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Summary 
Two marker-free tracking systems (MFS) were developed to 
track equine distal limb kinematics when marker application 
is not possible, for example at competition. The first 
approach tracked sagittal plane kinematics using pixel 
intensity, velocity and segment length constraints. The 
second approach used edge detection to track the medial and 
lateral boundaries of the limb to determine coronal plane 
kinematics. Kinematic data captured using both MFS were 
validated against bone-pin data (BPD), and the sagittal MFS 
was further compared to an opto-electronic system (OES). 
Both sagittal and coronal MFS found a range of motion 
(RoM) to within 4° of BPD. The sagittal MFS was also 
comparable to the OES, measuring an identical RoM and 
maximum angle within 5º. Although this MFS showed 
limited ability to track axial translation, this type of 
movement does not occur during stance phase and therefore 
was considered an acceptable limitation to the current study. 
Each MFS was fast, repeatable and accurate and therefore 
has potential as a simple and cost-effective method for 
tracking equine distal limb kinematics.  
 
 
Introduction 
Motion capture is commonly used for objective 
measurement of gait in applications such as assessment of 
sports performance and the evaluation of surgery. However, 
sometimes marker-based motion capture is impractical, for 
example in a competition environment or for a wild animal. 
Marker-based capture can also suffer from skin 
displacement artefact [1, 2],  and the physical markers can 
interfere with motion, especially on small subjects [2, 5]. 
 
 
To track the kinematics of horses at competition, two 
marker-free systems (MFS) were written in MATLAB (The 
Mathworks, Inc., USA) specifically to track the kinematics 
of the equine distal limb. The first tracked the sagittal plane 
kinematics (MFSsag) and the second was specific to the 
coronal plane (MFScor). This study describes the validation 
of both MFS against established methods. Metacarpo-
phalangeal (MCP) and distal inter-phalangeal (DIP) joint 
angle data found by both MFS were compared to the gold 
standard of bone-pin data (BPD) [6], and the MFSsag was 
also validated against a standard opto-electronic system 
(OES). 
 
 
Methods 
In both MFS, four locations are identified by the user in the 
first frame of stance phase and are then tracked throughout 
the rest of stance; the top of the metacarpus, the geometric 
centre of rotation of the metacarpo-phalangeal (MCP) joint, 
the mid point of the coronet band and the mid point of the 

hoof base. For MFSsag, these points are tracked using a 
combination of three constraints. First, the system locates 
all pixels of similar colour intensity to those found during 
initial registration. Secondly, it eliminates all pixels 
located further than a defined distance from the required 
position in the previous frame, effectively constraining 
pixel velocity and removing pixels that do not fit smooth 
biological motion [7]. Thirdly, those pixels that return a 
segment length that differs by more than ±3% from the 
initial length are eliminated to maintain the distal limb as 
a series of rigid bodies and to prevent the joints from 
dislocating. The co-ordinates of the four points during the 
stance phase are then used to calculate segment vectors 
P1, P2 and P3, from which MCP and DIP joint angles 
(Figure 1) were calculated. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Four points (•) on the equine distal limb were 
tracked throughout stance phase by the MFSsag. 

 
The protocol of the MFScor begins with defining the area 
of interest, at the MCP and top of the metacarpus (Figure 
2a). Next, a Sobel edge detection routine determines the 
co-ordinates of the medial and lateral boundaries (Figure 
2b), and a velocity constraint eliminates those co-
ordinates that did not fit smooth biological motion [7]. 
The remaining co-ordinates on each side are averaged to 
provide medial and lateral co-ordinates. Finally, a virtual 
centroid is calculated as the average of the two edge co-
ordinates (Figure 2c). As the hoof is assumed to remain 
static throughout stance, its co-ordinates are fixed. 
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Fig 2a Fig 2b Fig 2c Figure 2. Edge detection was used to track the equine distal 
limb throughout stance phase. 
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The first validation study compared MCP and DIP joint 
angle data captured by both MFS to the gold standard of 
BPD [6]. Distal forelimb motion of four Sport Horses aged 
6 ± 2 years was captured when led in walk at a self-selected 
speed. Video data input into the MFS was of horses walking 
parallel to or towards a digital video camera at 100Hz, set 
up at a distance of approximately four metres, to record at 
least one complete stride per trial. At least three strides were 
recorded for each horse, and the mean stance phase RoM 
and maximum angles were used for comparison. The second 
validation study [8] compared MFSsag to a widely-used 
OES. Two angles on a four-bar linkage were tracked: a 
fixed angle Φ and a varying angle θ. The RoM and 
magnitudes of both angles were recorded and compared.  
 
 
Results and Discussion 
The first validation study found comparable results between 
BPD [6] and both MFS. Mean maximum MCP and DIP 
angles found by MFSsag were within 4º and 3º, 
respectively, of BPD. Mean RoM was within 2º of MCP 
data and 4º for DIP data. The standard deviation (SD) of 
maximum joint angles and RoM were similar to BPD (Table 
1). For MFScor, the mean RoM of both MCP and DIP was 
within one SD of BPD and the SDs were similar (Table 2). 
 
 
The second validation study found comparable results 
between MFSsag and a standard OES when tracking a four-
bar linkage. Mean maximum and minimum values of the 
varying angle θ were within 5º of those found by the OES, 
the RoM was identical, and both intra- and inter-trial mean 
standard deviations (SD) were similar. The major difference 
was that the MFS found a RoM of up to 11º in the fixed 
angle Φ. This variation indicates that the joint centres that 
defined the angles were drifting during axial translation. 
However, since stance phase consists of a pendulum-like 
motion of the distal limb, the limitation of poor tracking of 
axial translation could be considered as not relevant when 
tracking stance phase distal limb kinematics. Although the 
MFSsag tracks surface landmarks, it fits a model of 
expected movement to the data to minimise the effect of 
skin movement.  
 
 
The major limitation of both MFS is the need for initial 
manual registration of the landmarks to be tracked, which is 
time-consuming and a source of human error. Future 
improvements could include a global optimisation routine to 
minimise the propagation of error. 
 
 
Conclusions 
Two MFS were developed to track horses in a competition 
environment, where marker application is impractical. They 
do not require any contact with the subject, allowing natural 
movement and making them totally non-invasive. Since it 
can be used in a sunlit environment, and does not require 
specialised hardware, its use is not restricted to a laboratory, 
potentially reducing cost. It also has several advantages over 
marker-based systems that can be susceptible to soft tissue 
displacement artefact and marker vibration. 
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Table 1 The range of motion (RoM) and maximum 
angles in the metacarpo-phalangeal (MCP) and distal 
inter-phalangeal (DIP) joints (degrees ± SD), found by 
the sagittal plane marker-free system (MFSsag) and 
bone-pin data (BPD). 

 
 MCP DIP 
 Maximum RoM Maximum RoM 
MFSsag 140.5±2.9º 54.5±5.1º 157.5±4.2º 55.0±3.7º 
BPD 136.8±2.6º 52.5 ±6.4º 160.4±6.8º 58.8 ± 7.5º 
 
Table 2 The RoM and maximum MCP and DIP joint 
angles (degrees ± SD) found by the coronal plane 
marker-free system (MFScor) and BPD. 
 

 MCP DIP 
MFScor 7.0 ± 1.2º 4.0 ± 1.3º 

BPD 1.3 ± 4.8º 2.6 ± 3.7º 
 


