locomotion characteristic is the timing of hoof placement, i.e. hoof-
on and hoof-off events from all limbs. These events can be examined visually 
but due to the limitations of the temporal resolution of the human eye (2) there 
are limitations to how well these events can be distinguished. Instead, objective 
measurement tools such as force plates, optical motion capture (OMC) systems 
and inertial measurement units (IMUs) are used (3).

In general, the force plate is considered the gold standard for kinetic gait analysis. 
With this method, hoof impacts can be registered from the vertical force signal 
by applying a threshold which is subjective. Furthermore, data collection is 
time consuming (4) and this method can only be used in a laboratory settings. 
In addition, multiple consecutive strides can only be measured with a force 
measuring treadmill and by force measuring shoes (3), which can alter the 
kinematics (5, 6). OMC systems and IMUs can also be used to measure consecutive 
strides and OMC systems are considered the gold standard for kinematic gait 
analysis. However, these systems are expensive and not easy to relocate due to the 
significant number of cameras and infrastructure needed. Therefore, OMC systems 
have limited usefulness in field conditions (7). IMUs can easily be used in field 
conditions because they are portable, wireless and are becoming relatively cheap. 
Consequently, IMUs improve the possibilities for gait analysis in field conditions.

Previous studies investigated the accuracy and precision of IMUs compared with 
the force plate (8, 9) and OMC systems (7, 10-12) and showed the potential of IMUs 
for gait analysis and classification. However, analysis of the data and extraction of 
hoof-events was performed manually or semi-manually which is time consuming 
and subjective. Time reduction and objectivity can be gained by developing an 
algorithm for automatic detection of hoof-on and hoof-off events from the output 
of the IMUs (3). The output of the IMUs consists of tri-axial acceleration and angular 
velocity signals. Recently, one study was performed to evaluate multiple algorithms 
for hoof-event detection and validation against the force plate (13). In this study, 
distal limb mounted IMUs were used and the best performing algorithm of this 
study showed an accuracy between -19.7 and 17.6 ms and a precision between 
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7.5 and 31.0 ms, depending on gait, limb and hoof-event (13). The accuracy found 
in that study was sufficient for gait classification, although the precision was less 
satisfactory. The performance of this algorithm might be improved by attaching the 
IMUs closer to the location of impact, i.e. the hoof of the horse, hence limiting the 
attenuation of the vibrations through the limb (14, 15).

During this study, two algorithms for automatic hoof- events detection based on 
the acceleration and angular velocity signals measured by hoof-mounted IMUs in 
walk and trot on a hard surface were developed. For gait classification, the needed 
accuracy and precision for hoof-event detection are not yet investigated. However, 
estimations of stance and swing durations in addition to knowledge about the 
timing of lateral and diagonal hoof placement are essential. We therefore aim for 
accuracies and precisions similar or better compared with the study of Braganςa et 
al. (2017) (13).

Materials and Methods

At the start of this study, force plate and IMU data were visually examined. The 
IMU data showed distinctive peaks coinciding with the hoof-on and hoof-off 
times measured with the force plates, as previous described by Olsen et al. (9) and 
depicted in Fig 1. During the current study, we developed two algorithms to detect 
these distinctive peaks from the IMU data and applied a more advanced method 
to determine the hoof-on and hoof-off times from the force plate. These contact 
times of the force plate were used for the internal validation of the algorithms.

Data collection
For the current study, we used data that was collected for a previous study (13). 
Measurements were performed on seven Warmblood horses (Equus ferus caballus; 
for further details see S1 Appendix) in the Equine Clinic of Utrecht University at 
the Department Clinical Sciences.

All horses were equipped with ProMove-mini wireless IMUs (Inertia-Technology 
B.V., Enschede, The Netherlands; for further details see S1 Appendix) which 
measured the acceleration, low-g acceleration with a range of ±16 g and high-g 
acceleration with a range of ±400 g, and angular velocity, with a range of ±2000 
°/s, and sampling frequency of 200 Hz. Two IMUs were attached to the lateral wall 
of the right front (RF) and hind (RH) hooves with double sided and normal tape as 
can be seen in Fig 2.
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Figure 1. Generic illustration of the movement of the hoof (A), modified from Witte et al. (8), 
and the signals of the acceleration (B), angular velocity (C) and vertical force (D). The hoof-on 
and hoof-off events are depicted with the vertical dashed lines and the dots show the detected 
hoof-on and hoof-off events from the different signals. These hoof-events occur at the start and end 
of the stance phase, shown as the period not underlined by a dark beam. The horizontal dashed line 
in D shows the threshold used to detect the hoof-events from the force signal.

Figure 2. Location of inertial measurement units (IMUs) on the hoof. The location of the IMUs 
is indicated with red arrows, on the lateral quarter of the right front and hind hoof with reflective 
markers on both sides (lateral heel, lateral toe and lateral coronet) used for another study (13).
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All horses were walked and trotted over a force plate (Z4852C, Kistler, Winterthur, 
Switzerland; for further details see S1 Appendix) to collect at least five valid force 
plate impacts for both front and hind hooves; each valid impact will be considered 
a trial in the further analysis. An impact was considered valid if two criteria were 
met: 1) only one entire hoof was placed on the force plate and 2) the horse was 
led in a straight line with a constant speed of 0.8 to 1.4 m/s for walk and 1.7 to 2.7 
m/s for trot.

Three reflective markers of the OMC system (Qualisys AB, Motion Capture System, 
Göteborg, Sweden; for further details see S1 Appendix) were glued to lateral heel, 
lateral toe and lateral coronet of each hoof as can be seen in Fig 2. The collected 
OMC data were used in another study for break-over detection (16) but was 
needed for time synchronization in the current study.

The force plate and OMC system were time synchronized by a hardware 
connection ((13); for further details see S1 Appendix). Time synchronization of the 
OMC system and the IMUs was accomplished by calculation of a cross-correlation 
between the angular velocity signal of the IMUs and the position signal of the 
reflective markers of the OMC system ((7, 13); for further details see S1 Appendix).

The original horse measurements were performed in compliance with the Dutch 
Act on Animal Experimentation and approved by the local ethics committee of 
Utrecht University. All horses were present for teaching purposes and these 
measurements were not considered additional animal experiments within the 
Dutch law at that time. Therefore, no specific experiment number is available.

Data analysis
Force plate data
The collected force plate data were preprocessed by Inertia Technology B.V.. The 
valid impacts were selected and cut into different trials; each trial consisted of at 
least one valid impact and sometimes two for consecutive impacts of the RF and 
RH hoof.

In Fig 1D, the vertical force signal of one valid impact can be seen. The dotted 
lines show the hoof-on and hoof-off time points, for the detection of which a 
threshold was used. This threshold value was calculated from the signal mean (x) 
and signal standard deviation (s) of the baseline, i.e. the period before the valid 
impact happened. To distinguish the impacts from the baseline, the average of 
the force signal was calculated with a moving mean window with a length of 130 
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ms and the baseline was determined for average values below 100 N. For every 
trial, a threshold value (T) was determined by:

T = x + 2.58 × s

The standard deviation was multiplied by 2.58 resulting in detection of the 
upper 0.5% of a normally distributed signal, to ensure that only high impacts are 
detected.

Hoof-on was determined as the first time point that the vertical force exceeded 
the threshold value. Hoof-off was determined as the first time point that the 
vertical force dropped below the threshold value.

IMU data
The collected IMU data were preprocessed by Inertia Technology B.V. and cut 
into different trials corresponding with the force plate trials. The collected IMU 
data consisted of two tri-axial acceleration signals, a low g acceleration signal 
and a high g acceleration signal, and one tri-axial angular velocity signal. The 
two acceleration signals were fused into one tri-axial acceleration signal that was 
used during the current study (7). Further data analysis was performed in MATLAB 
(version R2017a, The MathWorks Inc., Natick, Massachusetts, USA).

The preprocessed tri-axial acceleration and angular velocity signals were further 
prepared for analysis in two steps: 1) offset drift was removed from the acceleration 
signal, and 2) the root of the sum of squares, Euclidean norm, was calculated of 
the tri-axial acceleration and angular velocity signals resulting in a one-directional 
acceleration and angular velocity signal. The Euclidean norm was used to reduce 
the calculation time in contrast to calculating a horse specific rotation matrix (11) 
and to cancel out artefacts due to wrong alignment of the sensor on the hoof. This 
will make the algorithms better applicable in field setting.

The preprocessed signal is shown in Fig 3A. To distinguish consecutive steps from 
each other, the stance phase and the swing phase of a limb were estimated by 
calculating the variance of the acceleration and angular velocity signals. The 
variance was calculated by applying a moving variance function over the two 
signals with window length of 130 ms. The variance of the angular velocity was 
higher than the variance of the acceleration signal and to accommodate for this 
we downscaled the variance of the angular velocity with a factor of twenty-five. 
The stance phase was determined when both signals had a variance below five, 
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the remaining time points were allocated to the swing phase. The window length, 
downscale factor and variance threshold were kept the same for all horses and 
trials. These values were chosen to ensure that: 1) all time points of the swing 
phase were allocated to the estimated swing phase, and 2) every swing phase 
was succeeded by a stance phase. This procedure resulted in an estimated swing 
phase longer than the real swing phase to make sure that hoof-on and hoof-off 
events were included in the roughly estimated swing phase. The estimated swing 
phase is indicated by the box in Fig 3B.

Fiure 3. Generic illustration of an IMU signal and the steps performed by both algorithms. 
The preprocessed signal is indicated in A. The estimated swing phase is indicated with the box in B. 
For the angular velocity signal, the peaks within one estimated swing phase are detected (B). From 
these peaks, peaks were selected if the peak height or prominence was bigger than the mean peak 
height or prominence, or both (C). Thereafter, the peak closest to the start of the estimated swing 
phase was selected as the hoof-off time point and the peak closest to the end of the estimated 
swing phase was selected as the hoof-on time point (D). For the acceleration signal, these steps were 
performed for the first and second half of the estimated swing phase, indicated with the dotted 
boxes in B.
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Next, we determined the hoof-on and hoof-off from the acceleration and angular 
velocity signal separately by developing two algorithms.

The algorithm for the angular velocity signal assessed every swing phase separately. 
Peaks were detected, indicated by the dots in Fig 3B, and the mean peak height and 
mean peak prominence were calculated from these peaks. The peak prominence 
depicted how much the peak stands out due to its intrinsic height and location 
relative to the other peaks. Peaks were selected if the peak was higher than the mean 
peak height or the prominence was bigger than the mean prominence, or both. These 
selected peaks are indicated by the dots in Fig 3C. Hoof-off was determined as the 
time point corresponding with the peak closest to the start of the estimated swing 
phase. For hoof-on detection, only the detected peaks of the second half of the swing 
phase were assessed. Again, the mean peak height and mean peak prominence were 
calculated. Peaks were selected if the peak was higher than the mean peak height or the 
prominence was bigger than the mean prominence, or both. Hoof-on was determined 
as the time point corresponding with the peak closest to the end of the estimated  
swing phase. The peaks selected as hoof-off and hoof-on are indicated with dots  
in Fig 3D.

The algorithm for the acceleration signal assessed the signal in a similar manner 
as described above. However, only the peaks detected in the first half of the swing 
phase were assessed for hoof-off detection and the peaks detected in the second 
half of the swing phase were assessed for hoof-on. The first and second half of the 
swing phase are indicated by the dotted boxes in Fig 3B. After this step, peaks were 
detected, indicated by the dots in Fig 3B, and the mean peak height and mean peak 
prominence were calculated from these peaks. Peaks were selected if the peak was 
higher than the mean peak height or the prominence was bigger than the mean 
prominence, or both. These selected peaks are indicated by the dots in Fig 3C. 
Hoof-off was determined as the time point corresponding with the peak closest to 
the start of the estimated swing phase. Hoof-on was determined as the time point 
corresponding with the peak closest to the end of the estimated swing phase. The 
peaks selected as hoof-off and hoof-on are indicated with dots in Fig 3D.
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Stride parameter estimation
With the determined hoof-on and hoof-off time points the following stride 
parameters were determined:

• Stance duration – time between hoof-on and hoof-off of the same hoof

• Hoof-on time difference – time difference between the hoof-on detection 
of both algorithms were assessed with the force plate hoof-on detection 
separately for a given hoof

• Hoof-off time difference – time difference between the hoof-off detection 
of both algorithms were assessed with the force plate hoof-off detection 
separately for a given hoof

Performance evaluation
The normality of the stride parameters was visually checked by examining the 
QQ plot and histogram in R (version 1.1.414, RStudio Inc, Boston, Massachusetts, 
USA). Thereafter, the distribution of the hoof-on and hoof-off time differences was 
evaluated to interpret the results and the performance of both algorithms was 
evaluated by Bland Altman and linear mixed model analysis.

Bland Altman
The agreement between the acceleration algorithm and the force plate and 
the angular velocity algorithm and the force plate was evaluated for the stance 
duration. This evaluation compared two different methods to measure the 
stance duration and therefore a Bland Altman analysis was performed with the 
“BlandAltmanLeh” package (17).

The results of this analysis showed the mean difference in stance duration 
between the algorithms and the force plate and the standard deviation (SD) of 
these differences. These results were deemed better if closer to zero since this 
indicates a small and consistent difference between the algorithms and force 
plate, i.e. a good accuracy and precision. A positive mean indicates a shorter stance 
duration measured with the force plate and a negative mean indicates a longer 
stance duration measured with the force plate compared with the algorithms. In 
addition, the upper and lower confidence interval limits were used to calculate 
the width of the confidence interval. The width of the confidence interval was 
preferred to be small which means that the differences between the algorithms 
and the force plate were consistent.
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Linear mixed model analysis
A linear mixed model analysis was performed to estimate the effect of horse, hoof, 
gait and trial on the performance of the algorithms for all stride parameters. This 
analysis was performed with the “lme4” package (18). The independent variables 
of this analysis were the effect of hoof, gait, number of analyzed trials and 
interaction term between hoof and gait. The model is described by:

Yijkl ~ µ + hoofi + gaitj + trialk + (hoof x gait)ij + (1|horse) + ɛijkl

where Yijkl is the predicted value of the ijkl-th record, µ is the overall mean, hoofi is 
the effect of hoof (i can be RF or RH hoof ), gaitj is the effect of gait (j can be walk 
or trot), trialk is the effect of trial (k can be 1 until 9 depending on the number of 
trials collected for a horse), (hoof x gait)ij is the effect of the interaction between 
hoofi and gaitj and ɛijkl is the residual error term associated with the ijkl-th record. 
A random intercept for every horse was included in the model.

Model reduction was applied with the Akaike’s information criterion and the model 
with the lowest Akaike’s information criterion values was selected according to 
Occam’s Razor principle. The residuals of each selected model were visually 
inspected and checked for any deviations of normality and homoscedasticity. 
The predicted value of the stance duration and the time difference between the 
algorithms and the force plate (Y) were calculated for every combination of hoofi 
and gaitj (“emmeans” package (19)). In addition, the lower and upper limits were 
calculated of the 95% confidence interval (“MASS” package (20)).

The performance of these algorithms was evaluated based on the predicted 
values and width of the confidence intervals. For the stance durations, the 
predicted values of both algorithms were deemed better if closer to the predicted 
value of the force plate and the width of the confidence interval was preferred 
to be small, which indicates a good precision. For the hoof-on and hoof-off time 
differences between the algorithms and the force plate, the predicted value was 
deemed better if closer to zero since this indicates a small difference between 
the algorithms and force plate, i.e. a good accuracy. A positive predicted value 
indicates a delayed detection by the algorithms and a negative predicted value 
indicates a too early detection by the algorithms compared with the force plate 
measurement. The width of the 95% confidence interval was preferred to be small, 
which means that the differences between the algorithms and the force plate were 
consistent, i.e. a good precision. Schematic representations of these predicted 
values were used to evaluate the accuracy and precision of the algorithms.
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Results

A total of 147 trials were analyzed: 75 trials of the right front (RF) hoof (36 in walk 
and 39 in trot) and 72 trials of the right hind (RH) hoof (34 in walk and 38 in trot). 
In Table 1 an overview is given of the number of the analyzed trials and hoof and 
gait characteristics. Preprocessed data of one measurement in trot can be seen in 
Fig S1. Stance durations were calculated and can be found in Table S1. The stride 
parameters were normally distributed.

Table 1. Number of analyzed trials collected per horse, gait and hoof.

horse ID 1 2 3 4 5 6 7 total

Walk
RF 5 5 5 5 5 6 5 36

RH 5 5 5 4 5 5 5 34

Trot
RF 5 5 6 5 8 5 5 39

RH 7 5 5 5 5 6 5 38

22 20 21 19 23 22 20 147

The distributions of the time differences for hoof-on detection are illustrated 
in Fig 4A for the acceleration algorithm and in Fig 4B for the angular velocity 
algorithm. The distribution in both figures show higher values for the RH hoof in 
walk and lower values for the RF hoof in trot. The distribution in Fig 4A has a mean 
around 7 ms in contrast to the distribution in Fig 4B which has a mean of 16.5 
ms. Furthermore, in Fig 4A there are no outliers in contrast to Fig 4B in which the 
distribution has outliers around -75 and 50 ms.

The distributions of the time differences for hoof-off detection are illustrated 
in Fig 4C for the acceleration algorithm and in Fig 4D for the angular velocity 
algorithm. The distribution in Fig 4C has a lower mean, around 0.78 ms, compared 
to the distribution in Fig 4D which has a mean of 3.2 ms. In Fig 4C, the distribution 
has outliers around -57.5, 55 and 150 ms in contrast to the distribution in Fig 4D 
which has outliers around -50 and 50 ms. For both models, no clear distinction 
could be made between the different hoof/gait combinations.

Bland Altman analysis
The results in Table 2 show that the mean difference and SD were closer to zero 
for the angular velocity algorithm, except for the SD of the RF hoof in trot, which 
was higher compared to the acceleration algorithm. Also, the confidence intervals 
were smaller for the angular velocity algorithm, except for the RF hoof in trot 
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which is caused by a higher SD. These results indicate that the agreement with the 
force plate was, in general, better for the angular velocity algorithm for the stance 
duration. Furthermore, the mean difference was negative for all groups, except 
for the RF hoof in trot, which means that shorter stance durations were measured 
with both algorithms compared to the force plate.

Table 2. Bland Altman results for stance duration.

Stance duration

mean (ms) SD (ms) lower CI (ms) upper CI (ms)

acceleration walk RF -2.67 3.76 -10.05 4.71

RH -4.18 3.52 -11.08 2.72

trot RF -1.64 3.84 -9.17 5.89

RH -2.39 6.18 -14.52 9.73

angular velocity walk RF -1.33 3.20 -7.60 4.94

RH -2.88 2.86 -8.48 2.72

trot RF 0.74 4.98 -9.01 10.50

RH -1.66 4.52 -10.52 7.20

The mean differences in stance duration between the algorithms and force plate in milliseconds (ms) and the standard deviation (SD) of 
this mean difference in ms are deemed better if closer to zero. The 95% confidence interval was preferred to be small.

Linear mixed model analysis
The residuals of all selected linear mixed models were normally distributed and 
did not show homoscedasticity.

Hoof-on detection
The results presented in Table 3 are the models with the lowest AIC values. The 
predicted values of the time differences between the acceleration algorithm and 
the force plate (model 1) were best explained with hoof, gait, trial and interaction 
term as fixed effect and horse as random effect. For this model, the predicted 
values and lower and upper confidence interval limits were averaged over the 
number of analyzed trials. For the time differences between the angular velocity 
and the force plate (model 2), hoof and gait were needed as fixed effects and 
horse as random effect to explain the data best.

The results in Table 3 show that the predicted values of the time differences 
were smaller for the angular velocity algorithm (model 2) compared with the 
acceleration algorithm (model 1). All predicted values were positive which 
indicates a delayed detection by both algorithms compared with the force plate. 
Also, the confidence intervals were smaller for the angular velocity algorithm.



35

2

In Fig 5A, the predicted values and their confidence intervals of model 1 are shown 
for every hoof/gait combination because this model needs an interaction term to 
explain the data. In Fig 5B, the predicted values and their confidence intervals of 
model 2 are shown for walk versus trot and RF versus RH hoof because this model 
did not need an interaction term to explain the data. The predicted values are 
located closer to zero for model 2 and their confidence intervals are smaller.

These results indicate that the agreement with the force plate was, in general, 
better for the angular velocity algorithm with an accuracy between 2.39 and 12.22 
ms depending on the gait and hoof and a precision of around 13.83 ms for the 
hoof-on detection.

Hoof-off detection
The predicted values of the time differences between the acceleration algorithm 
and the force plate (model 3) were best explained with an empty model with no 
random effect. For the time differences between the angular velocity algorithm 
and the force plate (model 4), an empty model with random effect for horse was 
needed to explain the data best.

Table 3. Linear mixed model results for the time differences in hoof-on and hoof-off detection.

Hoof-on time differences

predicted value (ms) lower CI (ms) upper CI (ms)

Model 1: acceleration walk RF 17.93 9.33 26.52

RH 23.96 15.35 32.57

trot RF 13.77 5.20 22.34

RH 14.84 6.27 23.41

Model 2: angular velocity walk 11.06 4.13 17.99

trot 3.55 -3.35 10.45

RF 2.39 -4.52 9.30

RH 12.22 5.29 19.14

Hoof-off time differences

predicted value (ms) lower CI (ms) upper CI (ms)

Model 3: acceleration 3.20 0.05 6.34

Model 4: angular velocity 0.75 -3.83 5.32

The predicted values of the time difference between both algorithms relative to the force plate are determined in milliseconds (ms) and 
are deemed better if closer to zero. The 95% confidence interval was preferred to be small.
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The results in Table 3 show that the predicted value was smaller for the angular 
velocity algorithm (model 4) compared with the acceleration algorithm (model 
3). Both predicted values are positive which indicates a delayed detection by both 
algorithms compared with the force plate. The confidence interval was smaller for 
the acceleration algorithm. In Fig 5C, a schematic representation of these findings 
is shown.

