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Abstract. Walking is a locomotion motor skill that allows the movement of the body in space through a sequence of 
coordinated actions of the articular segments of the upper, lower and trunk members. Currently, gait analysis is done 
through observational techniques, subjectively, and depends on the skills and experiences of health professionals to try 
to identify and describe the disorders of the body segments. The present project proposes the development of a system to 
assist in the biomechanical evaluation of gait based on a low-cost instrumented treadmill with a force plate together 
with a motion capture system, aiming at the quantification of the kinetic and kinematic parameters that characterize the 
individual's gait. The instrumented treadmill will allow the measurement of ground reaction forces from two force 
platforms installed directly on the conveyor. The mapping of the displacements of the body segments during the walk 
will be carried out using the Kinect sensor. The analysis of these data will assist health professionals in diagnoses and 
treatments related to gait. 
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1. INTRODUCTION 
 

Bipedal walking is the natural mode of locomotion of the human being combining the posture balance in a vertical 
position and its propulsion, bringing into play in an agreed manner and alternate the two lower limbs. Walking is a cyclic 
motor activity that alternates between a stance phase (foot ipsilateral in contact with the ground) and an oscillating phase 
(ipsilateral foot in flight phase). A walking cycle is thus composed of a support phase (about 60% of the cycle) and an 
oscillation phase (about 40% of the cycle) of the right and left lower limbs (Perry and Schoneberger 1992). 

 The decrease in mobility following a pathology most often leads to a decrease in functional capacities and 
consequently isolation from social life. Therefore, the rehabilitation of walking is the subject of special attention on the 
part of health professionals.  

Gait analysis began as an observation skill of clinical staffs, therapists, and orthotic and prosthetic technicians, who 
recognize the normal properties of the lower limbs and the events of contact with the ground (Rose and Gamble, 2007). 

Analysis of walking through the human eye is a method still used in the medical world, mainly because it is an 
inexpensive procedure requiring few resources to none (Eltoukhy et al. and Caparelli, 2017). However, there are 
movements that the human eye cannot perceive in a short time and therefore, the visual analysis must be associated with 
objective assessments (Springer et al., 2016, Dolatabadi et al., 2016, and Caparelli, 2017). 

For the evaluation of pathologies related to a human gait, it is common to use video tools, a stopwatch, among others, 
together with visual assessment.  Tinetti et al. (Tinetti et al., 1993) showed the tests commonly used during consultation 
with patients in the office: the "ten-meter walk" test where the clinical staff calculates the number of steps and/or keep 
track of the time to complete this task; the "up and go" test where the clinical staff calculates the time taken by the person 
to sit down, get up, walk 3 m and come back to sit; the test of "duration of the unipedal support" where the clinical staff 
calculates the time during which the no one balances on one foot without standing; the "comfortable walking speed" test 
where the clinical staff calculates the patient's speed walking "normally"; the "Tinetti" test allowing, using a questionnaire 
and small exercises, to judge the quality of walking and balance. 
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The development of new technologies has made it possible to introduce numerous techniques for analyzing human 
gait in a clinical, both to understand the impact of certain pathologies on locomotor function than to assess the effect of 
rehabilitation on the quality of walking. 

Silva et al. (Silva et al., 2002)  proposed the use for gait assessment systems to: study the normal or pathological 
walking of the person in the medical field or in biomechanics; to analyze the body in activity in the field of sport; to study 
the influence of different devices on ergonomic walking; to analyze the humanoid walk-in order to understand it and 
reproduce it in the robotics framework; to simulate walking and integrate it into virtual characters in the field of animation 
and synthesis simulation. The common objective is to quantify walking and to analyze it in a spatial-temporal context. 