Figure 5. Schematic representation of the predicted values of the time differences and their 
95% confidence intervals. The dots indicate the predicted value for a certain hoof/gait combination 
and the 95% confidence intervals are shown by the whiskers. The dashed line indicates a predicted 
time difference of 0 ms.
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These results indicate that the agreement with the force plate was better for the 
acceleration algorithm with an accuracy of 3.20 ms and precision of 6.39 ms for 
hoof-off detection.

Stance duration
For all three models, the predicted values for the stance duration were best 
explained when hoof, gait and interaction term were included as fixed effect 
and horse as random effect in the model. The results in Table 4 show that the 
predicted values of both algorithms are smaller compared with the force plate, 
except for the RF hoof in trot of the angular velocity algorithm. The predicted 
values determined with the acceleration algorithm are the lowest. Also, the width 
of the confidence intervals of both algorithms were smaller than the intervals of 
the force plate, except for the RF hoof in trot of the angular velocity algorithm. 
These results agree with the results of the Bland Altman analysis.

Table 4. Linear mixed model results for stance duration.

Stance duration

predicted value (ms) lower CI (ms) upper CI (ms)

acceleration walk RF 779.71 759.13 800.28

RH 777.97 757.18 798.76

trot RF 337.06 316.73 357.39

RH 302.57 282.17 322.97

angular velocity walk RF 786.53 763.98 809.08

RH 784.63 761.94 807.32

trot RF 349.01 326.61 371.41

RH 306.32 283.88 328.76

force plate walk RF 793.34 771.89 814.80

RH 799.19 777.60 820.78

trot RF 345.32 324.02 366.61

RH 314.96 293.62 336.30

The predicted value for the stance duration is determined in milliseconds (ms) for both algorithms and the force plate. The 95% 
confidence interval was preferred to be small.

Discussion

Two algorithms are presented to automatically detect hoof-events from the 
acceleration and angular velocity signals measured with hoof-mounted IMUs in 
horses walking and trotting on hard ground. Results of internal validation with the 
force plate showed that, for the hoof-on detection, the angular velocity algorithm 
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was the most accurate with an accuracy between 2.39 and 12.22 ms and a 
precision of around 13.80 ms, depending on gait and hoof. For hoof-off detection, 
the acceleration algorithm was the most accurate with an accuracy of 3.20 and 
precision of 6.39 ms, independent of gait and hoof.

From the results we can conclude that hoof-on is better detected by the angular 
velocity algorithm which might be explained by the fact that the hoof will 
slide forward after vertical impact on a hard surface. The forward slide results 
in a silent angular velocity signal while the acceleration is not silent. Also, a 
difference in accuracy between the RF hoof (2.39 ms) and RH hoof (12.22 ms) 
was found which can be explained by the fact that horses place their front and 
hind hooves differently on the ground. In previous studies, also different landing 
and braking characteristics are found for hind, front, leading and trailing limbs 
(21-23). Furthermore, the front hooves bounce more at impact in contrast to the 
hind hooves, which slide more at impact (24). For the hoof-off detection, the 
acceleration algorithm performed better which might be explained by the gradual 
hoof rotation prior to hoof-off. This gradual rotation results in an increase in the 
angular velocity signal while the acceleration signal is more strongly increased at 
the actual hoof-off moment. These phenomena could be different and variable on 
surfaces with other properties. Less firm surface material, such as sand would allow 
penetration of the hoof into the substrate. If the surface offers shear resistance the 
hoof would slide less forward (25). This could alter the appearance of the angular 
velocity versus the acceleration signal. Thomason and Peterson (2008) described a 
more evident forward push when the surface is smooth and firm (26). Since these 
algorithms are only tested on data measured on a hard surface, more extensive 
studies should be performed in to validate it for other surfaces.

In a previous study by Braganςa et al. (2017), accuracy and precision for hoof-
on were slightly better for the RH hoof and similar for the RF hoof. For hoof-off 
detection, the accuracy and precision found in this study were better (13). It was 
expected to find a better algorithm performance during this study due to the use 
of hoof-mounted IMUs. However, this expectation was only met for the hind hoof 
and not for the front hoof.

In another study, algorithms were developed to detect gait events from OMC 
data. Validation with the force plate showed an accuracy between -13.6 and 21.5 
ms and a precision between 5.8 and 32.9 ms, depending on limb and gait (27), 
which is almost similar to the IMU algorithms of Braganςa et al. (2017) (13). So, no 
clear distinction in performance could be made between algorithms developed 
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for OMC data and IMU data. However, both studies validated these algorithms 
against the force plate.

In previous studies, reservations about the use of the force plate as gold 
standard for lameness detection are described (28, 29). They reported that some 
parameters measured with the force plate should be considered less reliable 
than others (28, 29). Furthermore, detection of stance duration was performed 
by using a threshold for the force plate signal. The use of a threshold value is 
arbitrary; therefore a trial specific threshold was calculated in the study of Clayton 
et al. (1999) (30) to eliminate the horse-specific aspects, such as walking speed 
and weight of the horse, and the effect of noise on the signal. Stance durations 
determined with the IMUs were shorter than the durations determined with the 
force plate which is probably caused by the threshold level used for the force 
plate signal since stance and swing phases are estimated from the IMU signals by 
calculating the variance of the signals. Also, other studies described differences in 
stance duration according to the threshold levels used for the force plate signal 
(4). The reason that we chose to use the force plate as gold standard is that this 
system is used in most research facilities.

The OMC system used guarantees a relative precision of 1.9 mm (7) measuring 
the kinematics of the hoof and introduces different definitions of hoof-on and 
hoof-off such as toe-on, heel-on, toe-off and heel-off timings. Therefore, the OMC 
system might be a more appropriate technique to study the hoof movement and 
break-over phase more in detail. During this study, the break-over phase was also 
included in the analysis but is described elsewhere (16).

The needed accuracy and precision for gait classification are not yet determined. 
Stance duration are measured in different gaits at different speeds and the shortest 
stance duration reported was 103 ms in pace (31). Therefore, an algorithm with an 
accuracy and precision smaller than 100 ms might be sufficient to detected foot-
fall pattern and thus gait classification. For lameness detection however, a more 
accurate and precise algorithm is needed since the stance duration increases with 
1% in both the affected and contralateral limbs for mild lameness (32, 33).
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Conclusion

Two algorithms are presented to automatically detect hoof-on and hoof-off from 
acceleration and angular velocity data measured with hoof-mounted IMUs in 
walk and trot on a hard surface. Internal validation against the force plate was 
performed. The results showed that for the hoof-on detection, the angular velocity 
algorithm was the most accurate with an accuracy between 2.39 and 12.22 ms 
and a precision of around 13.80 ms, depending on gait and hoof. For hoof-off 
detection, the acceleration algorithm was the most accurate with an accuracy of 
3.20 ms and precision of 6.39 ms, independent of gait and hoof. These algorithms 
seem promising for gait classification, although a more extensive validation 
process should be performed. Also, the applicability of these algorithms should 
be investigated under different circumstances, such as different ground surfaces, 
gaits, speed and different hoof trimming conditions. 
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Additional information

Horses
The measurements were performed for a previous study performed by Braganςa 
et al. 2017 (13). Measurements were performed with seven Warmblood horses, 
six mares and one gelding, with a body mass ranging from 506 to 608 kg (mean 
564.4 kg), age ranging from five to twenty-one years (mean 7.5 years) and height 
at withers ranging from 1.58 to 1.75 m (mean 1.65 m).

Data collection
The walking speed of the horses was measured with two pairs of photoelectric 
sensors placed before and after the force plate at a distance of two meters.

Optical motion capture setup
Three markers were used for the motion measurements; these markers were 
spherical passive markers with a diameter of 12.5 mm. The 3D position of the three 
markers was measured with six infrared cameras (ProReflex 240) of the optical 
motion capture (OMC) system (Qualisys AB, Motion Capture System, Göteborg, 
Sweden). The cameras were placed around the force plate in such way that the 
vertical displacement of the markers was visible. Movements of the markers was 
recorded with a sampling frequency of 200 Hz and with a relative precision of 1.9 
mm after calibration (7). The collected OMC data was used in another study for 
break-over detection (34) but was needed for time synchronization in this paper.

Force plate setup and synchronization
The force plate (Z4852C, Kistler, Winterthur, Switzerland) was covered with a five 
mm rubber mat. The analogue force plate signal was fed to an A/D converter with 
a sampling frequency of 1000 Hz and connected to the Qualisys Track Manager 
(QTM) software (Qualisys AB, Motion Capture System, Göteborg, Sweden) 
of the OMC system. The QTM software down sampled the force plate signal 
with a frequency of 200 Hz and removed the response time lag to obtain time 
synchronization with the OMC system ((13); for further details see page 134 of the 
QTM manual (35)).

Inertial measurement unit setup and synchronization
The ProMove-mini wireless inertial measurement units (IMUs) (Inertia-Technology 
B.V., Enschede, The Netherlands) weighted 20 g and were set to a sampling 
frequency of 200 Hz. The sensors measured the tri-axial acceleration, angular 
velocity (gyroscope) and magnetic field intensity (compass) over time with a 



44

Chapter 2 – Automatic hoof-on and -off detection in horses

precision of 100 ns (7). The collected data was stored on the onboard 2 Gb microSD 
card during measurements and was retrieved after each trial.

Time synchronization between the IMUs and OMC system is described by Bosch 
et al. (7). In short, two reflective markers were attached above and below the IMU 
attached to the cannon bone of the horse (data is used for another study (13)). 
The correlation coefficient was calculated between the position data of these 
reflective markers and the angular velocity signal measured with this IMU. The 
time shift between the OMC system and the IMU was indicated by a maximum 
in the correlation coefficient. To improve this calculation, interpolation was used 
which resulted in a time synchronization estimated better than 500 µs (7)).
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S1 Table. Table with stance durations. Mean and standard deviation of detected stance duration as 
detected with the algorithms for acceleration, angular velocity and force plate.

Detected stance duration

mean (ms) SD (ms)

acceleration walk RF 779.72 50.18

RH 777.79 53.49

trot RF 338.85 30.94

RH 302.63 43.63

angular velocity walk RF 786.39 53.55

RH 784.26 48.87

trot RF 350.77 33.00

RH 306.32 32.89

force plate walk RF 793.06 46.46

RH 798.68 54.11

trot RF 347.05 29.37

RH 314.61 33.48

The mean stance duration and the standard deviation (SD) of this mean in milliseconds (ms) are determined for the acceleration and 
angular velocity signals, and force plate signal.
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Abstract

A prolonged break-over phase might be an indication of a variety of 
musculoskeletal disorders and can be measured with optical motion capture 
(OMC) systems, inertial measurement units (IMUs) and force plates. The aim of 
this study was to present two algorithms for automatic detection of the break-
over phase onset from the acceleration and angular velocity signals measured 
by hoof-mounted IMUs in walk and trot on a hard surface. The performance of 
these algorithms was evaluated by internal validation with an OMC system and a 
force plate separately. Seven Warmblood horses were equipped with two wireless 
IMUs which were attached to the lateral wall of the right front (RF) and hind (RH) 
hooves. Horses were walked and trotted over a force plate for internal validation 
while simultaneously the 3D position of three reflective markers, attached to 
lateral heel, lateral toe and lateral coronet of each hoof, were measured by six 
infrared cameras of an OMC system. The performance of the algorithms was 
evaluated by linear mixed model analysis. The acceleration algorithm was the 
most accurate with an accuracy between -9 and 23 ms and a precision around 24 
ms (against OMC system), and an accuracy between -37 and 20 ms and a precision 
around 29 ms (against force plate), depending on gait and hoof. This algorithm 
seems promising for quantification of the break-over phase onset although the 
applicability for clinical purposes, such as lameness detection and evaluation of 
trimming and shoeing techniques, should be investigated more in-depth.
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Introduction

The break-over phase starts after the loading phase when the horse lifts its heel, 
causing a rotational movement around the toe, and ends with hoof-off (1, 2) as 
can be seen in Fig 1A. During this rotation, the body weight moves towards the 
toe; reducing the contact area with the ground and increasing the force on the 
toe and navicular bone. This increase in force results in high tensile forces on the 
muscles, ligaments and tendons (3, 4). The ease of rotation of the hoof is affected 
by the toe length and hoof angle (4-6). The break-over phase duration is the time 
between the start of the rotation and hoof-off. In general, this duration is around 
20% of the stance duration in walk (7) but will be influenced by the gait and 
velocity of the horse, hoof shape and different surface properties. A prolonged 
break-over phase might increase the risk for development of navicular disease and 
tendon injury (3, 4, 8). Prolongation can also be a result of a mechanical restriction 
or pain and thus an indication of an orthopedic disorder or lameness (4).

The break-over phase can be measured with kinematic methods such as optical 
motion capture (OMC) systems, and inertial measurement units (IMUs) since 
the rotation of the hoof can be derived from the output of these methods. The 
OMC systems measure the position of markers, placed on the hoof, over time and 
give information about the displacement of these markers. The IMUs can also be 
attached to the hoof and measure the acceleration and angular velocity in three 
directions over time (9, 10). The displacement can be calculated by integration, 
although some noise in the input data and unknown initial conditions might 
affect the integration and lead to inaccurate results (11). In a previous study by 
Clayton et al. (2000), the vertical force, measured by a force plate, was used to 
determine the loading rate on a limb (12). The loading rate was defined as the 
slope of the vertical force right after hoof impact, in which the longitudinal force 
was decreasing. However, the slope of the decreasing vertical force, unloading 
rate, was not assessed in this study. In another study by Weishaupt et al. 2004, the 
typical shape of the vertical force curve was described in trot and a discrete kink 
after midstance was allocated to the breakover of the hoof (13).

In the current study, the three abovementioned techniques (IMU, OMC and force 
plate) are used to detect the start of the break-over phase. While OMC and force 
plate can be considered established methods, neither can be considered a perfect 
gold standard, as both measure different quantities (force versus position). The 
aim of this study was to present two algorithms for automatic detection of the 
break-over phase onset from the acceleration and angular velocity data measured 
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by hoof-mounted IMUs in walk and trot on a hard surface. The performance of 
these algorithms was evaluated through internal validation with the OMC system 
and the vertical force separately.

Figure 1. Generic illustration of the movement of the hoof (A), modified from Witte et al. (15), 
the signals of the acceleration (B), angular velocity (C), vertical force and first derivative of the 
vertical force (D), and vertical displacement of the heel and toe markers of the OMC system. 
The start of the break-over is depicted with the vertical dashed lines and the dots show the detected 
break-over from the different signals. The swing phase is underlined with a dark beam.
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Materials and Methods

Data collection
The same data collection procedure was performed as described earlier (10, 14). 
In short, measurements were performed with seven Warmblood horses (Equus 
ferus caballus; for further details see S1 Appendix).

These horses were equipped with two ProMove-mini wireless IMUs (Inertia-
Technology B.V., Enschede, The Netherlands; for further details see S1 Appendix) 
which measured the low-g acceleration with a range of ±16 g, high-g acceleration 
with a range of ±400 g, angular velocity with a range of ±2000 º/s, and sampling 
frequency of 200 Hz. These IMUs were attached to the lateral wall of the right front 
(RF) and hind (RH) hooves with double sided and normal tape.

All horses were walked and trotted over a force plate (Z4852C, Kistler, Winterthur, 
Switzerland; for further details see S1 Appendix) to collect at least five valid force 
plate impacts for both front and hind hooves; each valid impact will be considered 
a trial in the further analysis.

Three reflective markers of the OMC system (Qualisys AB, Motion Capture 
System, Göteborg, Sweden; for further details see S1 Appendix) were attached to 
lateral heel, lateral toe and lateral coronet of each hoof with super glue. The 3D 
position of three reflective markers were measured with a sampling frequency of 
200 Hz by six infrared cameras (ProReflex 240) of the OMC system (Qualisys AB, 
Motion Capture System, Göteborg, Sweden). The position of these markers and 
the acceleration and angular velocity signal measured by the IMU sensors was 
obtained simultaneously.

The systems were time synchronized as described earlier (10), for more details see 
S1 Appendix.

The original horse measurements were performed in compliance with the Dutch 
Act on Animal Experimentation and approved by the local ethics committee of 
Utrecht University. All horses were present for teaching purposes and these 
measurements were not considered additional animal experiments within the 
Dutch law at that time. Therefore, no specific experiment number is available.
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Data analysis
At the start of this study, data of the force plate, OMC system and IMUs were 
visually evaluated and a change in unloading rate of the vertical force signal 
was seen prior to hoof-off. To depict the unloading rate, the first derivative of 
the vertical force signal with respect to time was calculated and used during this 
study. The vertical force signal and the first derivative are depicted in Fig 1D.

OMC data
The collected OMC data were preprocessed by Inertia Technology B.V. and 
segmented in different trials corresponding with the force plate trials. The OMC 
data were analyzed and heel-off and toe-off time points, corresponding with 
the valid impact on the force plate, were selected by an algorithm described by 
Bragança et al. (14). In short, the data from the toe and heel markers were filtered 
with a ‘maxflat filter’ with a cut-off frequency of 8 Hz. Then, the stance phase was 
detected by calculating the average variance of the signal using a moving window 
of 40 frames and allocating the moments with the lowest variance to the stance 
phase. Thereafter, the elevation of the markers was detected by performing a 
forward search to find the first frame where the marker was elevated by 1 mm, 
using the stance phase as a reference. This frame was allocated as the toe- and 
heel-off moments respectively. The same steps were performed with a backward 
search to find the toe- and heel-on moments. For this study, the break-over phase 
onset was determined as the heel-off time point.

Force plate data
The collected force plate data were preprocessed by Inertia Technology B.V.. The 
valid impacts were selected and cut into different trials; each trial consisted of 
at least one valid impact and sometimes two for consecutive impacts of the RF 
and RH hoof. The first derivative of the vertical force signal was calculated with 
a fourth order differentiator FIR filter with a passband frequency of 40 Hz and a 
stopband frequency of 100 Hz. The break-over phase onset was determined as the 
time point that the first derivative of the vertical force changed from decreasing 
to increasing values as can be seen in Fig 1D.

IMU data
The collected IMU data were preprocessed by Inertia Technology B.V. and cut into 
different trials corresponding with the force plate trials. The tri-axial acceleration 
and angular velocity signals were preprocessed by removing the offset drift and 
calculation of the Euclidean norm resulting in a one-directional acceleration and 
angular velocity signal. Thereafter, the swing phase was estimated to distinguish 
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between consecutive steps by allocating the time points with a low variance as 
stance phase and the remaining time points as swing phase (for further details see 
companion paper (10)).

Next, we determined the break-over phase onset from the acceleration and 
angular velocity signal separately but by the same procedure. For both algorithms 
a threshold was developed to detect the start of the break-over phase. This 
threshold value was calculated from the signal mean (x) and signal standard 
deviation (s) of the stance phases. For every trial, this threshold value (T) was 
determined by:

T = x + 1.96 × s

The standard deviation was multiplied by 1.96 resulting in detection of the upper 
2.5% of a normally distributed signal, to make sure that no random noise was 
detected.

The break-over phase onset was determined as the last time point that the signal 
was below the threshold value before hoof-off was detected.

Performance evaluation
The time differences between the detection of the break-over phase onset of 
both algorithms were assessed with the OMC and force derivative separately 
as reference. The normality of the time differences was visually checked by 
examining the QQ plot and histogram in R (version 1.1.414, RStudio Inc, Boston, 
Massachusetts, USA). Thereafter, the distribution of the time differences was 
visualized to interpret the results and the performance of both algorithms was 
evaluated by a linear mixed model analysis.

For the linear mixed model analysis, the same model building and reduction 
procedure was performed as described previously (10). In short, a linear mixed 
model analysis was performed with hoof, gait, number of trials and interaction 
term between hoof and gait as independent variables. A random intercept for every 
horse was included in the model. Model reduction was applied based on the AIC 
and residuals of each selected model were visually checked for any deviations of 
normality and homoscedasticity. The predicted value of the time difference between 
both algorithms with the OMC and force derivative separately were calculated for 
every combination of hoof and gait.  The same procedure was performed for the 
time differences between the force derivative and the OMC system.
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The performance of the algorithms was evaluated based on the predicted 
values and the width of the 95% confidence intervals of the time differences. 
The predicted value was deemed better if closer to zero which indicates a 
small difference between the algorithm and the reference measurement, i.e. a 
good accuracy. A positive predicted value indicates a delayed detection by the 
algorithm and a negative predicted value indicates a too early detection by the 
algorithm compared with the reference measurement. The width of the 95% 
confidence interval of the time difference was preferred to be small, which means 
that the time difference is measured precisely, i.e. a good precision. Schematic 
representations of these predicted values were used to visualize the accuracy and 
precision of the algorithms compared with the reference.

Results

A total of 147 trials were analyzed: 75 trials of the right front (RF) hoof (36 in walk 
and 39 in trot) and 72 trials of the right hind (RH) hoof (34 in walk and 38 in trot). 
An overview of the analyzed trials is given elsewhere (10). Preprocessed data of 
one measurement in trot can be seen in Fig S1. The time differences between the 
detection of the break-over phase onset of both algorithms and the two reference 
methods (OMC and force plate) were normally distributed.

Time differences between both algorithms and the OMC system are depicted in 
the upper row of Fig 2. The distribution of the acceleration algorithm versus OMC 
system (Fig 2A) shows a bell shape curve ranging from -70 to 135 ms and a mean 
of 3.12 ms with higher values found for RH. The distribution of the angular velocity 
algorithm versus OMC system (Fig 2B) shows a smaller half bell shape curve, 
ranging from -100 to 10 ms, and a mean of -32.77 ms with lower values found for 
RF in trot. Time differences between both algorithms and the force derivative are 
depicted in the bottom row of Fig 2. The distribution of the acceleration algorithm 
versus force derivative (Fig 2C) shows a bell shape curve ranging from -155 to 125 
ms and a mean of -12.18 ms with lower values found for RH in walk and higher 
values found for RF in walk. The distribution of the angular velocity algorithm 
versus force derivative (Fig 2D) shows a smaller right skewed curve ranging from 
-195 to 30 ms with a mean of -48.27 ms.

Time differences between both reference methods are depicted in Fig 3A and 
show a bell shape curve, ranging from -75 to 120 ms and mean of 16.11 ms. Lower 
values were found for RH in walk and higher values for RF in walk.
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Table 1. Linear mixed model results for the acceleration and angular velocity algorithm.

OMC system as reference

predicted value (ms) lower CI (ms) upper CI (ms)

Model 1: acceleration walk RF 22.57 10.43 34.72

RH 2.03 -10.67 14.73

trot RF -8.42 -20.08 3.23

RH -2.64 -14.61 9.34

Model 2: angular velocity walk -33.51 -47.08 -19.95

trot -31.56 -45.10 -18.02

RF -43.57 -57.11 -30.02

RH -21.50 -35.07 -7.94

Force derivative as reference

predicted value (ms) lower CI (ms) upper CI (ms)

Model 3: acceleration walk RF 20.25 5.76 34.74

RH -36.86 -51.65 -22.07

trot RF -16.51 -30.65 -2.38

RH -16.73 -30.97 -2.50

Model 4: angular velocity walk RF -43.39 -59.28 -27.50

RH -65.13 -81.15 -49.10

trot RF -52.13 -67.87 -36.39

RH -34.48 -50.26 -18.69

The predicted values are determined in milliseconds (ms) and are deemed better if closer to zero. The upper and lower limits of the 95% 
confidence interval are determined in milliseconds (ms) and were preferred to be small.

Linear mixed model analysis
The residuals of all selected linear mixed models were normally distributed and 
did not show homoskedasticity. Table 1 gives a summary of the results of the 
linear mixed model analysis.

OMC as a reference
The models with the lowest AIC are presented in Table 1. The predicted values 
of the time difference between the acceleration algorithm and the OMC system 
(model 1) were best explained when hoof, gait and interaction term were included 
as fixed effect in the model with no random effect. The predicted values of the 
time difference between the angular velocity algorithm and the OMC system 
(model 2) were best explained when hoof and gait were included as fixed effect 
and horse as random effect in the model.
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The results in Table 1 show that the predicted values of the time differences 
were closer to zero for the acceleration algorithm (model 1) compared with the 
angular velocity algorithm (model 2). For model 1, the predicted values were 
positive in walk and negative in trot indicating a delayed detection in walk and 
a too early detection in trot in contrast to model 2 for which all predicted values 
were negative indicating a too early detection. Also, the confidence intervals 
are smaller for the acceleration algorithm (model 1) compared with the angular 
velocity algorithm (model 2).

In Fig 4, the predicted values and their 95% confidence intervals are shown for 
all models. For model 1 (Fig 4A), these values are shown for every hoof/gait 
combination because this model needs an interaction term to explain the data. 
The predicted values and their 95% confidence intervals of model 2 (Fig 4B) are 
shown for walk versus trot and the RF hoof versus the RH hoof because this model 
did not need an interaction term to explain the data. For model 1, the predicted 
values for RH are located closer to zero compared with the RF. All confidence 
intervals contain both positive and negative values except for the interval of the 
RF in walk. For model 2, the predictive values of the gaits are located closer to 
each other than the values of both hooves. The predictive value of RH is located 
closest to zero and the value of RF is located most distant from zero.

These results indicate that the agreement with the OMC was better for the 
acceleration algorithm with an accuracy of between -8.42 and 22.57 ms depending 
on the gait and hoof and a precision around 24.24 ms.

Force derivative as a reference
The predicted values of the time differences between the acceleration algorithm 
and the force plate (model 3) and the angular velocity algorithm and the force 
plate (model 4) were best explained when in the model hoof, gait and interaction 
term were included as fixed effect and horse as random effect.

The results in Table 1 show that the predicted values were smaller for the 
acceleration algorithm (model 3) compared with the angular velocity algorithm 
(model 4). The predictive values of both models were all negative, indicating a 
too early detection, except for RF in walk of model 3. Also, the widths of the 95% 
confidence intervals were smaller for the acceleration algorithm (model 3).

For model 3 (Fig 4C) and model 4 (Fig 4D), these values are shown for every hoof/
gait combination because this model needs an interaction term to explain the 
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data. For model 3, the predictive values and confidence intervals are negative 
except for the RF in walk which has a positive predictive values and completely 
positive confidence interval. The values of both hooves are located closer to zero 
in trot compared to walk. For model 4, the predictive values and all confidence 
intervals are completely negative. The predictive value of RH in trot is located the 
closest to zero and the value of RH in walk is located the most distant from zero.

Figure 4. Schematic representation of the predicted values of the time differences and their 
95% confidence intervals. The dots indicate the predicted value for a certain hoof/gait combination 
and the 95% confidence intervals are shown by the whiskers. The dashed line indicates a predicted 
time difference of 0 ms.
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These results indicate that the agreement with the force derivative was better  
for the acceleration algorithm, which agrees with the results found for the 
validation with the OMC system. The accuracy of this algorithm was found 
between -36.86 and 20.25 ms, depending on gait and hoof, and the precision was 
around 28.83 ms.

Force derivative versus OMC system
The predicted values of the time differences between the two references methods, 
force derivative and OMC system, were best explained when the model contained 
a fixed effect for hoof and gait, an interaction term and no random horse effect.

The results in Table 2 show that all predicted values are positive, indicating a 
delayed detection with the force derivative compared to the OMC system. The 
value for RH in walk was the most located from zero. The confidence intervals 
were all completely positive, except for the interval of the RF in walk.

Table 2. Linear mixed model results for the reference methods, OMC system and force derivative.

Force derivative vs OMC system

predicted values (ms) lower Cl (ms) upper Cl (ms)

walk RF 1.57 9.56 -6.44

RH 40.62 49.01 32.24

trot RF 7.97 15.77 0.18

RH 16.81 24.71 8.90

The predicted values are determined in milliseconds (ms) and are deemed better if closer to zero. The lower and upper limits of the 95% 
confidence interval are determined in milliseconds (ms) and were preferred to be small.

In Fig 3B, the predicted values and their 95% confidence intervals are shown for 
every hoof/gait combination because this model needs an interaction term to 
explain the data. For the RF hoof in both gaits, the predicted values were closer 
to zero in contrast to the RH in walk for which the predicted value was the most 
distant from zero. All the confidence intervals were completely positive except for 
the interval of the RF in walk.

Discussion

Two algorithms are described to automatically detect the break-over phase onset 
from the acceleration and angular velocity signals measured with hoof-mounted 
IMUs in walk and trot on a hard surface. Results of the internal validation show 
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that the acceleration algorithm was the most accurate with an accuracy between 
-9 and 23 ms and a precision around 24 ms with assessment against the OMC 
system and an accuracy between -37 and 20 ms and a precision around 29 ms 
with assessment against the force plate, depending on gait and hoof.

Both models needed a hoof, gait and interaction term to explain the predicted 
values of the time differences. The hoof effect might be explained by the fact 
that the shape of the hind- and front hooves are different; the hind hoof angle 
is steeper and the hoof is narrower, which results in a different hoof-unrollment 
pattern compared with the front hoof (6, 16). The hoof-unrollment pattern might 
be affected by the velocity of the horse which explained the gait effect. The 
interaction term might be explained by the fact that hoof-unrollment patterns of 
hind- and front hooves might change differently over different gaits.

This is the first study that reports the use of the slope of the decreasing vertical 
force, unloading rate, for detection of the break-over phase onset. When the two 
established methods, OMC system and force plate, were assessed with each other, 
the predicted values of the time difference showed a time difference of 7.97 and 
16.81 ms for respectively RF and RH in trot and 1.57 and 40.62 ms for respectively 
RF and RH in walk. This shows that the break-over phase onset detection based 
on the first derivative of the vertical force signal did not agree closely to the OMC 
system for all hoof/gait combinations. Based on the results of the current study, 
it’s not possible to conclude which method detects the break-over phase onset 
most accurately. However, the OMC system might be better suited for detecting of 
rotational movement around the toe while the force plate might be better suited 
for detection of  sudden hoof contact moments (10). Although, to determine toe-
off and heel-off timings with the OMC system, an arbitrary threshold is needed in 
contrast to the force derivative.

During this study, no clear effect of stance duration on the performance of the 
break-over phase onset detection was seen. Stance durations can be found in Table 
S1 of the companion paper (10). With the force derivative as reference, the angular 
velocity algorithm did not show a better performance in walk or trot, although the 
acceleration algorithm did show a better performance in trot compared to walk. 
With the OMC system as reference, the angular velocity algorithm did show a 
better performance in trot compared to walk, although the acceleration algorithm 
did not show a better performance in walk or trot.
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The results of this study show that the acceleration algorithm was the most 
accurate algorithm to detect the break-over phase onset which was not as 
expected since the hoof was not yet lifted from the ground and no big acceleration 
change occurred. This might be a result of calculation of the Euclidean norm; 
an increasing angular velocity in one direction might become concealed by a 
decrease in angular velocity in another direction. For clinical applications, such 
as evaluation of hoof trimming, testing different shoeing techniques (6, 17-19) 
and lameness detection (20), it might be beneficial to investigate the acceleration 
and angular velocity in three directions separately since rotation direction and 
maximal angle of rotation change with different hoof shapes and when horses  
are lame.

Besides measuring the rotation direction, the break-over duration might be a 
helpful addition for these applications. An increased break-over duration was 
found at mild lameness, even before lameness could be detected with the naked 
eye and before the stance duration of the lame limb increased (21). In the current 
study, break-over durations were not evaluated by statistical analysis because 
calculation of these durations depends on the break-over onset as well as hoof-
off detection per measurement method. Both detections are performed with 
their corresponding accuracy and precision, where the accuracy and precision of 
hoof-off detections is discussed in the companion paper (10). An overview of the 
break-over durations within each measurement method is given in Table S1-S4 
with their relative duration as percentage of the corresponding stance duration.

Break-over onset timing relative to the stance phase might also be of importance. 
In a previous study by Clayton et al. (2000), coffin joint moment and force plate 
data showed that the center of pressure began to move forward in a relatively 
early stage of the stance phase, initiating an early break-over phase onset in the 
lame limb (12). Further research should be performed to investigate the possible 
wider applicability of these algorithms, for instance on different surfaces. On a 
hard surface, the hoof remains flat on the ground until heel-off, in contrast to a 
soft surface on which the toe rotates into the surface before heel-off (22). This 
will probably make break-over phase onset detection more difficult with these 
algorithms. Furthermore, reliability of these algorithms should be revalued 
in different situations, such as sound and lame conditions or before and after  
hoof trimming.
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Conclusion

Two algorithms were presented to automatically detect the start of the break-
over phase from the acceleration and angular velocity data measured with hoof-
mounted IMUs in walk and trot on a hard surface. Internal validations against the 
OMC system and unloading rate, measured by the force derivative, were performed 
separately. The acceleration algorithm appeared to perform best with an accuracy 
between -9 and 23 ms and a precision around 24 ms (with the OMC system as 
reference), and an accuracy between -37 and 20 ms and a precision around 29 ms 
(with the force plate as reference), depending on gait and hoof. These algorithms 
seem promising for the onset of the break-over phase quantification. However, 
a more extensive validation process should be performed with more data and 
additional horses. Furthermore, the applicability of these algorithms for clinical 
purposes, such as lameness detection and evaluation of trimming and shoeing 
techniques, should be investigated more in-depth, including on different surfaces.

Acknowledgements

We would like to thank W. Back, M. Marin-Perianu and P.R. van Weeren for 
making this study possible. A special thanks to W. Back and P.R. van Weeren for 
the feedback on preliminary results of the current study and J. van den Broek for 
statistical guidance.



68

Chapter 3 – Automatic detection of break-over phase onset in horses

References

1. Thomason JJ, Peterson ML. Biomechanical and mechanical investigations of the hoof-track 
interface in racing horses. Vet Clin North Am Equine Pract. 2008;24(1):53-77.

2. Starke SD, Clayton HM. A universal approach to determine footfall timings from kinematics of 
a single foot marker in hoofed animals. PeerJ. 2015;3:e783.

3. Clayton HM. Comparison of the stride of trotting horses trimmmed with a normal and a 
broken-back hoof axis.  Proceedings 7th American Association of Equine Practitioners1987. p. 
289-98.

4. Clayton HM, Sigafoos R, Curle RD. Effect of three shoe types on the duration of breakover in 
sound trotting horses. Journal of Equine Veterinary Science. 1990;11(2):129-32.

5. Wilson A, Agass R, Vaux S, Sherlock E, Day P, Pfau T, et al. Foot placement of the equine forelimb: 
Relationship between foot conformation, foot placement and movement asymmetry. Equine 
Vet J. 2016;48(1):90-6.

6. Keegan KG, Satterley JM, Skubic M, Yonezawa Y, Cooley JM, Wilson DA, et al. Use of gyroscopic 
sensors for objective evaluation of trimming and shoeing to alter time between heel and toe 
lift-off at end of the stance phase in horses walking and trotting on a treadmill. American 
Journal of Veterinary Research. 2005;66(12):2046-54.

7. Chateau H, Degueurce C, Denoix JM. Three-dimensional kinematics of the equine distal 
forelimb: effects of a sharp turn at the walk. Equine Vet J. 2005;37(1):12-8.

8. Glade MJ, Salzman RA. Effects of toe angle on hoof growth and contraction in the horse. 
Journal of Equine Veterinary Science. 1985;5(1):45-50.

9. Bosch S, Serra Braganca F, Marin-Perianu M, Marin-Perianu R, van der Zwaag BJ, Voskamp J, et 
al. EquiMoves: A Wireless Networked Inertial Measurement System for Objective Examination 
of Horse Gait. Sensors (Basel). 2018;18(3).

10. Tijssen M. A method for automatic hoof-event detection in horses based on hoof-mounted 
inertial measurement units. Submitted to PLOS ONE. 2020a, companion paper.

11. Pfau T, Witte TH, Wilson AM. A method for deriving displacement data during cyclical movement 
using an inertial sensor. J Exp Biol. 2005;208(Pt 13):2503-14.

12. Clayton HM, Schamhardt HC, Willemen MA, Lanovaz JL, Colborne GR. Kinematics and ground 
reaction forces in horses with superficial digital flexor tendinitis. American Journal of Veterinary 
Research. 2000;61(2):191-6.

13. Weishaupt MA, Wiestner T, Hogg HP, Jordan P, Auer JA. Vertical ground reaction force-time 
histories of sound Warmblood horses trotting on a treadmill. Vet J. 2004;168(3):304-11.

14. Braganca FM, Bosch S, Voskamp JP, Marin-Perianu M, Van der Zwaag BJ, Vernooij JCM, et al. 
Validation of distal limb mounted inertial measurement unit sensors for stride detection in 
Warmblood horses at walk and trot. Equine Vet J. 2017;49(4):545-51.

15. Witte TH, Knill K, Wilson AM. Determination of peak vertical ground reaction force from duty 
factor in the horse (Equus caballus). J Exp Biol. 2004;207(Pt 21):3639-48.

16. Van Heel MCV, Moleman M, Barneveld A, Van Weeren PR, Back W. Changes in location of centre 
of pressure and hoof-unrollment pattern in relation to an 8-week shoeing interval in the horse. 
Equine Vet J. 2005;37(6):536-40.

17. Page BT, Hagen TL. Breakover of the hoof and its effect on stuctures and forces within the foot. 
Journal of Equine Veterinary Science. 2002;22(6):258-64.

18. Spaak B, van Heel MC, Back W. Toe modifications in hind feet shoes optimise hoof-unrollment 
in sound Warmblood horses at trot. Equine Vet J. 2013;45(4):485-9.

19. Van Heel MCV, Van Weeren PR, Back W. Shoeing sound Warmblood horses with a rolled 
toe optimises hoof-unrollment and lowers peak loading during breakover. Equine Vet J. 
2006;38(3):258-62.



69

3

20. Moorman VJ, Reiser RF, 2nd, Mahaffey CA, Peterson ML, McIlwraith CW, Kawcak CE. Use of an 
inertial measurement unit to assess the effect of forelimb lameness on three-dimensional hoof 
orientation in horses at a walk and trot. Am J Vet Res. 2014;75(9):800-8.

21. Moorman VJ, Reiser RF, 2nd, Peterson ML, McIlwraith CW, Kawcak CE. Effect of forelimb 
lameness on hoof kinematics of horses at a walk. Am J Vet Res. 2013;74(9):1192-7.

22. Hernlund E, Egenvall A, Roepstorff L. Kinematic characteristics of hoof landing in jumping 
horses at elite level. Equine Vet J Suppl. 2010(38):462-7.



70

Chapter 3 – Automatic detection of break-over phase onset in horses

Additional information

Horses
The measurements were performed for a previous study performed by Braganςa 
et al. 2017 (14). Measurements were performed with seven Warmblood horses, 
six mares and one gelding, with a body mass ranging from 506 to 608 kg (mean 
564.4 kg), age ranging from five to twenty-one years (mean 7.5 years) and height 
at withers ranging from 1.58 to 1.75 m (mean 1.65 m).

Data collection
The walking speed of the horses was measured with two pairs of photoelectric 
sensors placed before and after the force plate at a distance of two meters.

Optical motion capture setup
Three markers were used for the motion measurements; these markers were 
spherical passive markers with a diameter of 12.5 mm. The 3D position of the three 
markers was measured with six infrared cameras (ProReflex 240) of the optical 
motion capture (OMC) system (Qualisys AB, Motion Capture System, Göteborg, 
Sweden). The cameras were placed around the force plate in such way that the 
vertical displacement of the markers was visible. Movements of the markers was 
recorded with a sampling frequency of 200 Hz and with a relative precision of 1.9 
mm after calibration (9). The collected OMC data was used in another study for 
break-over detection (23) but was needed for time synchronization in this paper.

Force plate setup and synchronization
The force plate (Z4852C, Kistler, Winterthur, Switzerland) was covered with a five 
mm rubber mat. The analogue force plate signal was fed to an A/D converter with 
a sampling frequency of 1000 Hz and connected to the Qualisys Track Manager 
(QTM) software (Qualisys AB, Motion Capture System, Göteborg, Sweden) 
of the OMC system. The QTM software down sampled the force plate signal 
with a frequency of 200 Hz and removed the response time lag to obtain time 
synchronization with the OMC system ((14); for further details see page 134 of the 
QTM manual (24)).

Inertial measurement unit setup and synchronization
The ProMove-mini wireless inertial measurement units (IMUs) (Inertia-Technology 
B.V., Enschede, The Netherlands) weighted 20 g and were set to a sampling 
frequency of 200 Hz. The sensors measured the tri-axial acceleration, angular 
velocity (gyroscope) and magnetic field intensity (compass) over time with a 
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precision of 100 ns (9). The collected data was stored on the onboard 2 Gb microSD 
card during measurements and was retrieved after each trial.

Time synchronization between the IMUs and OMC system is described by Bosch 
et al. (9). In short, two reflective markers were attached above and below the IMU 
attached to the cannon bone of the horse (data is used for another study (14)). 
The correlation coefficient was calculated between the position data of these 
reflective markers and the angular velocity signal measured with this IMU. The 
time shift between the OMC system and the IMU was indicated by a maximum 
in the correlation coefficient. To improve this calculation, interpolation was used 
which resulted in a time synchronization estimated better than 500 µs (9)).
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S1-S4 Table. Tables with break-over durations. Tables with break-over durations 
per trial in milliseconds (ms) and relative to corresponding stance duration (%) as 
detected with the acceleration and angular velocity algorithms, force derivative 
and OMC system for every hoof and gait combination.

Table S1. Break-over durations per trial in milliseconds (ms) and relative to stance duration (%) 
for right front hoof in walk

Break-over duration in ms (%) for right front hoof in walk

horse ID trial Acceleration Angular Velocity Force Derivative OMC

1 1 140 (18.92) 170 (22.97) 145 (19.33) 90 (12.59)

2 150 (21.13) 170 (23.78) 140 (19.18) 60 (8.82)

3 150 (20.00) 175 (23.33) 165 (21.71) 60 (8.76)

4 110 (14.57) 210 (27.63) 160 (20.78) 80 (11.68)

5 155 (19.75) 195 (25.16) 150 (19.23) 70 (9.59)

2 1 140 (17.50) 175 (21.74) 130 (16.15) 110 (13.84)

2 90 (11.11) 170 (20.99) 125 (15.53) 100 (12.74)

3 25 (3.05) 185 (22.02) 135 (16.56) 135 (17.09)

4 115 (13.69) 185 (21.76) 135 (16.07) 120 (14.20)

5 215 (24.43) 175 (19.89) 150 (17.14) 50 (6.17)

3 1 80 (10.13) 170 (21.79) 125 (15.82) 65 (8.72)

2 70 (8.97) 175 (22.15) 50 (6.29) 100 (12.99)

3 140 (19.18) 160 (21.62) 115 (15.65) 105 (14.29)

4 105 (14.09) 160 (20.78) 120 (15.29) 125 (15.82)

5 55 (7.75) 175 (22.88) 135 (17.53) 100 (13.89)

4 1 175 (23.18) 225 (29.80) 170 (21.66) 45 (6.98)

2 165 (19.88) 230 (27.38) 170 (20.00) 30 (4.35)

3 190 (23.60) 200 (24.24) 170 (20.00) 20 (2.94)

5 155 (18.90) 240 (27.75) 170 (19.54) 35 (4.73)

6 155 (19.38) 240 (28.40) 175 (20.59) 90 (11.69)

5 1 45 (5.81) 185 (24.18) 135 (17.42) 35 (5.43)

2 185 (22.16) 200 (23.95) 165 (19.53) 55 (7.80)

3 45 (5.70) 185 (23.42) 150 (18.99) 100 (14.18)

4 145 (16.67) 190 (21.84) 160 (18.39) 15 (2.10)

5 95 (11.24) 205 (24.12) 55 (6.43) 30 (4.23)

6 1 140 (17.61) 180 (21.95) 115 (14.38) 45 (6.29)

4 135 (17.31) 175 (22.88) 100 (12.90) 95 (12.58)

5 145 (17.47) 185 (22.70) 105 (12.65) 55 (7.24)

7 45 (5.39) 170 (19.88) 115 (13.94) 105 (12.96)
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8 100 (14.29) 155 (20.81) 180 (24.66) 35 (5.43)

9 135 (17.88) 175 (23.49) 210 (27.63) 60 (8.70)

7 1 95 (13.01) 100 (13.79) 85 (11.49) 30 (4.41)

2 110 (15.38) 105 (15.00) 90 (12.59) 0 -

3 30 (3.92) 105 (13.91) 90 (11.61) 30 (4.38)

4 35 (4.93) 105 (15.00) 95 (13.19) 35 (5.56)

5 115 (16.79) 120 (17.78) 80 (10.88) 25 (3.91)

The break-over duration is determined as the time between break-over phase onset and hoof-off for the force plate, acceleration and 
angular velocity algorithms. For the OMC system, the break-over duration is determined as the time between heel-off and toe-off. The 
stance duration is determined as the time between hoof-on and hoof-off for the force plate, acceleration and angular velocity algorithms. 
For the OMC system, the stance duration is determined as the time between heel-on and toe-off. Break-over duration as percentage of 
the corresponding stance duration is given between brackets.

Table S2. Break-over durations per trial in milliseconds (ms) and relative to stance duration (%) 
for right hind hoof in walk

Break-over duration in ms (%) for right hind hoof in walk

horse ID trial Acceleration Angular Velocity Force Derivative OMC

1 1 150 (19.74) 165 (21.85) 55 (7.14) 60 (8.76)

2 145 (19.59) 160 (21.19) 105 (13.64) 60 (8.82)

3 165 (21.85) 190 (24.84) 80 (10.26) 50 (7.30)

4 90 (12.00) 125 (16.56) 85 (10.97) 65 (9.29)

5 175 (23.18) 135 (17.65) 130 (16.46) 65 (9.29)

2 1 130 (16.99) 190 (25.00) 60 (8.00) 25 (3.70)

2 160 (21.05) 165 (21.57) 70 (8.75) 145 (18.01)

3 135 (17.20) 185 (23.57) 60 (7.45) 40 (5.67)

4 120 (15.19) 210 (25.93) 60 (7.32) 55 (7.48)

5 225 (25.86) 240 (28.40) 55 (6.08) 125 (15.15)

3 1 125 (16.67) 155 (20.53) 120 (16.00) 45 (6.52)

2 140 (18.54) 160 (21.05) 110 (14.67) 45 (6.57)

3 125 (17.48) 125 (17.24) 115 (15.75) 40 (6.02)

4 130 (17.69) 150 (20.41) 115 (15.65) 40 (5.88)

5 130 (18.31) 140 (19.86) 100 (13.70) 35 (5.30)

4 1 145 (18.71) 140 (17.95) 125 (15.82) 65 (8.78)

2 200 (25.00) 170 (21.25) 120 (15.00) 55 (7.43)

5 55 (6.67) 190 (22.49) 135 (15.88) 55 (7.19)

6 200 (25.32) 170 (20.99) 135 (16.46) 55 (7.24)

5 1 100 (12.66) 165 (20.75) 120 (15.09) 0 -

2 150 (18.07) 170 (20.24) 130 (15.20) 45 (6.04)

3 175 (21.60) 185 (22.70) 140 (16.87) 65 (8.78)

4 170 (20.12) 170 (19.88) 125 (14.20) 0 -

5 25 (2.91) 175 (20.47) 65 (7.30) 45 (5.84)
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6 1 155 (20.26) 195 (24.84) 170 (21.79) 130 (17.11)

5 160 (18.71) 175 (20.11) 100 (11.24) 115 (14.02)

7 215 (22.51) 205 (22.16) 130 (13.76) 0 -

8 185 (24.50) 195 (25.49) 65 (8.44) 160 (21.19)

9 165 (22.15) 165 (21.43) 60 (7.64) 160 (20.38)

7 1 50 (6.71) 160 (20.92) 105 (13.46) 65 (9.15)

2 130 (17.69) 140 (19.18) 100 (13.42) 40 (5.97)

3 75 (10.07) 135 (17.76) 105 (13.46) 30 (4.35)

4 160 (22.07) 130 (18.06) 90 (12.24) 40 (5.97)

5 95 (13.57) 130 (17.57) 85 (10.97) 35 (5.11)

The break-over duration is determined as the time between break-over phase onset and hoof-off for the force plate, acceleration and 
angular velocity algorithms. For the OMC system, the break-over duration is determined as the time between heel-off and toe-off. The 
stance duration is determined as the time between hoof-on and hoof-off for the force plate, acceleration and angular velocity algorithms. 
For the OMC system, the stance duration is determined as the time between heel-on and toe-off. Break-over duration as percentage of 
the corresponding stance duration is given between brackets.

Table S3. Break-over durations per trial in milliseconds (ms) and relative to stance duration (%) 
for right front hoof in trot

Break-over duration in ms (%) for right front hoof in trot

horse ID trial Acceleration Angular Velocity Force Derivative OMC

1 1 140 (36.36) 120 (30.00) 70 (17.95) 60 (16.22)

3 95 (27.54) 120 (33.33) 70 (19.44) 45 (14.52)

4 125 (34.72) 125 (33.33) 70 (20.00) 30 (9.09)

6 150 (42.86) 125 (35.21) 70 (20.00) 25 (9.26)

7 90 (25.71) 125 (34.25) 60 (17.14) 50 (14.49)

2 1 35 (12.96) 180 (57.14) 70 (22.22) 20 (7.69)

4 90 (26.47) 195 (52.70) 65 (20.63) 20 (7.27)

5 50 (15.87) 200 (56.34) 75 (21.74) 30 (10.34)

6 55 (19.64) 180 (48.65) 65 (20.31) 20 (7.27)

7 110 (32.35) 195 (52.70) 70 (21.21) 25 (9.43)

3 1 75 (22.39) 80 (24.24) 55 (16.92) 20 (6.90)

2 110 (32.84) 80 (23.19) 75 (21.74) 65 (19.12)

3 100 (27.40) 95 (22.35) 70 (19.72) 60 (17.39)

4 110 (31.88) 100 (29.85) 65 (19.40) 40 (12.70)

5 75 (23.08) 80 (23.88) 60 (18.46) 60 (18.46)

7 45 (14.75) 80 (23.88) 65 (19.40) 60 (19.35)

4 1 75 (22.73) 185 (50.00) 75 (20.83) 45 (15.25)

2 105 (31.82) 120 (39.34) 75 (21.74) 10 (4.17)

3 105 (30.43) 130 (41.27) 70 (20.00) 0 -

4 115 (31.94) 175 (46.05) 80 (21.62) 15 (5.56)

5 75 (23.81) 100 (30.77) 80 (21.33) 15 (5.00)
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5 1 55 (16.67) 95 (24.36) 65 (19.40) 0 -

2 75 (23.44) 120 (36.36) 65 (18.84) 20 (8.16)

3 105 (27.63) 125 (34.25) 75 (20.27) 20 (7.55)

4 100 (25.00) 140 (35.90) 90 (22.50) 20 (6.90)

5 65 (18.06) 130 (34.21) 75 (19.48) 0 -

6 50 (12.99) 140 (35.90) 80 (20.78) 35 (12.96)

7 60 (14.81) 170 (42.50) 95 (23.46) 30 (9.84)

8 105 (26.92) 145 (37.18) 90 (23.08) 10 (3.92)

6 1 95 (30.65) 95 (31.67) 70 (23.73) 20 (10.26)

4 50 (15.87) 100 (31.75) 70 (22.22) 25 (10.20)

5 120 (40.00) 140 (46.67) 75 (24.19) 60 (22.64)

6 135 (43.55) 150 (50.00) 70 (23.73) 30 (12.50)

7 45 (14.75) 75 (25.42) 65 (22.41) 30 (11.76)

7 1 115 (32.86) 75 (21.13) 55 (14.86) 20 (7.27)

2 70 (22.58) 60 (19.05) 40 (12.50) 15 (5.66)

3 110 (31.88) 75 (21.74) 50 (13.89) 20 (7.14)

4 60 (18.18) 70 (20.59) 55 (14.67) 25 (9.62)

5 125 (36.23) 80 (23.19) 55 (15.94) 15 (5.17)

The break-over duration is determined as the time between break-over phase onset and hoof-off for the force plate, acceleration and 
angular velocity algorithms. For the OMC system, the break-over duration is determined as the time between heel-off and toe-off. The 
stance duration is determined as the time between hoof-on and hoof-off for the force plate, acceleration and angular velocity algorithms. 
For the OMC system, the stance duration is determined as the time between heel-on and toe-off. Break-over duration as percentage of 
the corresponding stance duration is given between brackets.

Table S4. Break-over durations per trial in milliseconds (ms) and relative to stance duration (%) 
for right hind hoof in trot

Break-over duration in ms (%) for right hind hoof in trot

horse ID trial Acceleration Angular Velocity Force Derivative OMC

1 1 105 (30.43) 140 (40.00) 80 (23.19) 25 (9.09)

2 80 (24.24) 130 (36.62) 60 (17.65) 20 (7.41)

3 100 (31.25) 135 (40.91) 80 (24.24) 25 (9.80)

4 105 (31.34) 135 (39.71) 80 (23.53) 30 (10.91)

5 190 (52.05) 165 (42.31) 105 (27.63) 30 (10.53)

6 100 (33.33) 155 (50.82) 70 (22.95) 40 (19.05)

7 125 (37.88) 125 (36.23) 85 (25.00) 50 (17.24)

2 1 70 (25.93) 85 (30.91) 55 (18.97) 30 (12.00)

2 55 (22.00) 160 (53.33) 45 (15.79) 40 (14.81)

3 45 (17.65) 90 (30.51) 40 (13.56) 70 (22.58)

4 25 (10.87) 80 (28.57) 60 (21.05) 70 (22.95)

7 35 (14.00) 105 (35.00) 60 (20.69) 65 (23.64)
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3 2 50 (17.86) 85 (30.36) 60 (21.05) 25 (11.11)

3 85 (28.81) 85 (29.31) 55 (19.30) 25 (11.63)

5 90 (33.96) 80 (29.09) 60 (21.43) 20 (8.51)

6 105 (38.89) 90 (31.58) 55 (19.64) 20 (8.70)

7 90 (32.73) 85 (30.36) 60 (21.05) 20 (8.51)

4 1 85 (27.87) 120 (38.71) 65 (19.70) 15 (6.00)

2 85 (28.33) 120 (39.34) 55 (18.03) 15 (6.25)

3 75 (25.42) 120 (38.71) 60 (19.05) 15 (5.77)

4 30 (10.91) 115 (35.94) 65 (20.31) 20 (8.16)

5 80 (26.67) 100 (31.75) 60 (18.75) 20 (8.16)

5 3 90 (28.13) 85 (26.98) 60 (19.67) 0 -

4 165 (40.74) 240 (59.26) 240 (55.17) 0 -

5 90 (31.03) 95 (30.16) 70 (22.22) 35 (15.56)

7 15 (5.00) 95 (28.79) 80 (24.24) 70 (35.90)

8 95 (31.15) 60 (22.64) 70 (21.54) 30 (13.04)

6 2 90 (32.14) 90 (31.58) 65 (21.67) 85 (27.87)

3 20 (7.69) 70 (26.42) 45 (16.07) 45 (17.65)

4 40 (18.60) 90 (30.51) 55 (19.64) 75 (25.42)

5 30 (11.76) 70 (25.45) 50 (18.52) 35 (14.89)

6 270 (66.67) 80 (30.19) 55 (20.00) 70 (25.93)

8 185 (51.39) 140 (40.58) 55 (17.74) 50 (17.24)

7 1 80 (22.22) 70 (23.33) 75 (20.55) 55 (19.30)

2 90 (28.13) 60 (21.05) 65 (20.00) 30 (11.76)

3 105 (30.88) 60 (21.05) 70 (20.59) 35 (11.29)

4 95 (28.36) 65 (22.81) 70 (20.90) 50 (18.18)

5 75 (24.19) 65 (22.41) 65 (19.40) 20 (7.41)

The break-over duration is determined as the time between break-over phase onset and hoof-off for the force plate, acceleration and 
angular velocity algorithms. For the OMC system, the break-over duration is determined as the time between heel-off and toe-off. The 
stance duration is determined as the time between hoof-on and hoof-off for the force plate, acceleration and angular velocity algorithms. 
For the OMC system, the stance duration is determined as the time between heel-on and toe-off. Break-over duration as percentage of 
the corresponding stance duration is given between brackets.
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Abstract

The aim of this study is to describe the kinematic gait characteristics of straight 
line walk in clinically sound dairy cows using body mounted Inertial Measurement 
Units (IMUs) at multiple anatomical locations. The temporal parameters used are 
speed and non-speed normalized stance duration, bipedal and tripedal support 
durations, maximal protraction and retraction angles of the distal limbs and 
vertical displacement curves of the upper body.

Gait analysis was performed by letting 17 dairy cows walk in a straight line at 
their own chosen pace while equipped with IMU sensors on tubera sacrale, left 
and right tuber coxae (LTC and RTC), back, withers, head, neck and all four lower 
limbs. Data intervals with stride by stride regularity were selected based on video 
data. For temporal parameters, the median was calculated and 95% confidence 
intervals (CI) were estimated based on linear mixed model (LMM) analysis, while 
for limb and vertical displacement curves, the median and most typical curves 
were calculated.

The temporal parameters and distal limb angles showed consistent results with 
low variance and LMM analysis showed non-overlapping CI for all temporal 
parameters. The distal limb angle curves showed a larger and steeper retraction 
angle range for the distal front limbs compared with the hind limbs. The vertical 
displacement curves of the sacrum, withers, LTC and RTC showed a consistent 
sinusoidal pattern while the head, back and collar curves were less consistent and 
showed more variation between and within cows.

This kinematic description might allow to objectively differentiate between 
normal and lame gait in the future and determine the best anatomical location for 
sensor attachment for lameness detection purposes.
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Introduction

The kinematic study of gait characteristics in dairy cows can provide important 
insight into the normal walking gait patterns, allowing us to objectively differentiate 
normal from abnormal gait (1, 2). Lameness can be defined as a deviation from 
the normal gait pattern due to compensatory movements to avoid any pain or 
discomfort (3). Despite intense research, lameness still is one of the most important 
welfare issues in dairy cows since its prevalence is high and it often remains 
undetected until the lameness degree worsens (4-6). Therefore, recognition and 
treatment of lameness at an early stage improves welfare for the cow and also 
reduces the economical and unwanted consequences for the farmer (7, 8).

Currently, lameness detection is based on visual assessment using subjective 
locomotion scoring to recognize alterations in the gait patterns (9-12). These 
locomotion scales mainly make use of stride change, body poses and abnormal 
position of the back. However, studies show that farmers visually recognize 
only a third of the lame cows in their herd, which are assessed as severely lame 
cows by researchers (12, 13). A method with high sensitivity for subtle lameness 
is therefore warranted (2, 14). Research has been focused on refinement of 
behavioral methods, based on quantification of lying and standing behaviors, 
which also proved insensitive for early detection of subtle lameness (15, 16). 
Several works are describing the kinematic gait characteristics of both lame 
and clinically sound cows (17-19). And, only recently, gait characteristics were 
introduced in combination with the behavioral-based methods (2, 14), revealing 
a need for more knowledge on kinematic gait characteristics in cows to allow 
objectively differentiation of the normal gait from abnormal gait.

In equine practice, quantitative lameness detection has matured into a practical 
clinical tool, and is routinely performed using optical motion systems or Inertial 
Measurement Units (IMUs) (3). These techniques have overcome the low 
accuracy inherent to the human visual assessment by measuring subtle changes 
in kinematic gait characteristics (20-22). The most reliable and clinically used 
characteristics for lameness assessment in trot is the vertical excursion of the 
head, withers and tubera sacrale measured by IMUs attached to the upper body 
(20, 23, 24). This vertical excursion is also useful for detection of lameness at the 
walk, together with temporal stride parameters (e.g. stride and stance duration) 
and joint angles of the limbs (23, 25-27).
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Since many cows already wear single low-resolution accelerometers around their 
neck or limb, it is most obvious to focus on accelerometer based techniques, such 
as IMUs, to overcome major barriers for adoption on dairy farms (2). In a previous 
study, the gait characteristics of walking dairy cows were based on data from two 
accelerometers attached to the lateral claw and metatarsus (1). This study showed 
promising results and a description of gait characteristics that differ between 
lame and non-lame cows (1). However, vertical excursion of the upper body has 
not yet been described of the walking gait in dairy cows. Given the visibility of 
these body landmarks, even for a cow among herd mates, it would be of future 
interest to explore if asymmetries in the vertical excursions of the upper body 
could prove sensitive for detection of lame animals. This can be of particular 
interest in the development on automated lameness detection systems based on 
computer vision, where challenging sensor attachment is superfluous, but optical 
occlusion of limbs is a challenge. Prerequisite for such studies is the knowledge of 
normal walking gait.

The aim of this study is to describe the kinematic gait characteristics and their 
normal variation of straight line walk in clinically sound dairy cows using 
body mounted IMUs at multiple anatomical locations. This detailed kinematic 
description might allow us to objectively differentiate between normal and lame 
gait characteristics in the future and determine the best anatomical location for 
sensor attachment for lameness detection purposes.

Materials and Methods

Ethical statement
The study was approved by the Swedish Ethics Committee and according to the 
Swedish legislation on animal experiments (diary number 5.8.18-10570/2019).

Study protocol
Gait analysis was performed during straight line locomotion by letting cows walk 
on a 72 meter concrete corridor in their own chosen pace while equipped with 
IMU sensors on different anatomical landmarks. Intervals with stride by stride 
regularity were selected from the data based on video data for further analysis. 
Subsequently, temporal parameters as well as distal limb angles and vertical 
displacement curves were extracted from respectively the limb and upper body 
IMUs. The temporal parameters used are the stance duration, speed normalized 
stance duration, bipedal and tripedal support durations, speed normalized 
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bipedal and tripedal support durations, maximal protraction and retraction angles 
of the distal limbs.

Experimental animals
For the study, 17 early or mid-lactation cows were selected from the Swedish 
Livestock Research Centre Lövsta at the Swedish University of Agricultural 
Sciences (nine Swedish Red and eight Swedish Holstein cows), for more details 
see S1 Table. The cows were selected if they met the following inclusion criteria: i. 
they were claw trimmed within the last three months prior to the measurements 
during which no clinically significant claw disorders were recorded, ii. they showed 
no signs of pain, nervous or stressed behavior, iii. they were assessed as clinically 
healthy and scored zero on the Sprecher lameness scale (9) as evaluated by two 
experienced raters (CB and ET), iv. they had a body exterior within normal range 
and a normal limb exterior without major visible deviations.

IMUs and sensor placement
The measurements were performed with the equine gait analysis system 
EquiMoves® (28). The cows were equipped with 11 ProMove-mini wireless IMU 
sensors (Inertia-Technology B.V., Enschede) as can be seen in Fig 1. The sensors 
were placed on the following anatomical landmarks; just caudal to the nuchal 
crest (further called head), the highest point of the withers (further called withers), 
the spinal process of the 13th thoracic vertebra (further called back), between the 
tubera sacrale of the pelvis (further called sacrum), right and left tuber coxae 
(further called RTC and LTC respectively), lateral aspect of the mid metatarsus/
metacarpus of each limb (further called limb or LF (left front), RF (right front), LH 
(left hind), RH (right hind)) and one sensor was attached to the inner right side 
of neck collar (further called collar). The upper body sensors were attached to 
the skin with cyanoacrylate glue, and limb and collar sensors were attached with 
straps. After the measurements, the sensors were removed with acetone from the 
upper body.

The IMU sensors attached to the upper body were set to a range of ± 8 g for the 
low-g acceleration, ± 100 g for the high-g acceleration and 2000 degrees/s for the 
angular velocity. The IMU sensors attached to the limbs were set to a range of 16 
g for the low-g acceleration, 200 g for the high-g acceleration and 2000 degrees/s 
for the angular velocity. All sensors were set to a sampling rate of 200 Hz and 
synchronized in time with an accuracy of < 100 ns.
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The IMU sensors were calibrated when every measurement was started with a 
period of five seconds of silent signal in which the cow was completely standing 
still. After each measurement, the acceleration and angular velocity data (further 
described as IMU data) were wirelessly transmitted via the Inertia Gateway to the 
Inertia Studio software (version 3.5.2)

.

Figure 1. Cow equipped with IMU sensors on predefined anatomical landmarks. IMUs are 
indicated with orange circles; just caudal to the nuchal crest, the highest point of the withers, the 
spinal process of the 13th thoracic vertebra, between the tubera sacrale of the pelvis, right and left 
tuber coxae, lateral aspect of the metatarsus/metacarpus of each limb and one sensor was attached 
on the inner right side of neck collar.

Data collection
At each day of the measurements, two cows were moved to the stable where the 
measurements took place to familiarize themselves with the surroundings. The 
cows were allowed to walk freely and had access to hay and water ad libitum.

For the measurements, each cow was walked through a corridor of 72 meters long 
with diamond grooved solid concrete flooring and cubicles and fences on both 
sides. The cows had to walk this corridor up and down twice (in total 288 meters) 
with a self-chosen calm and constant pace to obtain data of a natural walking 
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flow. One or two researchers walked behind the cow from a distance to prevent 
the cow from turning around, while handling the cow as little as possible to not 
disturb the measurements. No other animals were present in the corridor during 
measurements.

Each measurement was video recorded from the side by a researcher walking 
alongside the cow with a handheld camera (Canon Legria HF R78, Canon, Tokyo, 
Japan). The handheld camera had a frame rate of 50 fps and a resolution of 
1280x720 pixels. The camera was synchronized with the IMUs by tapping the 
withers sensor twice at the start of the measurement while filming. 

Data selection
From each measurement, selection of IMU data for further analysis was based on 
video images of the handheld camera and footfall figures (Fig 2; adapted from 
horses (29)). Intervals were selected when they met the following criteria: i. the 
cows were walking in a straight line up and down the corridor (no turns), ii. the 
cows were physical handled to walk by the driver (to avoid selection of intervals 
with anomalous walking patterns or body postures), iii. stride by stride regularity 
was seen in the footfall figures (the second box of Fig 2). A maximum of four 
intervals per measurement was used for analysis.

Data analysis
The selected intervals from the IMU data were exported to MATLAB (version 
R2017a, The MathWorks Inc., Natick, Massachusetts, USA) for analysis by the 
following steps which are also shown in S1 Fig.

Claw-on and claw-off timings were detected with already existing algorithms 
developed for horses (30) and these timings were used for stride segmentation of 
the limb data. Stride segmentation was performed based on the claw-on moment 
of the LH limb as previously described (28).

For the limb data, the sagittal orientation of the IMU was calculated as described in 
the EquiMoves data analysis framework (28) and based on the quaternion-based 
complementary filter (31). This resulted in stride segmented distal limb angle curves 
from which the maximal distal limb angles were calculated. Maximal protraction is the 
maximal forward extension (positive angle) from midstance and maximal retraction 
is the maximal backward extension (negative angle) from midstance of a distal limb 
in the sagittal plane (S2 Fig; adapted from horses (32)). These distal limb angles and 
stride segmented limb angle curves were used for distal limb angle analysis.



91

4

For the not stride segmented upper body IMU signals, the orientation on a global 
coordinate frame was calculated based on the quaternion-based complementary 
filter (31). Thereafter, the vertical displacement signals were determined based on 
a cyclic double integration of the acceleration signal (33) and used for the vertical 
displacement analysis. Stride segmentation of these signals was performed with a 
novel method as described in the vertical displacement analysis section.

Temporal analysis
From the stride segmented limb data, the stance duration was calculated for all 
limbs separately while the bipedal and tripedal support durations were calculated 
for all possible limb (pairs). The definitions of these durations can be found Table 
1. Since the cows were walking in their own chosen pace, speed normalization 
was performed for all these durations by dividing the duration with the entire 
stride duration of the corresponding stride of the LH limb resulting in a fraction 
(i.e. duty factor). All the calculated durations and fractions were evaluated and 
durations shorter than zero seconds and fractions bigger than one or smaller than 
zero were excluded from further analysis.

Distributions of these parameters were visualized in boxplots for every cow and 
limb (pairs) separately. The median duration of each parameter and their 95% 
confidence interval was calculated by bootstrapping. Differences between limbs, 
for stance duration, and limb pair combinations, for bipedal and tripedal support 
durations, were evaluated based on the stride level data by linear mixed model 
analysis with the “lme4” package (34) in R (version 1.1.442, RStudio Inc., Boston, 
Massachusetts, USA). For these models, limb (pairs) and deviations from the 
median stride duration was taken as fixed effects, except for the speed normalized 
data, and cow as random effect. Deviations of normality and homoscedasticity of 
the residuals was visually checked by examining the QQ plot and residual plot. 
Thereafter, 95% confidence intervals were evaluated with the “confint” package 
(35) and used for hypothesis testing.
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Table 1. Detailed description of the calculated parameters used in this study. Limbs are 
indicated by LF (left front), RF (right front), LH (left hind) and RH (right hind). These definitions are 
adapted from horses (25).

Name Abbreviation Description

Stance duration (sec) Time between claw-on and subsequent claw-off

Stride duration (sec) Time between claw-on and subsequent claw-on

Bipedal support phase duration   Duration of simultaneous stance phase of two limbs:

(sec) LF-RH left diagonal

RF-LH right diagonal

LF-LH left ipsilateral

  RF-RH right ipsilateral

Tripedal support phase duration   Duration of simultaneous stance phase of three limbs:

(sec) not LF RF-LH-RH

not RF LF-LH-RH

not LH LF-RF-RH

  not RH LF-RF-LH

Speed normalization
Duration divided by entire stride duration of LH (resulting in a fraction 
between 0 and 1).

Distal limb angles max protraction
Maximal forward protraction of the distal limb measured at the 
metacarpus/-tarsus in the sagittal plane

(degrees) max retraction
Maximal backward retraction of the distal limb measured at the 
metacarpus/-tarsus in the sagittal plane

Vertical displacement (mm) Upwards and downwards displacement of the sensor in the sagittal plane

Distal limb angle analysis
The determined distal limb angles were evaluated; maximal retraction angles 
larger than zero degrees and maximal protraction angles smaller than zero 
degrees were excluded. Visualization and estimation of the confidence intervals 
was performed in the same manner as described for the temporal parameters.

The stride segmented distal limb angle curves were linear interpolated to 100 
samples to ensure that all curves were of the same length, allowing comparison 
between and within cows since the cows were walking in their own chosen pace. 
The following analysis steps were performed over all cows and steps for every limb 
separately: i) the differences between all the curves was calculated and the curve 
with the least difference is further called the most typical curve, ii) the median 
curve and median absolute deviation (MAD), mean claw-on timing and mean 
claw-off timing were calculated, and iii) the curves were depicted on a scale from 
zero to 100; where zero indicated the start of the stride (first claw-on moment) 
and 100 the end of the stride (next claw-on moment).
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Vertical displacement analysis
The vertical displacement signals of the upper body sensors (sacrum, RTC, LTC, 
back, withers, head and collar) were cut into intervals from claw-on to claw-on 
timing of the left hind limb. Before and after these timings, ten percent of the 
entire stride duration was added, to make visual inspection of the intervals more 
intuitive, and every interval was linear interpolated to 100 samples allowing 
comparison between and within cows. The following analysis steps were 
performed over all steps for every cow and sensor location separately: i) the most 
typical curve, median curve and MAD were calculated , ii) the mean claw-on and 
claw-off timings were calculated for every limb, to indicate the stance and swing 
phase for every limb in the figures (further called footfalls), and iii) the curves and 
footfalls were depicted on a scale from zero to 100; zero indicates the start of the 
stride (first claw-on moment of the left hind limb) and 100 indicates the end of the 
stride (second claw-on moment of the left hind limb).

Results and Discussion

Data description
In total, 32 measurements were performed in 17 cows, with on average two 
measurements per cow. The characteristics of the cows are displayed in S1 Table. 
The number of selected strides per cow ranged between 72 and 286 with a 
median of 204.

For the temporal analysis, a total of two stance durations, one stride duration and 
63 normalized stance durations were excluded. The high number of excluded 
normalized stance durations was caused by an unequal number of strides per limb 
within one interval, as can be seen in Fig 2. The temporal data were not normally 
distributed on a cow level. No data was excluded during the distal limb angle and 
vertical displacement analysis.

Temporal and distal limb angle analysis
The distribution of the stance duration, in seconds, is shown on the left side and the 
speed normalized stance duration, as fraction of the entire stride duration, is shown 
on the right side of Fig 3.

Fig 3 suggests similar and consistent stance durations between 0.5 and 1 s and 
speed normalized stance duration between 0.50 and 0.75 for all cows. For the stance 
duration, a median value of 0.87 s was found over all cows and limbs, with a longer 
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median around 0.91 s for the front limbs and 0.86 s for the hind limbs (Table 2). On a 
cow level, the boxes overlap, and the width of the boxes seem to be rather similar for 
most cows and their limbs, which indicates that the variance in stance duration might 
be fairly consistent for all cows and limbs. For the speed normalized stance duration, 
a median value of 0.66 was found over all cows and limbs, with a longer median 
around 0.68 for the front limbs and 0.64 for the hind limbs (Table 2). On a cow level, 
the differences between the front and hind limbs seem to become more obvious after 
speed normalization, while some cows show a large variation with wider boxes.

The differences in stance duration between the front and hind limbs might suggest a 
difference in protraction and retraction angle of the distal limbs. In a previous study 
in cows (1) and in horses (25), a duty factor of around 0.63 was found, which is in 
agreement with the fraction of the entire stride duration found for the hind limbs in 
this study.

The distribution of the bipedal support durations, in seconds, is shown on the left side 
and the speed normalized bipedal durations, as fraction of the entire stride duration, 
is shown on the right side of Fig 4.

For the bipedal support durations (Fig 4), the figure suggests slightly longer support 
durations for diagonal limb pairs, although this difference does not seem obvious 
for all cows. On a group level, a median value of 0.13 s was found, with a longer 
median value 0.14 s for the diagonal limb pairs and 0.10 s for the ipsilateral limb 
pairs (Table 2). Furthermore, a greater variation in the ipsilateral durations might be 
seen for most cows, indicated by wider boxes, which might suggest less consistent 
ipsilateral support durations for most cows. For the speed normalized bipedal support 
durations, the differences between the diagonal and ipsilateral limb pairs seems not 
to become more obvious and the variation in the ipsilateral support durations seems 
not to become clearer. On a group level, a median fraction of 0.10 was found, with a 
median around 0.11 for the diagonal limb pairs and 0.8 for the ipsilateral limb pairs.
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Table 2. Summary of the temporal parameters and distal limb angles. The median values and 
95% confidence intervals based on the LMM analysis are estimated over all cows and steps for 
every limb (pair) separately. The median values are given in seconds for the non-speed normalized 
conditions, in fractions of the entire stride duration (i.e. duty factor), and in degrees for the distal 
limb angles.

Parameter Non-speed normalized (s) Speed normalized (duty factor)

Stance duration

Overall 0.87 (0.86-0.87) 0.66 (0.66-0.66)

LF 0.91 (0.90-0.92) 0.68 (0.67-0.69)

RF 0.92 (0.90-0.93) 0.69 (0.68-0.70)

LH 0.86 (0.84-0.87) 0.64 (0.63-0.65)

RH 0.86 (0.84-0.88) 0.64 (0.63-0.65)

Bipedal support phase duration

Overall 0.13 (0.13-0.13) 0.10 (0.10-0.10)

LF-RH 0.14 (0.13-0.15) 0.11 (0.10-0.12)

RF-LH 0.14 (0.13-0.15) 0.11 (0.10-0.12)

LF-LH 0.10 (0.10-0.11) 0.08 (0.07-0.09)

RF-RH 0.11 (0.10-0.12) 0.08 (0.08-0.09)

Tripedal support phase duration

Overall 0.21 (0.21-0.21) 0.16 (0.16-0.16)

no LF 0.18 (0.18-0.19) 0.14 (0.13-0.14)

no RF 0.19 (0.17-0.20) 0.14 (0.13-0.14)

no LH 0.24 (0.23-0.25) 0.18 (0.17-0.19)

no RH 0.24 (0.23-0.25) 0.18 (0.17-0.19)

Maximal protraction (degrees)

Overall 25 (25 - 25)

LF 25 (24 - 26)

RF 26 (25 - 27)

LH 24 (23 - 25)

RH 23 (22 - 24)

Maximal retraction (degrees)

Overall -36 (-37 - -36)

LF -46 (-44 - -48)

RF -46 (-44 - -48)

LH -29 (-28 - -30)

RH -30 (-28 - -31)
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The difference between the diagonal and ipsilateral support durations are in 
contrast to observations in horses for which slightly shorter diagonal support 
durations were found compared with ipsilateral durations (0.12 versus 0.13 
respectively) in the walk (25).

The distribution of the tripedal support durations, in seconds, is shown on the left 
side and the speed normalized tripedal support durations, as fraction of the entire 
stride duration, is shown on the right side of Fig 5.

For the tripedal support durations (Fig 5), the figure suggests that the durations 
might be shorter when only a single front limb is involved in most cows, although 
these durations seem to show the largest variation, indicated by the differences 
in width of the boxes. On a group level, a median duration of 0.21 s was found, 
with a median duration around 0.18 s for involvement of a single front limb and 
0.24 s for involvement of a single hind limb (Table 2). For the speed normalized 
tripedal support durations, the same differences in durations and variations 
seem to be found. On a group level, a median fraction of 0.16 was found, with 
a median fraction around 0.14 for involvement of a single front limb and 0.18 
for involvement of a single hind limb, indicating again that cows tend to stand 
longer when both front limbs are on the ground. In horses in the walk, all support 
durations were shorter, around 0.12 of the entire stride duration (25).

In summary, the LMM analysis showed non-overlapping confidence intervals 
between the front and hind limbs, diagonal and ipsilateral limb pairs and single 
front limb and single hind limb involvement for all speed normalized and non-
speed normalized durations. All previous temporal analyses included walking 
speed normalization to compare temporal parameters between cows. As the cows 
were not walking on a treadmill or with a handler in a constant speed, fluctuation 
in walking speed occurred, which is known to influence the durations of these 
temporal parameters (36). Walking speed normalization improved illustration 
of stance duration patterns between the front and hind limbs although for the 
bipedal and tripedal support durations, less effect was observed. Whether walking 
speed normalization is needed in the future depends on the changes due to 
lameness and whether we want to compare between cows or between limbs, for 
the latter no walking speed normalization is needed. The variance was found to 
be low indicated by the small confidence intervals for all the temporal parameters 
due to the high number of analyzed steps.
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The distributions of the maximal protraction angles (left) and maximal retraction 
angles (right) is shown in degrees for every cow and limb separately in Fig 6.

Fig 6 suggest rather similar protraction angles in most of the cows with little 
variance, indicated by the width of the boxes. On a group level, a median 
protraction angle of 25 degrees is found over all limbs, with a somewhat 
comparable angle around 25 degrees for the front limbs and around 23 degrees 
for the hind limbs (Table 2). For the retraction angles, smaller angles are found for 
the front limb compared with the hind limbs indicated by the non-overlapping 
boxes. On a group level, a median retraction angle of -36 degrees is found, with a 
clear difference between -45 degrees for the front limbs and around -29 degrees 
for the hind limbs. The estimated confidence intervals of the LMM shows non-
overlapping intervals between the front and hind limbs for the retraction angles 
while the intervals of the protraction angle are almost indifferent. On a cow level, 
the width of the boxes seems consistent for most cows and their limbs, which 
indicates that the variance is low, and the angles might be fairly consistent.

Cows show a similar protraction pattern as horses in walk, where the maximal 
protraction was reported an equal 19.6 degrees for both the front and hind legs. 
Retraction angles in horses differed between front and hind legs as well, but in 
contrast to cows a larger retraction has been observed for the hind legs (28.2 
versus 23.0 degrees) (25). This difference might be caused by the more sickle-
hocked posture of the hind limbs in cows.

Distal limb angle curve analysis
The distal limb angle curves were displayed both as median over all cows and 
steps, and as most typical curves per cow (Fig 7). The most typical distal limb 
angle curves were very similar between cows, as the cow specific curves overlap 
nicely, and the median curves show small MAD areas. The front and hind limbs 
show somewhat different patterns; the front limbs have a larger range (80 versus 
60 degrees) and show a steeper decline just before and a steeper incline just after 
claw-off compared with the hind limbs.

In summary, the distal limb angle analyses show a larger retraction for the front 
limbs with a larger distal limb angle range and a steeper distal limb angle curve 
which might also explain the differences in stance duration between the front and 
hind limbs. A possible explanation might be the anatomical conformation of the 
front and hind limbs. The steeper decline just before claw-off of the front limbs 
might be caused by flexion of the carpal joints just before full toe off. The steeper 
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angle increase during swing phase of the front limbs follows from the similar 
swing phase duration for the hind and front limbs combined with a larger angle 
to cover.

Vertical displacement analysis
The vertical displacement curves of the sacrum are shown in Fig 8, of the withers 
in S3 Fig and of the back in S4 Fig.

All the curves show one complete sinusoidal cycle per stride. For the sacrum (Fig 8), 
two peaks are found with the first peak around 25 and the second around 75% of the 
stride, which coincides with midstance of the LH limb and the RH limb respectively. 
This can be expected since the sacrum should be at its highest point during 
midstance of one of the hind limbs (Fig 9). For the withers (S3 Fig), the peaks around 
zero and 100% coincides with midstance of the RF limb and the peak around 50% 
coincides with midstance of the LF limb, which again can be anatomically expected. 
For the back (S4 Fig), the first peak is located just before zero, the second peak just 
before 50 and the third peak just before 100% of the stride, which happens to be 
just after the peaks of the sacrum and just before the peaks in of the withers. This 
can be explained by the attachment location on the 13th thoracic vertebra between 
the sacrum and the withers.

For the sacrum, most cows seem to have equal height peaks, which indicate a 
symmetrical gait pattern, and show a stable pattern, with small MAD area and 
very similar median and most typical curves. For the withers, the curves seem less 
symmetrical, indicated by less similar peak height and seem to show more variation 
between and within cows, indicated by less similar typical and median curves (37). 
For the back, not all the cows seem to show three distinctive peaks and the curves 
are less smooth and show more variation, compared with the curves of the sacrum 
and the withers, which might be caused by the attachment of the sensor on the 
spinal process resulting in a rolling motion of the sensor over the spinal process in 
the more skinny cows.

The amplitude of the sacrum and withers curves is variable between 0.04 and 0.05 
m in contrast to 0.02 and 0.03 m for the back.

The vertical displacement curves of the left (red) and right (green) tuber coxae seem 
to show one sinusoidal cycle per stride for each side in Fig 10. The peaks of the 
sinusoidal curve are located around 25 and 75% of the stride. For some cows, the 
locations of these peaks seem to happen a bit later during the stride, for example 



104

Chapter 4 – Kinematic gait characteristics of straight line walk in clinically sound dairy cows

Fi
gu

re
 8

. V
er

ti
ca

l d
is

pl
ac

em
en

t 
cu

rv
es

 o
f t

he
 s

ac
ru

m
. P

er
 c

ow
, t

he
 m

ed
ia

n 
cu

rv
e 

(b
la

ck
), 

th
e 

M
A

D
 a

re
a 

(g
re

y)
, a

nd
 m

os
t t

yp
ic

al
 c

ur
ve

 (r
ed

) i
s 

sh
ow

n 
on

 a
 s

ca
le

 
fr

om
 z

er
o 

to
 1

00
 %

 o
f t

he
 e

nt
ire

 s
tr

id
e 

du
ra

tio
n.

 T
he

 s
ta

nc
e 

ph
as

es
 o

f t
he

 li
m

bs
 a

re
 in

di
ca

te
d 

by
 th

e 
ho

riz
on

ta
l l

in
es

 u
nd

er
ne

at
h 

th
e 

cu
rv

es
 (o

ra
ng

e:
 L

F,
 g

re
en

: R
F,

 
bl

ue
: L

H
, p

ur
pl

e:
 R

H
).



105

4

Cow 2, and are shifted towards 50 and 100% of the stride respectively. For the LTC, 
the first peak is the highest peak and coincides with midstance of the LH limb while 
the second and lowest peak coincides with midstance of the RH limb. The opposite 
is found for the RTC (38). This finding seems obvious since the cow is pushing herself 
over the standing limb causing the hip to move over the standing limb and tilting 
the hip resulting in a higher vertical displacement for the side of the standing limb 
compared with the opposite side. All cows show a smooth and consistent pattern 
with a small MAD area around the median curve and the most typical curve seems 
almost similar to the median curve, except for Cow 7. The amplitude seems to be 
similar for all cows, around 0.1 m, except for Cow 7, which seems to have a flatter 

Figure 9. Upper body displacement curve and footfall pattern of normal walking gait. In A, 
different phases of a walking cow are shown with dots indicating the different sensor locations and 
their corresponding vertical signal pattern (green: withers, yellow: back, blue: sacrum and purple: 
head). In B, the median vertical displacement curves for the different sensor locations are shown from 
one cow, except for the head signal, which is selected from another cow for illustrative purposes. The 
synchronized footfall pattern is indicated underneath for all four limbs (orange: LF, green: RF, blue: 
LH and purple: RH). The scale of the signals is based on the true scale.
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curve with small vertical differences between the two tuber coxae indication a low 
range of pelvic axial rotation. Overall, the curves seem smooth and similar between 
and within cows.

The vertical displacement curves of the head (S5 Fig) and collar (S6 Fig) show a less 
consistent sinusoidal pattern in about half of the cows for the head, and very unclear 
sinusoidal patterns for the collar, if present at all. For the cows with a sinusoidal 
pattern, the peaks are located around zero, 50 and 100% of the stride. The peak 
around or just before 50% of the stride coincide with claw-off of the RF and claw-
on of the LF limb. For the head, the sinusoidal patterns are less consistent than the 
patterns of the previous discussed locations and seem to differ more clearly between 
and within cows, with broader MAD areas and clear differences between the median 
and most typical curves for all cows. For the collar, the curves are even less consistent 
with even more variation within and between cows. The amplitude seems to differ 
between cows; between 0.02 and 0.04 m for the collar and between 0.02 and 0.1 m 
for the head.

When comparing the curves of the different locations, it becomes clear that the 
sacrum, RTC and LTC show smooth sinusoidal curves without much variation between 
and within cows. The withers seem to have a bit more variation between and within 
cows although the sinusoidal patterns were still clearly visible. The back sensor seems 
to show slightly more variation between and within cows and the pattern seem to 
become less clearly visible. For the head and collar sensor, the curves seem to be less 
consistent and to show more variation between and within cows and for some cows, 
the sinusoidal pattern seem to have vanished for some cows completely.

An explanation for these differences might be that the cows were free to look around 
while walking resulting in head movements obscuring the stride related double 
sinusoidal vertical displacement curve. For the collar sensor, noise might have been 
introduced by the swinging movement of the sensor while walking because the collar 
was attached loosely around the cows’ neck or because the sensor came loose during 
the measurement which happened in two measurements. Other signal processing 
technique might be more appropriate to evaluate the main frequency components 
from the noisy signal, for example using frequency component analysis methods such 
as Fourier series analysis (39-41).

Peaks were found around 25 and 75% of the stride for the sacrum, RTC and LTC, 
while the peaks of the withers were found around 0, 50 and 100%. This difference 
was also found in horses and the optimal phase shift observed in horses was found 
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around 25% (42), which is in agreement with the phase shift found in this study. 
The phase shift of the vertical displacement curves between the different locations 
can be explained by the limb spread of the front and hind limbs (42). In Fig 9, the 
footfalls and vertical displacement curves are illustrated of one non-existing ideal 
cow to make this phenomena clearly visible. During midstance of the limbs, the body 
part above these limbs is at its highest point in contrast to the body part above the 
limbs in limb spread, which is at its lowest point. The phase shift between the front  
and hind part of the upper body can be explained by the asynchrony of the front  
and hind limbs at walk, where only one pair is in limb spread while one limb  
of the other pair is at midstance. The back sensor is located in between the  
front part (withers) and hind part (sacrum) of the upper body and therefore this 
curve shows peaks just before the withers and just after the sacrum (23). The head is 
raised and lowered out of phase with the withers and is discussed as an energy saving 
mechanism of the walk which is seen in a majority of hoofed mammals (42).

The differences in height and depth of the peaks and valleys can be interpreted as 
an asymmetry of the vertical displacement. Such asymmetries are also described in 
horses and might be an indication of lameness (25), although asymmetries in vertical 
displacement of the sacrum and withers were also found in sound horses, in both walk 
and trot, and linked to differences in maximal protraction and retraction angles of the 
legs and motor laterality (37). However, a sinusoidal pattern is needed to determine 
whether a symmetrical gait pattern is present and the absence of this, as in the head 
and collar curves, might therefore be problematic as indication for lameness using 
this approach. Nevertheless, modern signals analysis methods, including machine 
learning techniques, might be able to help to better further explore these complex 
signals in the near future.

The algorithm used for the claw-on and claw-off detection was developed and 
validated against the force plate and optical motion capture in horses (30). No 
validation study was performed to evaluate the performance of this algorithm in cows 
since this involves letting the cows walk over a force plate, which was not possible. 
However, the signal appearance for cow and horse signals is quite similar and claw-on 
and claw-off detection were checked for consistence, as can be seen in S7 and S8 Figs. 
Temporal parameters might be affected when the claw-on and claw-off moments are 
not precisely detected, especially bipedal and tripedal support durations might be 
affected because these durations are short. It is not expected that the curve analysis of 
the upper body data is affected by the quality of claw-on and off detection since the 
curves are evaluated by adding a small interval around the claw-on and -off moments 
of the left hind limb and timing of footfalls is not a prerequisite for integration of the 
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IMU data. Extreme outliers were manually removed when parameters were exceeding 
a threshold level, as described in the method section, to prevent these from obscuring 
our results.

Conclusion

This is the first study that describes the kinematic gait characteristics of straight 
line walk in clinically sound dairy cows using body mounted IMUs at multiple 
anatomical locations. The method used in this study shows consistent results with 
low variance and speed normalization resulted in clearer differences between front 
and hind limbs for the stance duration. Furthermore, clear differences in distal limb 
angles between the front and hind limbs were found, as well as consistent and clear 
sinusoidal pattern for the vertical displacement curves of the tubera sacrale, withers, 
and left and right tuber coxae. For the head, back and collar sensors, signals with 
a sinusoidal pattern were found although they were less consistent and showed 
more variation between and within cows. These sensor locations are therefore less 
suitable for future exploration of lameness metrics in cows.

Even though the instrumentation used in this study might not be practical for 
daily implementation on farms, it allowed us to explore in unprecedented detail 
the kinematic gait characteristics of cows at walk. Future analysis of these signals 
in lame cows will allow us to identify the best features that can be used from IMU 
data to objectively quantify lameness and might be useful for the development of 
an automatic recognition method and extensions to computer vision techniques.
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S2 Fig. Definition of distal limb angles. Maximal protraction is the maximal forward protraction 
(positive angle) from midstance and maximal retraction is the maximal backward retraction (negative 
angle) from midstance measured at the metacarpus/-tarsus in the sagittal plane, as adapted from 
horses (28, 32).

S1 Table. Cow Characteristics (SR stands for the Swedish Red-and SH stands for the Swedish 
Holstein breed).

Cow
Number of 
measurements

Breed
Lactation 
cycle

Last 
calving

Insemination 
date

Start dry-
period

Last claw 
trimming

Findings at claw 
trimming

1 1 SH 2 9-6-2019 5-8-2019 12-6-2019 Sole hemorrhage

2 2 SH 2 10-8-2019 16-8-2019

3 1 SR 1 23-2-2019 22-8-2019 16-8-2019 Sole hemorrhage

4 2 SH 1 3-12-2018 16-3-2019 25-10-2019 12-6-2019
Dermatitis, Sole 
hemorrhage

5 2 SH 1 18-1-2019 18-4-2019 27-11-2019 16-8-2019

6 2 SH 1 13-1-2019 18-3-2019 27-10-2019 16-8-2019

7 2 SR 1 30-1-2019 16-4-2019 25-11-2019 16-8-2019

8 2 SR 1 29-1-2019 11-7-2019 16-8-2019

9 3 SH 1 6-6-2019 12-6-2019

10 1 SH 1 9-6-2019 20-8-2019 16-8-2019

11 2 SR 1 30-6-2019 17-8-2019 10-7-2019

12 2 SH 1 3-8-2019 16-8-2019

13 2 SR 1 12-7-2019 10-7-2019

14 1 SH 1 12-7-2019 19-7-2019 Sole hemorrhage

15 2 SR 1 29-6-2019 3-8-2019

16 2 SR 1 13-7-2019 16-8-2019

17 2 SR 1 31-7-2019     16-8-2019  
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Abstract

The aim of this study was to determine the most informative kinematic gait 
characteristic and sensor location for the identification of induced hindlimb 
lameness in cows during straight line walk. We hypothesized that differences in 
kinematic gait characteristics due to lameness induction can be identified with 
Inertial Measurement Units.

Measurements were performed by letting 17 cows walk on a straight line at their 
own chosen speed while wearing Inertial Measurement Unit (IMU) sensors on 
tuber sacrale, thoraco-lumbar junction of the back, withers and all four limbs. 
Baseline measurements were performed when cows were clinically sound, 
followed by hind limb lameness inductions and a second measurement. Data 
was selected based on analysis of video data. For the limb sensors, preselected 
parameters were calculated, while for the upper body sensors, parameters 
commonly used in equine kinematic were computed.

Most apparent gait related changes due to hind limb lameness induction were 
found in the pro- and retraction angles of the front limbs and the RoM of the back, 
located at the thoraco-lumbar junction. This coheres well with the visual lameness 
descriptor “arching of the back” as, for instance, assessed using the Sprecher 
lameness scale.

This is the first study to provide extensive information about gait adaptation 
strategies during induced lameness using a large number of IMUs attached to 
many different anatomical locations of the cow. This knowledge might be useful 
for the development of an automatic recognition method as an early warning 
system, although more insight in the development of the gait related changes 
over time with different degrees of lameness and of more anatomical locations 
(such as the hip) is needed.
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Introduction

Lameness evaluation is an essential part of cattle management and can 
be performed by visual assessment of cattle locomotion by the farmer, the 
veterinarian or animal caretakers. This assessment can be challenging since the 
scoring systems might not be sensitive enough to detect subtle orthopedic 
disorders and experience of the observer may determine the reliability of the 
lameness evaluation (1-4). 

Kinematic gait characteristics are important features for lameness evaluation 
in dairy cattle. Gait characteristics displayed by dairy cattle due to orthopedic 
disorders, are described in the literature as arching of the back, decreased 
stride length, reluctance to bear weight on one limb, increased head bobbing, 
placement of hind limbs behind previous placement of ipsilateral front limbs (also 
known as insufficient tracking up), decreased joint angles due to joint stiffness, 
asymmetric gait and alignment of the tubera coxae (5-8). However, a more in-
depth exploration of gait characteristics might provide more detailed information 
and help to discover other gait related changes that could improve visual gait 
assessment.

Gait characteristics can be studied by objective gait analysis such as video image 
analysis and limb-mounted accelerometers (9). Using video image analysis, 
reduced step length together with increased tripedal support duration, and 
higher stride frequency were reported in relation to lameness in cattle (10-13). 
Using limb-mounted accelerometers, clinically lame cows showed an increase 
in movement asymmetry and significant lower walking speed (14, 15). Also, 
differences in stance phase duration between the sound and lame hindlimb were 
measured with this method (16). 

Quantitative gait analysis is becoming increasingly popular in equine veterinary 
practice, and some of the motion parameters used for horses could potentially aid 
lameness assessment also in cows. Vertical displacement of the head, withers and 
pelvis (including tuber sacrale and tubera coxae) are commonly used to objectively 
assess lameness at trot in horses (17), while head and withers can identify front 
limb lameness at walk (18). In a recent study, sound cows were equipped with 
body-mounted accelerometers, attached to the head, withers, back, the sacrum 
between tubera sacrale and tuber coxae, to evaluate vertical displacement (19). 
Hence, evaluation of asymmetry of the vertical displacement of the head, withers 
and pelvis may also contribute to lameness detection in dairy cattle.



126

Chapter 5 – Kinematic gait characteristic changes in induced hind limb lameness in dairy cows

The aim of this study was to determine the most informative kinematic gait 
characteristic and sensor location for the identification of induced hindlimb 
lameness in cows during straight line walk. Gait characteristics and sensor 
locations followed from previous work (19). We hypothesized that differences in 
kinematic gait characteristics due to lameness induction can be identified with 
Inertial Measurement Units.

Materials and Methods

Ethical statement
These experiments were approved by the Swedish Ethics Committee and 
performed according to the Swedish legislation on animal experiments (diary 
number 5.8.18-10570/2019).

Study protocol
Measurements were performed by letting cows walk on a straight line at their 
own chosen speed while wearing Inertial Measurement Unit (IMU) sensors on 
different anatomical landmarks. The first measurement was always performed 
when the cow was clinically sound. Thereafter, hind limb lameness was induced, 
and the same measurements were repeated. Data of the IMUs was selected based 
on analysis of video data. For analysis, preselected parameters were calculated for 
every sensor location.

Animals
For the experiments, 17 milk producing cows were selected from the Field 
Research Station Lövsta of the Swedish University of Agricultural Sciences (for 
more details see Table 2). The cows had to meet the following criteria: i. They 
were claw trimmed at least than three months prior to the measurements during 
which no major finding was found, ii. Cows were in their first or second lactation, 
to lower the risk of chronic orthopedic disease), iii. Cows showed no signs of pain, 
nervous or stressed behavior, iv. Cows were clinically healthy and scored zero on 
the Sprecher lameness scale (6) (evaluated by two experienced raters, CB and ET), 
v. Cows had a body exterior within normal range, vi. Udder was not below hock 
angle and cows had a limb conformation without major visible deviations.

Experimental setup
The measurements were performed with the equine gait analysis system 
EquiMoves® (www.equimoves.nl). The cows were equipped with 11 ProMove-
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mini wireless IMU sensors (Inertia-Technology B.V., Enschede) on predefined 
anatomical landmarks; the highest point of the withers (further called withers), 
the spinal process of the 13th thoracic vertebra (further called back), the cranial 
part of sacrum or between the left and right sides tuber sacrale (further called 
sacrum), right and left tuber coxae (further called, respectively, RTC and LTC or, 
when combined, hip) and lateral aspect of the metatarsus/metacarpus of each 
limb (further called limb or LF (left front), RF (right front), LH (left hind), RH (right 
hind)). The sensors on the upper body (sacrum, back and withers) were attached 
to the skin with cyanoacrylate glue and the limb sensors with straps. After the 
measurements, the sensors were removed with acetone from the upper body.

The sensors were all set to a sampling rate of 200 Hz and synchronized in time with 
an accuracy of < 100 ns (for more details see (19). All measurements were started 
with a period of five seconds of silent signal in which the cow was completely 
standing still for calibration of the EquiMoves system. After each measurement, 
the acceleration and angular velocity data were wirelessly transmitted via the 
Inertia Gateway to the Inertia Studio software (version 3.5.2).

During the measurements, video recordings were made from the side by a 
researcher walking alongside the cow with a handheld camera (Canon Legria HF 
R78, Canon, Tokyo, Japan). The handheld camera had a frame rate of 50 fps and a 
resolution of 1280x720 pixels. The camera was synchronized with the EquiMoves 
system by tapping the wither sensor twice at the start of the measurement while 
filming.

Lameness induction
An appropriate induction method had to be designed to induce a consistent 
degree of lameness. A pilot study was executed to test the lameness induction 
method and identify the optimal way of inducing a mild and moderate degree 
of hind limb lameness in two cows. An optimal induction method is easy to 
apply, creates a constant pressure to the claw without sliding, and induces a fully 
reversible and constant hind limb lameness.

Two different induction methods were used to induce lameness by increasing 
the pressure on the sole of the claw or on the interdigital space. The pressure on 
the sole used two different materials either a wooden cylinder, with a diameter 
of 10 mm and height between 5 – 14 mm, or a plastic bulb, with a diameter of 10 
mm and height between 5 – 15 mm. Both objects were glued to the predilection 
“typical” site for sole ulcer (directly below the flexor tuberosity of the pedal bone), 
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which is in the caudal third and axial half of the lateral sole of the hind limb. The 
second method consisted of a rectangular piece of a rubber mat with a height 
between 30 – 50 mm and a thickness of 17 mm. This rubber mat was placed in 
the interdigital space and fixated with self-adhesive elastic bandage to give a 
pressure to the interdigital skin. The interdigital skin was protected from chafing 
by a plastic film. The height difference between the sole and the end of the rubber 
mat was measured for every induction to make sure that all cows experienced 
similar levels of discomfort.

Measurement setup
At the day of the measurement, two cows were moved to the stable were the 
measurements took place and had access to food and water ad libitum.

During the measurements, a single cow was walked through a 72-meter-long 
corridor with diamond grooved concrete flooring and turned around at the end of 
the corridor to walk back. Per measurement, the cows had to walk this corridor up 
and down twice (in total 288 meters) with a calm and constant pace chosen by the 
cow itself to obtain data of a natural walking flow. The cows were driven from a 
distance by one or two researchers to prevent the cows from turning around, with 
handling the cows as little as possible to not disturb the measurements. No other 
animals were present in the corridor during measurements.

For every cow, multiple measurements were performed. The first measurement 
was a baseline measurement before lameness induction. Thereafter, induction of 
one hind limb was performed in the trimming chute. It was randomly assigned 
which hind limb was induced and induction of a mild and a moderate degree 
of lameness was performed sequentially, always aiming for a mild degree of 
lameness with the first induction. The same two experienced raters (CB and ET) 
evaluated the degree of lameness using the Sprecher scale (6).

Data processing
IMU data was exported to MATLAB (version R2017a, The MathWorks Inc., 
Natick, Massachusetts, USA) and a maximum of four intervals was selected per 
measurement and preprocessing analysis steps were performed as described 
by (20) and claw-on and claw-off timings were detected as described by (21). 
Thereafter, the preprocessed data was stride segmented by cutting the data 
in epochs from the LH claw-on to the consecutive LH claw-on (further called 
stride). For every stride, parameters adapted from horses were calculated (18). All 
processing steps are depicted in Fig 1.
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For the limb sensors, speed normalized durations were calculated for stance, 
bipedal support and tripedal support durations, as well as the maximum 
protraction angles and maximum retraction angles were calculated as described 
previously (19). For cows with a LH limb induction, limb parameters, of sound and 
induction measurements, were shifted between right and left limbs to make sure 
that induction effects were standardized between all cows to an RH limb 
induction, as previously described (18).

For the upper body sensor, scripts developed for horses were adjusted to detect 
peaks and valleys from the vertical displacement signals (20). From these peaks 
and valleys, the difference in minima (MinDiff ), difference in maxima (MaxDiff ), 
the range of motion (RoM), symmetry up index (SIup) and symmetry down index 
(SIdown) were calculated for every stride and cow. For cows with a LH induction, 
these parameters were multiplied by minus one to standardize the induction 
effects between all cows. The definitions of these parameters can be found in 
Table 1 and a schematic representation is given in Fig 2. For all parameters, 

Figure 1. Schematic representation of analysis steps performed.
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boxplots were made to visualize the distributions. The percentage of successfully 
calculated parameters was determined per sensor location relative to the total 
amount of collected strides over all cows.

Statistical analysis
For all parameters, the difference between the sound and induction condition 
were statistically evaluated by linear mixed model analysis with the “lme4” 
package (22) in R (version 1.1.442, RStudio Inc., Boston, Massachusetts, USA).

Table 1. Detailed description of the calculated parameters in this study. Each parameter is 
calculated per stride. Limb parameters and limb angles are calculated for LF (left front), RF (right 
front), LH (left hind) and RH (right hind). Upper body parameters are calculated for sacrum, back and 
withers. These definitions are adapted from horses (18).

Name Abbreviation Description

Limb parameters

Relative stance duration  
(fraction between 0 and 1)

Time between claw-on and subsequent claw-off divided by 
entire stride duration of LH

Relative bipedal support duration  
(fraction between 0 and 1)

 
Duration of simultaneous stance phase of two limbs divided 
by entire stride duration of LH:

Diagonal limb pairs LF-RH and RF-LH

Ipsilateral limb pairs LF-LH and RF-RH

Relative tripedal support duration 
(fraction between 0 and 1)

 
Duration of simultaneous stance phase of three limbs divided 
by entire stride duration of LH:

Single front limb involvement LF-LH-RH and RF-LH-RH

Single hind limb involvement LF-RF-LH and LF-RF-RH

Limb angles

Max protraction angle (degrees)
Maximal forward protraction of the limb measured at the 
metacarpus/metatarsus in the sagittal plane

Max retraction angle (degrees)
Maximal backward retraction of the limb measured at the 
metacarpus/metatarsus in the sagittal plane

Upper body parameters

Difference maxima (MaxDiff) (mm)
Difference in vertical displacement between the two maxima 
(Max1 and Max2) of the vertical displacement signal (Fig 2)

Difference minima (MinDiff) (mm)
Difference in vertical displacement between the two minima 
(Min1 and Min2) of the vertical displacement signal (Fig 2)

Range of Motion (RoM) (mm)
Vertical displacement from the absolute maximum to the 
absolute minimum of the vertical displacement signal (Fig 2)

Symmetry up index (SIup)
Difference between RangeUp1 and RangeUp2 divided by the 
absolute maximum of those two

Symmetry down index (SIdown)
Difference between RangeDown1 and RangeDown2 divided by 
the absolute maximum of those two
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For the limb parameters, two models were developed; one model to evaluate the 
difference between the sound and induction condition (model 1) and another 
model to evaluate the difference between the induced limb (RH) and the non- 
induced limbs within the induction data (model 2). Model 1 contained fixed effects 
for the condition (sound vs induction) and limb pairs (front vs hind, left vs right, 
diagonal vs ipsilateral and single front limb and single hind limb involvement, as 
described in (19). For this model, an interaction term between all fixed effects was 
used and cow was added as random effect. In model 2, all limbs were added as 
fixed effect and cow was set as random effect. In both models, the induced limb 
(RH) was set as the reference limb against which the effects were evaluated.

For the upper body, one model was developed to evaluate the difference between 
the sound and induction condition, which was equal to model 1 of the limb 
parameters. For the upper body parameters, the model contained fixed effects 
for the different sensor locations (sacrum, back and withers) and the condition 
(sound vs induction). Furthermore, an interaction term between the fixed effects 
was added and cow was set as random effect.

For all models, the residuals were checked with normal probability plots. Model 
reduction was applied with the Akaike’s information criterion and the model 
with the lowest Akaike’s information criterion values was selected according to 
Occam’s Razor principle. Thereafter, 95% profile likelihood confidence intervals 
(CI) were evaluated with the “confint” package (23) and used for hypothesis 
testing. For model 1, it was assumed that the parameter did not differ between 
the two conditions when the 95% CI contained zero. For model 2, it was assumed 
that the limb parameter did differ between the RH and other limbs if 95% CIs did 
not overlap.

Results

Data description
In total, 71 measurements were performed, of which 31 were baseline 
measurements and 40 hind limb induction measurements. Inductions were 
successful (n=27) when a stable and clear lameness was seen, and when the 
wooden cylinder or plastic bulb was still intact after the measurement. All 
measurements with unsuccessful inductions were excluded from further analysis 
(n=13) for which the majority was caused due to crushing of the wooden cylinder 
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or loss of the plastic bulb. An overview of the cow characteristics, the number of 
measurements per cow and the induction methods can be found in Table 2.

Table 2. Cow characteristics, number of measurements performed per cow and induction 
methods (SR stands for the Swedish Red-and SH stands for the Swedish Holstein breed, DIM is days 
in milk, PB is plastic bulb, WC is wooden cylinder, RM is rubber mat). *All cows were first parity, except 
cow 1 and 2 (second parity)

Cow Breed DIM Pregnancy 
(yes/no)

Days since last 
claw trimming

Findings at claw 
trimming

Sound / induction 
measurements (#)

Induction method

1 SH 93 yes 90 Sole hemorrhage 1 / 2 PB 10 and 15mm

2 SH 31 no 25 2 / 1 PB 15mm

3 SR 198 yes 25 Sole hemorrhage 1 / 1 PB 10mm

4 SH 281 yes 90
Dermatitis, Sole 
hemorrhage

2 / 2 PB 10 and 15mm

5 SH 235 yes 25 2 / 1 PB 15mm

6 SH 240 yes 25 2 / 2 PB 10 and 15mm

7 SR 223 yes 25 2 / 1 WC 5mm

8 SR 224 yes 25 2 / 1 PB 15mm

9 SH 96 no 90 3 / 2 PB 8 and 10mm

10 SH 93 yes 25 1 / 2 PB 10 and 15mm

11 SR 72 yes 62 2 / 3 PB 11 and 15mm and RM 5mm

12 SH 38 no 25 2 / 1 RM 5mm

13 SR 60 no 62 2 / 1 PB 15mm

14 SH 60 no 53 Sole hemorrhage 1 / 2 WC 6 and 10mm

15 SR 73 no 38 2 / 1 PB 10mm

16 SR 59 no 25 2 / 2 PB 5 and 10mm

17 SR 41 no 25   2 / 2 WC 6mm and PB 10mm

Statistical analysis

For all parameters, the residuals of the models were approximately normally 
distributed, except for the RoM for which a log transform was used due to non-
normality of the original values. For all parameters, the cow variance was 4 to 5 
times smaller than the residual variance.

For all limb parameters, differences between the sound and induction condition 
were evaluated with model 1. For the relative stance duration, a front-hind limb 
effect was found, for the relative bipedal support duration a diagonal-ipsilateral 
limb effect was found, and for the relative tripedal support duration no effect for 
single front limb and single hind limb involvement was found. For the limb angles, 
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a front-hind and left-right limb effect was found. The results of this analysis can be 
found in Table 3 and Fig 3-5.

For the sound condition, Table 3 shows that the relative stance duration was 
6.3% longer for the front limbs (0.68) compared with the hind limbs (0.64). After 
induction, this duration increased by 0.005 (0.8%) in the hind limbs, relative to 
its own duration in the sound condition, In the front limbs an increase of 0.003 
(0.5%) was found relative to its own duration in the sound condition. The bipedal 
support was shorter for ipsilateral limb pairs (-24.5%) in the sound condition, 
and both diagonal and ipsilateral limb pairs decreased by 2.7% after induction 
condition. The 95% CI indicate that there are no systematic condition effects 
for both the relative stance and bipedal support duration. The tripedal support 
duration did not show any limb pair effects nor differences between sound and 
induction condition.

Figure 3. Distribution of relative stance duration for every limb as fraction of entire stride 
duration.
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Figure 4. Distribution of relative bipedal and tripedal support durations as fraction of entire 
stride duration. For the bipedal support durations, the diagonal and ipsilateral limb pair durations 
are shows. For the tripedal support durations, the durations for the single front limb and single hind 
limb involvement are shown.

Figure 5. Distribution of protraction and retractions angles are shown for every limb.
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For the maximal retraction angle, bigger angles were found for the front limbs 
(48%) and a smaller angles were found for the left limbs (-6.3%) compared with 
the reference limbs. For the induction condition, smaller retraction angles were 
found for all limbs. For the maximal protraction angle, bigger angles were found 
for the front (12.6%) and left (4.7%) limbs compared with the reference limbs. For 
the induction condition, the angles decreased (-3.2% and -6.4%) except for the 
left limbs (3.5%). The 95% CI indicate that there are no systematic condition and 
limb effects for both the retraction and protraction angles.

Differences between limbs within the induction data were evaluated with model 
2 for all limb parameters. For the relative stance duration, relative bipedal support 
duration and relative tripedal support duration, no limb effect was found. For the 
limb angles, a front-hind and a left-right limb effect was found. The results of this 
analysis can be found in Table 4.

Table 4. Results for the limb effects within the induction condition (model 2). Mean (95% 
likelihood CI) are shown for all limb parameters with the absolute values for all limbs (if there was a 
limb effect) on the left and the difference (percentage) with the induced limb (RH) on the right. *95% 
CI do not overlap with the reference (RH).

Limb pair effect within induction condition

Mean (95% CI)
Difference between not-induced limbs with 

induced limb (RH) (%)
Relative stance duration
(fraction of entire stride duration)

All limb pairs 0.67 (0.65 − 0.68)
 

Relative bipedal support duration
(fraction of entire stride duration)

All limb pairs 0.09 (0.89 − 0.10)
 

Relative tripedal support duration
(fraction of entire stride duration)

All limb pairs 0.16 (0.15 − 0.16)
 

Maximal retraction angle RH (ref) -30.1 (-31.3 − -28.9)  

(degree) RF -43.4 (-44.8 − -41.9) * -13.3 (44%)

LF -49 (-50.4 − -47.5) * -18.9 (63%)

LH -28.34 (-29.78 − -26.89) 1.76 (-5.9%)

Maximal protraction angle RH (ref) 22.34 (21.3 − 23.36)  

(degree) RF 25.29 (24.08 − 26.46) * 2.95 (13%)

LF 22.93 (21.72 − 24.12) 0.59 (2.6%)

LH 24.09 (22.87 − 25.28) 1.75 (7.8%)

Within the induction data, both front limbs showed larger retraction angles 
compared with the induced limb (RH), particularly LF. Smaller differences were 
found for the maximal protraction angle with a largest angle for RF. 
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For the upper body parameters, the percentage of successfully calculated 
parameters was high. As can be seen in Table 5, the RoM is calculated 99.8% 
correctly for all sensor locations, while the Symmetry Indices are least successfully 
calculated with 91.3% for the wither sensor.

Table 5. Percentage correctly calculated parameters for upper body sensors. Percentage is 
calculated relative to total amount of collected strides.

Parameter Sacrum Back Withers

MinDiff 99% 95.9% 99.5%

MaxDiff 95.9% 95.8% 99.5%

Symmetry Index Up 98.5% 93.5% 91.3%

Symmetry Index Down 98.5% 93.5% 91.3%

Range of Motion 99.8% 99.8% 99.8%

Table 6. Results for the upper body parameter analysis. For all upper body parameters, the 
absolute values within the sound condition are given for the different sensor locations on the left 
side. The mean (95% likelihood CI) of every parameter is shown for all parameters, except for the RoM 
were median difference was shown. For the condition effect (induction versus sound), the difference 
between the induction and sound condition per sensor location is given relative to its own location. 
*95% CI does not contain zero.

Absolute values for sound 
condition

Difference between induction and 
sound condition

    Mean (95% CI) Mean (95% CI)

MaxDiff (mm) Sacrum -0.65 (-1.82 − 0.53) -0.14 (-0.82 − 0.53)

Back -2.20 (-3.53 − -0.87) 3.41 (2.71 − 4.10) *

  Withers -0.86 (-2.61 − 0.88) -1.11 (-1.77 − -0.45) *

MinDiff (mm) Sacrum 3.97 (1.30 − 6.63) 0.63 (-0.48 − 1.74)

Back 2.27 (0.22 − 4.32) 6.61 (5.48 − 7.75) *

  Withers 5.00 (1.51 − 8.50) -0.46 (-1.54 − 0.63)

RoM (mm) Sacrum 37.97 (33.96 − 42.44) 1.03 (1.00 − 1.05) *

Back 21.22 (18.96 − 24.10) 1.17 (1.14 − 1.20) *

  Withers 38.5 (34.97 − 42.48) 1.14 (1.11 − 1.16) *

Symmetry Index Up Sacrum 0.12 (0.05 − 0.19) -0.01 (-0.06 − 0.03)

Back 0.21 (0.09 − 0.34) 0.05 (0.01 − 0.10) *

  Withers -0.12 (-0.22 − -0.02) 0.09 (0.04 − 0.13) *

Symmetry Index Down Sacrum 0.07 (0.00 − 0.15) -0.05 (-0.10 − -0.01) *

Back -0.01 (-0.07 − 0.05) 0.12 (0.07 − 0.17) *

  Withers -0.13 (-0.25 − 0.02) -0.04 (-0.09 − 0.00)
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Differences between the sound and induction condition were evaluated with 
model 1 for all upper body locations. For all parameters, a location effect and a 
condition effect were found (Table 6).

As can be seen in Table 6, the back sensor showed systematical differences 
between the two conditions for all parameters indicated by the 95% CI. For the 
sacrum sensor, systematic differences were only found for the RoM and Symmetry 
Index Down. For the withers, systematic differences were found between the 
two conditions for the MaxDiff, RoM and Symmetry Index Up. The systematical 
differences found for the sacrum and wither sensor were smaller compared to the 
back sensors, except for the Symmetry Index Up obtained from the wither sensor. 
An overview of these results is given in Fig 6.

Overall, the MaxDiff of the back sensor shows the biggest difference compared 
to the other locations. As can be seen in Fig 7, the MaxDiff is increasing because 
the second peak of the vertical displacement signal increases in height which 
indicates that the back is arching (ventral flexion). This peak occurs when the lame 
limb is placed on the ground (RH). The MinDiff is increasing because the second 
valley is less deep which happens when the lame limb is lifted of the ground 
resulting in hollowing of the back (dorsal flexion).

Discussion

In this study, multiple kinematic gait characteristics were obtained from the 
upper body and the limbs measured with IMUs. This is the first study where a 
large number of IMUs were attached to different anatomical locations of a cow to 
provide extensive information about gait adaptation strategies due to lameness 
induction. Most apparent gait related changes due to hind limb lameness 
induction were found in the pro- and retraction angles and the RoM of the back, 
located at the thoraco-lumbar junction.

The limb angle of the lame hind limb was less protracted (measured by the angle 
of the metatarsus) around claw impact and less retracted at the end of stance, 
without a decrease in relative stance duration. Furthermore, the front limbs are 
less retracted, while the protraction angle is kept similar in the LF and is prolonged 
in the RF limb. The LH limb does show a slight increase both angles, which might 
be necessary for the cow to keep walking in a straight line and maintaining 
a similar relative stance duration. The limb angle show that the limbs have a 
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different compensatory mechanism to the induction. This mechanism is most 
clearly visible when comparing the limb angles within the induction condition. In 
this study, a very small increase was found for the bipedal support duration in the 
induction condition. The results of the statistical analysis of the limb parameters 
showed similar absolute values in sound condition as previous described (19) 
which indicated that the statistical approach seemed valid for this analysis.

From the upper body sensors, the back sensor showed differences for all 
parameters. This coheres well with the visual lameness descriptor “arching of the 
back” as assessed with the Sprecher scale (5, 6). Flower and Weary (2006) also 
found back arch to be a significant tool to detect sole ulcer, which our induction 
method with pressure to the claw sole aimed to imitate (5). The MinDiff parameter 
showed only a systematical difference between the two conditions for the back 
sensor, while for the withers and sacrum no systematic differences were found. 
Furthermore, the RoM of the back sensor showed the biggest differences between 
the two conditions with the highest percentage of successfully calculated 
parameters. Therefore, the back might be a more informative location compared 
to the sacrum and withers.

It was expected from similar studies with horses that clinically sound cows would 
have symmetry indices close to zero. This was however only true for MinDiff for the 
back and fairly true for the sacrum and withers. The Symmetry Index Up was more 
away from zero compared to the Symmetry Index Down. This might be caused 
by motor laterality of the cows, environmental distractions in the stable, walking 
speed differences or anatomical asymmetry due to a filled rumen. Since this is a 
novel method for the assessment of walking in cows, it should be pointed out 
that reference values are needed for clinical sound walking conditions, including 
knowledge about expected variability within each individual (24).

For the upper body, the analysis scripts were modified to detect all peaks 
and values needed for the calculation of the upper body parameters. These 
scripts are property of Inertia BV and described elsewhere (20). Following these 
modifications, high percentages of correctly calculated parameters were obtained, 
ranging between 99.8% and 91.3%. The relatively small percentage of the wither 
sensors might be caused due to vertical displacement signals that showed 
completely different signal patters from vertical displacement signals obtained 
from other locations as previous described (19). Despite of the withers’ signals, 
the percentages are high enough to conclude that the scripts are sufficient for the 
analysis of cow data.
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The lameness induction model used during this study was adapted from principles 
used in horses (25). When the induction method was successfully applied it 
caused a constant and extensive pressure over the sensitive point beneath the 
flexor tuberosity of the claw bone (P3). The locomotion was visually assessed with 
the Sprecher lameness scale for all cows (6). The Sprecher scale evaluates walking 
patterns for clinical signs of pathologic lameness. The measurement was included 
for analysis if a stable lameness, e.g. no deterioration or weakening of the clinical 
signs, was seen. Furthermore, the lameness caused by the induction ranged 
between zero and two for all cows, which in horses is considered associated to a 
mild to moderate lameness. We included only measurements from cows without 
shaking its claw, no itching behavior, or without kicking movements. This resulted 
in a reliable comparison of the kinematic characteristic, as also supported by the 
small cow variance in the statistical analysis. Effects of the different induction 
methods could not be analyzed due to the limited amount of data although this 
might be important for future research.

The high number of sensors used in this study is not a realistic method for clinical 
use. However, this method will allow us to gain extensive knowledge about the 
adaptation strategies of multiple body locations made by cows with discomfort 
in the hind limbs. The analysis steps performed can be used to distinguish the 
most informative anatomical locations and selection of parameters. In this study, 
hip movement parameters such as the roll, yaw and pitch of the tuber coxae were 
not analyzed. However, these parameters might be informative for the detection 
of hind limb lameness since the hip movements might reveal more adaptation 
strategies used by cows. This knowledge might be useful for the development of 
an automatic recognition method, which can also be used as an early warning 
system. However, for such a system more research is needed to gain insight in 
the development of the gait related changes over time with different degrees of 
lameness and of more anatomical locations.

Conclusion

IMUs can be utilized to detect hind limb lameness in cows. The most important 
limb parameters are the front limb angles, in particularly the retraction angle. The 
thoraco-lumbar junction of the back proved to be the most informative upper 
body location to measure, where multiple parameters showed systematical and 
clear differences between sound and induction condition.
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The increasing number of possibilities to monitor both physical and mental health 
in animals comes with an increasing amount of data that needs to be processed 
and analyzed. In this thesis, I focused on biomechanical gait characteristics of 
horses and cows measured with Inertial Measurement Units (IMUs) and the 
application of different signal processing procedures for this type of data.

In the first part of this discussion, I will address challenges related to the studies 
performed, and the advances made in this thesis. The potential use of automatic 
monitoring for animal health and welfare is much broader but also generally 
technically more challenging and less well developed than for the applications 
studied here. In the second part of this discussion, I will illustrate this by 
addressing two applications that we studied in the initial explorative phase of my 
PhD-research. I will conclude the discussion with the lessons learned in the thesis 
and the future outlook.

Discussion of the thesis

This thesis consists of two parts. In the first part, development of signal analysis 
procedures for gait analysis in horses is described and evaluated. In the 
second part, the horse signal analysis procedures are applied to the study of 
biomechanical gait characteristics in cows.

Part 1: Development of signal analysis procedures
In Chapters 2 and 3, the development of different algorithms was described for 
the automatic detection of hoof-events from hoof-mounted IMUs. Subsequently, 
the performance of these algorithms was evaluated with the force plate and 
optical motion capture system. The results of this performance evaluation showed 
that the angular velocity signal was the most accurate for hoof-on detection while 
the acceleration signal was the most accurate for the hoof-off and break-over 
phase onset detection. The hoof-off event was detected with the highest accuracy 
and precision. These studies are innovative because they are the first to describe 
signal analysis procedures for the automatic detection of hoof-events from IMU 
data. Moreover, these procedures were evaluated with different measurement 
methods. These algorithms can improve gait classification in horses and enhance 
the application of hoof-mounted IMUs for clinical purposes. The challenges that 
came with these studies were (1) the development of a suitable signal analysis 
procedure and (2) the performance evaluation of these algorithms against 
methods that measure different properties.
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Development of a suitable signal analysis procedure
Selecting the proper signal characteristic from the IMU data can be challenging 
because different environmental circumstances during the collection of the data 
may alter the signal appearance. Such differences in circumstances can be in the 
type of flooring, in the gait and speed of the horses or in the attachment method 
of IMUs to the hooves (2-4). In addition, there can be different stimuli around 
the measurement area such as other animals or people walking around. It is of 
importance to be aware of the effects of the measurement and environmental 
circumstances on the data as well as the effect of signal analysis procedures on 
the signal appearance. Furthermore, the application for which the signal analysis 
procedure is being developed also plays an important role in choosing specific 
procedures over others.

For the studies performed in Chapter 2 and 3, a robust measurement and signal 
analysis procedure had to be developed in order to detect the right characteristics 
under different circumstances. The data analyzed in these studies had already been 
obtained and preprocessed by Inertia BV and no alterations could be made on 
this part. These preprocessing steps included calculating the sensor orientation, 
which was performed by aligning the z-axis of the sensor with the gravitational 
force (5), and combining the low-g and high-g acceleration signals, which reduced 
the data from two tri-axial signals into one tri-axial signal (6). Furthermore, 
hoof-on and hoof-off events were detected and used for stride segmentation. 
Although, information about the preprocessing steps was available, no alterations 
could be made and all the algorithms to perform these processing steps were 
processed with proprietary software from EquiMoves System which might limit 
the applicability under different circumstances and for other animal species.

After the preprocessing steps were performed, the data were made available for 
further analysis and a signal analysis procedure was performed that did not alter 
the signal’s appearance, meaning that no filtering of the signals was performed 
during which certain frequencies are removed from the signal (7). The signal 
analysis procedure included calculating the Euclidean norm after which peak 
detection was performed to collect the time points for certain hoof-events. The 
benefits of the calculation of the Euclidean norm were that effects due to different 
attachment methods were canceled out and that calculating a horse specific 
rotation matrix became unnecessary which led to a reduction of the calculation 
time and reduction of the data from a tri-axial signal to a single-axial signal. A 
disadvantage of calculating the Euclidean norm was that the information about 
the orientation of the sensor was lost and only the magnitude of the signal was 
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obtained. Information about the orientation of the sensor was not needed for 
detecting the hoof-events, because only the time points of these hoof-events 
were needed for the specific application of gait analysis. Furthermore, the data 
reduction and faster calculation speed were important since large amounts 
of data need to be analyzed for gait analysis in horses. However, for other 
applications in which one direction of the data need to be studied, for example 
vertical displacement, this calculation is not beneficial. 

Performance evaluation by comparison with methods that measure 
different properties
Evaluating the performance of the developed algorithms with the force plate and 
optical motion capture system was challenging because the data of both methods 
are not directly comparable. The algorithms used the angular velocity and 
acceleration signal, measured with IMUs, while the force plate measured the force 
exerted underneath the hoof and the optical motion capture system measured 
the displacement of infra-red markers attached to the horse. This challenge was 
overcome by formulating clear definitions of the hoof-events and by adapting 
these definitions to the specific measurement methods.

In Chapter 2 and 3, the definitions of different hoof-events were developed as 
follows. The break-over phase onset was defined as the start of the rotational 
movement of the hoof around the toe. A straightforward method to measure 
the break-over phase onset is to measure the angle of the heel around the toe 
of the hoof. The hoof-off event was defined as the moment in time where the 
hoof was completely lifted off the ground which can be measured with kinetic 
methods as a drop in force or pressure, and with kinematic measures as a change 
in displacement or increase in acceleration. The hoof-on event is the reverse of the 
hoof-off event and can be measured by an incline in force or pressure measured 
with the force plate or a by a decrease in acceleration.

All measurement methods used in these studies are able to capture these hoof-
events, although the properties they measure differ. The IMUs measure both 
acceleration and angular velocity, which are the second derivative of displacement 
and the first derivate of angle with respect to time, respectively. The optical 
motion capture system measures displacement and angle over time and therefore 
allows direct comparison with the IMUs, in contrast to the force plate. The force 
plate measures the force over time and therefore no direct comparison with the 
optical motion capture system and IMUs can be made. As a result, it is necessary 
to make an adaptation to the measurements captured by the force plate, to allow 
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for a comparison with the measurements taken with the IMUs and optical motion 
capture system.

For the studies in Chapter 2 and 3, this adaptation was made by calculating the 
first derivate of the force with respect to time, to determine the change in force 
over time. The rationale employed here was that the force will change when the 
hoof starts rotating, thus exerting less force on the force plate. This allowed a 
comparison between the detection of the break-over phase onset by the force 
plate and the displacement and angle measured by the IMUs and optical motion 
capture system. And therefore, performance evaluation of these algorithms with 
the gold standards for the kinematic and kinetic measurement methods became 
possible.

Part 2: Application of signal analysis procures to another species
In Chapter 4 and 5, explorative studies with IMUs attached to multiple 
anatomical locations of cows were described. These studies evaluated the 
changes in biomechanical gait characteristics with (induced) lameness, as well as 
the feasibility of different attachment locations of the sensors. These studies are 
innovative for two reasons: firstly, the relatively large number of IMUs attached to 
the cows, which is normally not feasible on farms, and secondly the novel use of 
lameness inductions to compare the changes in biomechanical gait characteristics 
within the same cows. In these studies, the signal-analysis procedures and 
measurement method developed for horse data were applied to data from cows.

Challenges that came with adaptation between species
Although horses and cows are both quadrupeds, small differences in the signal 
pattern between the two species were observed which might be caused by 
differences in movements and structure of the limbs and hooves (Chapter 4). 
These small differences affected the hoof-on and hoof-off event detection needed 
for the stride segmentation (8). In stride segmentation, the signal is divided 
into epochs corresponding to the strides made by the animal. The hoof-on and 
hoof-off event detection led to small time shifts when making this division. This 
resulted in the epochs not starting exactly on the hoof-on event. Modifications 
in the procedures had to be made in order to successfully remove this time shift 
from the signal.

Another modification was made in the measurement method for the studies in 
Chapter 4 and Chapter 5. Extra sensors were attached to the back and the collar 
of the cows. The collar offers an accessible attachment site. This location is often 
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used by conventional sensors for measuring behavior (9). The back is known as an 
important landmark for visual lameness detection (10). Therefore, arching of the 
back was considered an important feature to objectively investigate. For clinical 
use, the relatively large number of sensors used in these studies is not feasible 
and should be reduced. However, it will provide a very thorough investigation into 
both the biomechanical gait characteristics and the attachment locations that are 
needed to develop an objective lameness detection method for cows. 

Adaptation of measurement methods from one animal species to another will  
be possible when anatomical differences between the species are considered  
and when the measurement purposes are fairly similar. In Chapter 4 and  
Chapter 5, adapting the measurement methods and signal analysis procedures 
between animal species was justified because both cows and horses were 
measured for the purpose of lameness detection. But even then, modifications in 
the measurement setup were performed to be able to study specific traits such as 
arching of the back. Furthermore, the signal analysis procedure had to be modified 
to account for the differences in feet structure. I expect that modification in the 
signal analysis procedure are necessary when measuring animals with different 
limb height, different feet structure (e.g., claws or paws) and different gaits 
(e.g., walking of a cow, gallop of a horse and running of a dog). Adaptation and 
application of these methods to different species may lead to interesting insight 
into differences in biomechanical gait and behavior characteristics (11, 12).

When these measurement and analysis methods are applied for another purpose, 
it might be that different anatomical attachment locations are important, as well 
as different signal analysis algorithms to be able to detect characteristics specific 
for that purpose. For this, more extensive modifications to the measurement 
method and signal analysis procedures need to be made or completely new 
methods need to be developed.

Two additional case studies

In the last couple of decades, new biosensors and wearable technologies have 
become very popular in human health care and are increasingly adapted to the 
field of veterinary medicine. For animals, these new developments are mainly 
used for health management and welfare by automatically detecting changes 
in physiological and behavioral variables, such as locomotion, of individuals or 
of animals living in a group (13). When sensor technologies applied in human 
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medicine are adapted in the veterinary medicine field, the specifications in design 
and attachment methods need to be modified in addition to the measurement 
method and signal analysis procedures. For example, wearables don’t have to be 
aesthetically designed, but should have the right properties for their purpose and 
target animals in order to become applicable. Two case studies were performed at 
the start of this PhD that illustrate the challenges that come with the application 
of new technologies in different fields of veterinary medicine.

First case study: parturition detection in sows
The first case study concerns the development of a sensor to monitor the parturition 
in sows and automatically identify the start of farrowing and birth-interval lengths. 
Piglet mortality has an incidence ranging from 16 to 20% and is therefore an 
important concern in the pig industry. The major causes of piglet mortality are 
stillbirth, crushing and starvation (14-16). Stillbirth is caused by asphyxia and 
dystocia with an incidence ranging from 2 to 9%. A direct relation between increased 
farrowing duration and risk of stillbirths exists, although it remains unclear whether 
this is a result or cause of longer birth-intervals lengths (16-18).

Timely intervention by the farmer during parturition may decrease the risk of 
stillbirth, but farrowing duration and birth-interval lengths are hard to observe 
and manage for farmers. A potential technology to monitor the parturition is 
an ultra-wideband signal sensor which can be used for short-range positioning 

Figure 1. Measurement setup with ultrawide-band signal sensor and infra-red camera placed 
on the wall behind the sow.
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applications (19). The ultrawide-band signal contains a broad range of frequencies 
and short pulses of this signal are sent out by the sensor to the sow. The sow 
absorbs part of the signal with certain frequencies and reflects the other part back 
to the sensor. The sensor picks up this reflected signal and sends this information 
to the cloud where it is stored for analysis. The reflected signal can be compared 
with the baseline signal, and information such as posture and breathing frequency 
can be determined with advanced signal analysis techniques.

This sensor was initially developed for a fall detection system in elderly people 
by the company FACTIC B.V. and was modified for parturition detection in sows. 
The sensor was placed on the wall behind the farrowing pen at the University 
farm Tolakker as can be seen in Fig 1. Major changes were made to the exterior 
of the sensor because pigs’ excretion of ammonia abrases metals and plastics. 
Furthermore, the signal analysis techniques had to be adapted for sows to be 
able to detect variables such as change in posture, restless behavior (defined as 
the number of changes in posture) and frequency of breathing in time. After data 
collection, signal analysis procedures would need to be performed to measure 
characteristics such as the start of farrowing, farrowing duration and birth-interval 
lengths. Video recordings were made with an infrared camera for validation of the 
variables needed for automatic monitoring of parturition.

This case study was ended due to the high costs which came with further 
development of the hardware required for this technique and the labor needed 
for the development of signal analysis procedures.

Second case study: monitoring movement directions in squirrel 
monkeys
In the second case study, it was investigated whether a semi-free ranging squirrel 
monkey group could be monitored with use of radiofrequency identification 
(RFID) technology in the monkey zoo Apenheul in the Netherlands. A large group 
of more than 90 Bolivian squirrel monkeys (Saimiri boliviensis) is housed in a 
semi-free wooden enclosure to mimic their natural environment. The monkeys 
can roam freely and can spend their species-specific time budgets on travelling, 
foraging and other spatial related activities (20, 21). The large group consists 
of several subgroups which sometimes compete over their indoor enclosure 
during feeding time in the afternoon or during the night. On some occasions, 
this competition excludes individuals from the feeding or from sleeping inside 
the enclosure at night, which can result in cold related trauma. It is therefore of 
importance for the Apenheul zoo to monitor which individuals sleep outside 
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during the night and which individuals are potentially excluded from the feeding.
Like most zoo animals, the squirrel monkeys are chipped with a passive RFID chip 
to allow identification of individuals for medical and management purposes. The 
passive chips are able to receive energy from electromagnetic waves that are sent 
out by an RFID antenna. When the passive chip is activated, they will send out 
their unique identification number which is measured by the antenna. A custom-
made corridor equipped with two antennas was built by the company Dorset 
Identification BV and placed inside a corridor through which the squirrel monkeys 
have to move to enter and leave the indoor enclosure. These antennas measure 
the unique code of the RFID chip of the monkeys and send this information to 
an attached USB-logger which stores the received identification number and 
the corresponding time and date of this registration, as can be seen in Fig 2. Two 
antennas were used to be able to measure the walking direction of the monkeys 
in the corridor.

The custom-made corridor should not hinder the squirrel monkeys from entering 
or exiting the enclosure. Furthermore, the construction should be robust and 
strong enough to not be damaged by the monkeys and should also not distract the 
monkeys which potentially can results in measurement noise. Also, the antennas 
should meet certain criteria to allow for accurate measurements. Therefore, 
different properties and construction methods were tested during this case study. 
For example, the direction of the coil inside the antenna was adapted to able to 
measure all monkeys accurately and the distance between the two antennae was 
adapted to perform better with different movement speeds. Moreover, different 

Figure 2. Illustration of squirrel monkey with RFID chip (a) and RFID chip and antenna. In Figure 
a, the passive RFID chip located between the shoulder blades of the squirrel monkey is shown. In 
Figure b, the antenna and radio waves sent out by the antenna are shown. These radio waves activate 
the chip causing it to send its unique identification number back to the antenna which is then stored 
by the USB-logger. Figure is used from student report (1) and designed by M. Weima.
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registration settings of the antennas were tested to investigate which settings 
were most beneficial to measure the monkeys entering and exiting the enclosure.

This case study was ended after two years due to the high costs which came with 
further development of the custom-made corridor and the limited possibilities of 
the RFID chips to measure stress related variables that were deemed important for 
biological conclusions.

In summary
For both case studies challenges with the sensor placement were encountered. 
Sensor attachment to the body of an animal can provoke stress because it hinders 
the animal in its movements or draws the attention of other animals which might 
lead to hurtful situations for the animal wearing the sensor. Most zoo animals, 
pets and laboratory animals are chipped with RFID chips which overcome this 
problem although the purposes are limited since no physiological parameters, 
such as heart rate, stress and body temperature, can be measured with this 
technique. When applying sensors invasively, the size of the sensor will limit its 
purposes due to the battery life span. The size of the battery is limited because 
the weight of the sensor should not exceed 5% of the body mass of the animal 
(22, 23). Furthermore, invasive sensors in wildlife animals are challenging since 
these animals should be captured and brought under general anesthesia to equip 
the animals with the sensor. Therefore, it’s more logical to place sensors in the 
natural environment to measure these animals.

In both studies, measurement methods were chosen based on the fact that these 
techniques were easy applicable and were already available. The squirrel monkeys 
were already chipped with the RFID chips and the antenna technique was already 
used for behavioral research in poultry and pigs. Also, the ultra-wideband sensor 
was already under development for elderly people. However, other measurement 
methods might also be applicable or even more suitable for these two purposes. It 
is of importance to carefully consider which method is suitable and to evaluate all 
the advantages and disadvantages before modifying and applying such method.
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For these two case studies, imaging methods could also be used for these 
purposes in combination with computer vision algorithm for automatic detection 
of specific traits. The benefits of imaging methods are that they can be applied 
from a distance, no attachment of sensors is coming into play and sometimes 
cameras are already available at the farm. However, for every new application 
new computer vision algorithms need to be developed or modified from another 
application which will also cost time and money.

Conclusion and outlook perspective

The development of signal analysis procedures for automatic detection of hoof-
events from IMU signals was successful and can improve gait classification in 
horses and enhance the clinical application of IMUs for both horses and cows. The 
preprocessing and selection of the signal characteristics should be appropriate 
for the procedures to work for signals collected under different circumstances, 
keeping in mind the specifics of the intended application.

The modification of measurement methods of horses to cows was successful 
with some minor modifications. These analysis procedures were used for the 
description of gait characteristics of clinically sound cows and to describe 
changes in the characteristics resulting from hind limb lameness. The adaptation 
of measurement methods and signal analysis procedures for horses to other 
animal species might be beneficial in the future since they benefit animal health 
and welfare and also will be more cost effective and time efficient compared with 
developing completely new methods.

In the future, machine learning algorithms might facilitate the use of IMU sensors 
for clinical applications and make IMUs easier to apply for training and exercises 
evaluation. Machine learning algorithms can automatically detect a certain event, 
for example hoof-on or hoof-off, from the signal without the need of extensive 
signal analysis procedures. In addition, these algorithms can also automatically 
detect lameness under different circumstances (24, 25). However, some of these 
machine learning algorithms act as a ‘black box’ and do not offer transparency 
needed for later adaptations. It is therefore of importance to first gain insight into 
the different machine learning algorithms and to carefully determine which signal 
characteristics is of importance for a specific application. Another technique that 
will be more often used in the future is computer vision, which eliminate the use 
of sensors or markers attached to the animal itself. Therefore, these techniques 
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might be even more easily applied in clinical settings. Furthermore, also for 
this video imaging, the development of computer vision analysis procedures is 
needed to detect specific hoof-events or gait characteristics.

In the general, the financial costs that come with sensor development and research 
can be substantial while the financial gains by using the sensors will depend 
on the application, the size of the market (i.e., the species) and the willingness 
of animal owners to pay. For some animals, such as horses and companion 
animals, the gains may justify the high costs due to the role of the animal in our 
community. Horses are very valuable in sport and as athletic companions, and 
companion animals such as dogs and cats find strong emotional attachment in 
the human owners. This is in contrast to farm animals, such as cows, pigs and 
chickens. These are kept in large numbers for food production and the emotional 
attachment to individual animals is less. Financial gains here should come from 
increased production at lower total cost.

Sensor application in veterinary medicine is exciting and will open many 
possibilities which were not yet available. In this thesis, various aspects and 
challenges are described that come with the application of sensors and the 
development of signal analysis procedures. By performing these studies, 
knowledge about hoof placement and unrollment pattern were obtained which 
will support the farrier and provide an objective analysis procedure for companies 
that develop tools to analysis hoof motion. Furthermore, explorative studies to 
the biomechanics of cows were performed to improve lameness detection and 
hence offer prevention tools that allow early detection and treatment in cows with 
claw conditions. The two cases studies presented in this thesis, illustrated some 
non-trivial challenges that come into play when adapting and applying sensor to 
animals or when adapting measurement methods between animal species.
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Het doel van dit proefschrift is het ontwikkelen en analyseren van de signaal 
analyseprocedures voor het meten van hoefplaatsingen van paarden en het 
toepassen van signaal analyseprocedures van paarden voor de kreupelheid 
detectie bij koeien.

Paarden en koeien zijn gedomesticeerde vierbenige dieren waarvoor het 
goed functioneren van hun locomotie systeem een belangrijk aspect is voor 
het bevorderen en behouden van hun gezondheid, welzijn en prestatie. Het 
functioneren van het locomotie systeem kan worden bestudeerd door het 
observeren van de bewegingen en het gangpatroon van zowel paarden als koeien. 
Er zijn verschillende soorten methodes om deze bewegingen en het gangpatroon 
te bestuderen. De meest voorkomende en gebruikelijke methode is het visueel 
bestuderen van het gangpatroon. Echter, dit is een subjectieve methode waarvan 
de nauwkeurigheid afhankelijk is van de beoordelaar.

Objectievere methodes kunnen worden onderverdeeld in kinetische en 
kinematische methodes. De gouden standaard van de kinetische methodes is 
de krachtplaat. Deze methode meet de krachten onder de voeten als een paard 
of koe over de plaat loopt. De gouden standaard van de kinematische methodes 
is het “optical motion capture systeem”. Dit systeem meet de bewegingen van 
reflecterende bolletjes waarmee het dier wordt uitgerust. Deze reflecterende 
markers kunnen overal op het lichaam geplakt worden waardoor zowel de hoeken 
van gewrichten als de bewegingen van het boven- en onderlijf gemeten kunnen 
worden.

Een andere kinematische methode is de “Inertial Measurement Units” (IMUs). Het 
voordeel van deze IMUs is dat ze relatief goedkoop zijn en draadloos, waardoor 
ze ook buiten in het open veld te gebruiken zijn. Deze IMUs meten zowel de 
acceleratie als de hoekversnelling in 3 verschillende richtingen. Hierdoor wordt er 
veel data verzameld tijdens een meting. Deze data moeten eerst verwerkt worden 
voordat het geanalyseerd kan worden voor de studie van de bewegingen en het 
gangpatroon van paarden en koeien.

Er zijn signaal analyseprocedures ontwikkeld voor de automatische detectie 
van bewegingsaspecten van de hoef gemeten met IMUs. De uitkomt van deze 
signaal analyseprocedures zijn vervolgens vergeleken met de gouden standaard, 
krachtplaat en optical motion capture system. In hoofdstuk 2 zijn er signaal 
analyseprocedures ontwikkeld voor het automatisch detecteren van twee 
kenmerkende bewegingsaspecten van de hoef. De eerst is de hoef plaatsing 
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(“hoof-on”) en de tweede is het optillen van de hoef (“hoof-off”). Voor deze 
beide zijn twee signaal analyseprocedures ontwikkeld. De eerste procedure 
detecteert de hoef events op basis van het acceleratie signaal en de tweede 
procedure op basis van het hoekversnellingssignaal. De uitkomst van deze twee 
signaal analyseprocedures is in dit onderzoek vergeleken met de uitkomst van de 
krachtplaat en geëvalueerd ten opzichte van elkaar.

In hoofdstuk 3 zijn er twee signaal analyseprocedures ontwikkeld voor het 
detecteren van de start van het afrollen van de hoef voorafgaand aan het optillen 
(‘break-over phase onset”). De eerste procedure werkt op basis van het acceleratie 
signaal en de tweede procedure op basis van het hoekversnellingssignaal. De 
uitkomst van de twee procedures is in dit onderzoek vergeleken met de uitkomst 
van de krachtplaat en “optical motion capture system” en geëvalueerd ten 
opzichte van elkaar.

In hoofdstuk 2 en 3 vielen twee dingen op: 1) de hoef plaatsing (“hoof-
on”) werd beter gedetecteerd met de procedure die werkt op basis van het 
hoekversnellingssignaal, 2) het optillen van de hoef (“hoof-off”) en de start 
van het rolmoment (“break-over phase onset”) werden beter gedetecteerd met 
de procedure die werkt op basis van het acceleratie signaal. De resultaten van 
deze studies lieten zien dat het mogelijk is om signaal analyseprocedures te 
ontwikkelen voor het automatisch detecteren van specifieke bewegingsaspecten 
van de hoef en het afrollen van de hoef met goede nauwkeurigheid. Deze signaal 
analyseprocedures kunnen worden gebruikt om gangpatronen te bestuderen bij 
paarden en koeien.

In hoofdstuk 4 wordt beschreven hoe de signaal karakteristieken van 
looppatronen van een niet kreupele koe eruitzien. Deze looppatronen zijn 
gemeten met 11 IMUs die geplakt zijn op verschillende anatomische locaties van 
een koe. De signalen, gemeten met deze IMUs, zijn geanalyseerd met signaal 
analyseprocedures die ontwikkeld zijn voor paarden. Deze procedures bleken ook 
te kunnen werken voor signalen gemeten op koeien, waarbij kleine aanpassingen 
konden worden gemaakt om de procedures iets nauwkeuriger te maken.

In hoofdstuk 5 is er onderzoek gedaan naar de signaal karakteristieken van 
kreupele koeien. Er is een begin gemaakt met het analyseren van IMU-data 
gemeten op koeien die kreupel zijn en onderzocht welke karakteristieke 
bewegingspatronen veranderen als een koe kreupel is. Dit is onderzocht door 
eerst gezonde koeien een stukje te laten lopen en daarna deze koeien tijdelijk 



168

Nederlandse samenvatting

kreupel te maken door een blokje onder hun klauw te plakken en deze na de 
meting weer te verwijderen. Dit was een geheel nieuwe methode om kreupelheid 
te simuleren. Ook voor deze studie zijn er procedures gebruikt die oorspronkelijk 
voor paarden ontwikkeld zijn.

In hoofdstuk 4 en 5 bleek dat signaal analyseprocedures die ontwikkeld zijn 
voor paarden ook te gebruiken zijn voor koeien met wat kleine modificaties. 
Het hergebruiken van signaal analyseprocedures voor een andere diersoort lijkt 
daarom efficiënt, want dan hoeven er geen nieuwe analyseprocedures ontwikkeld 
te worden. Het hergebruik van signaal analyseprocedures zou in de toekomst ook 
op andere diersoorten kunnen worden toegepast.

Het toepassen van sensortechnologieën vanuit de humane naar de veterinaire 
gezondheidzorg kan op verschillende manieren. Twee voorbeelden zijn hier 
beschreven aan de hand van twee casestudies.

De eerste casestudie gaat over de ontwikkeling van een geboorte sensor voor 
zeugen om de hoge biggensterfte te verlagen. Deze sensor zendt “ultrawide-
band” signalen (d.w.z. signalen met veel verschillende frequenties) uit. Een deel 
van de signalen wordt geabsorbeerd door de zeug, terwijl een ander deel wordt 
gereflecteerd naar de sensor. Deze gereflecteerde signalen kunnen worden 
geanalyseerd om de lichaamshouding en de ademhalingssnelheid van de zeug te 
meten. Daarnaast kan er ook worden bekeken of de zeug contracties heeft. Deze 
geboorte sensor zou in de toekomst, na een validatie proces, kunnen worden door 
ontwikkeld naar een beveiligings- en alarmeringssysteem voor de boer. Helaas is 
deze casestudie na één pilot meting stopgezet vanwege een tekort aan financiering.

De tweede casestudie gaat over het bestuderen van de groepsdynamiek binnen 
een groep doodshoofdaapjes. Deze groep doodshoofdaapjes leeft in de Apenheul 
en bestaat uit 90 individuen. Binnen deze groep zijn er subgroepen ontstaan die 
strijden om voedsel en een plek in het nachtverblijf. De Apenheul wilde daarom 
graag kunnen meten welke aapjes het verblijf binnengaan en/of verlaten, zodat 
zij zicht krijgen op het ontstaan van subgroepen en welke subgroepen met elkaar 
strijden om voedsel en het nachtverblijf. De doodshoofdaapjes waren gechipt met 
een RFID-chip en de code op deze chip kon worden uitgelezen met een antenne. 
Voor deze casestudie was er een tunneltje gebouwd met 2 antennes waardoor 
met data analyse te zien was welke aap in welke richting door het tunneltje 
beweegt. Helaas is ook deze casestudie na een validatie en twee pilot metingen 
stopgezet vanwege een tekort aan financiering.
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In dit proefschrift zijn een aantal verschillende studies beschreven over het 
toepassen van sensoren in het veterinaire veld en de data-analyse van de 
verzamelde data. Het ontwikkelen van signaal analyseprocedures voor de 
automatische detectie van hoef plaatsingen, het afrollen van de hoef en 
karakteristieke bewegingspatronen kan de objectiviteit vergroten en de 
analysetijd verlagen. Dit is van belang omdat het gebruik van sensoren in het 
veterinaire veld veel mogelijkheden biedt met betrekking tot het monitoren van 
diergezondheid en -welzijn. In de toekomst kunnen “machine learning algoritmes” 
helpen om de data sneller te analyseren. Daarnaast zijn beeldvormende methodes 
zoals “computer vision analysis” ook veel belovende methodes voor toepassingen 
in een klinische setting.
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