In the optoelectronics systems, the main system of measurement of movement treated in this study, the volunteers are 
positioned in the field of view of the cameras that capture the light emitted by the sensors placed on the anatomical points 
of the human body. The main optoelectronic systems are: Vicon Nexus (Tanaka et al., 2018, Eltoukhy et al., 2017, Auvinet 
et al., 2017, Macpherson et al., 2016, and Müller et al., 2017), OptiTrack, (Dubois et al., 2018), Qualisys 100 Hz 
(Vimieiro et al., 2015). Optoelectronic systems remain fairly restrictive and expensive. With each new installation system, 
a calibration phase is necessary to define a common reference between all cameras and inform them of their position in 
relation to each other. Like any system with onboard sensors, the positioning of the sensors or markers depends on their 
installation and can be moved while walking. In addition, some markers may be obscured by body segments. To correctly 
analyze the movement of the person, a 3D array of cameras is usually required. 

Low-cost alternatives have emerged to popularize and improve movement analysis in clinics, of which the following 
stand out: the Kinect One - no longer marketed by the manufacturer (Martins et al. 2019, Martins et al. 2021, Tan et al., 
2019, Eltoukhy et al., 2017, Macpherson et al., 2016, and Auvinet et al., 2017); and the Azure Kinect (Liao et al, 2020); 
commercial cameras (Caparelli et al., 2017). 

The forces external to the human body during locomotion are calculated through kinetic analysis. Those are the force 
of gravity and the ground reaction force (GRF), which represent the physical interactions between the body and the 
environment (Cappozzo, 1984). The GRF can be accurately estimated by experimental measurements using force 
platforms, however, it is limited to the number of platforms installed in the laboratory (Hulle et al., 2020). For data 
collection of countless strides, it is used instrumented mats with force platforms associated with other data collection 
technologies (Forner-Cordero et al., 2006, Edginton et al., 2007, and Hong et al., 2017). 

The goal of this paper is the development of a low-cost system to assist in the biomechanical evaluation of human 
gait, based on an instrumented treadmill with force plates together with a Kinect sensor as a motion capture system, 
aiming at the quantification of the kinetic and kinematic parameters that characterize a gait. 
 
2. METHODOLOGY 

 
The conventional treadmill is instrumented with force plates, positioned beneath the mat to collect GRF data, and 

accompanied with a Kinect sensor for visually capturing the movement. Figure 1 shows the configuration of the treadmill. 
 

 
 

Figure 1. Configuration of the instrumented treadmill 
 

To acquire kinematics, a motion acquisition system based on the Microsoft Kinect One sensor its placed on a position 
with a clear view of the subject. Configurations like this have already been used in the analysis of several studies related 
to gait (Tan et al., 2019, Eltoukhy et al., 2017, Macpherson et al., 2016, and Auvinet et al., 2017). 

The equipment will acquire the coordinates in real time of 25 mapping of points of interest and their coordinates in 
relation to the 3D coordinate system of the Kinect (Adikari et al., 2017), which correspond to the main joints of the human 
body. 
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The analysis of the Ground Reaction Force (GRF) on each foot is essential for a correct analysis of the interaction 
forces of the body with the ground. During the run, only one foot is in contact with the ground, which facilitates the 
measurement of GRF in each foot. However, in the walk there is an interval whose two feet are simultaneously in contact 
with the ground and, consequently, making it difficult to analyze the individual GRF in each foot. One solution to this 
issue is to analyze the GRF in two independent force plate positioned posterior and anterior under the mat. 

 
2.1 Experimental data collection 

 
One healthy volunteer (one men, 31 years old, 76 kg, and 1.82 m) with no previous history of musculoskeletal injury 

participated in the test. The volunteer was individually instructed to walk on a treadmill with a controlled speed of 
“natural” speed, where the kinetic and kinematic data were recorded simultaneously. The project was approved by the 
research ethics committee, protocol number 3.006.449. 

 
2.2 Kinect data treatment 

 
Based on the coordinates of the points captured by the Kinect sensor, it is possible to determine the relative movement 

of each segment in relation to its predecessor within a hierarchical chain. The kinematic chain starts in the Pelvis (segment 
1) and follows the branch to the extremities: right ankle (4); left ankle (7), neck (10), right wrist (13) and left wrist (16). 
The other joints were disregarded as they are not relevant to the analysis of the human path. 

 

 
 

Figure 2. Kinematic chain hierarchy 
 

The Kinect has one color camera and one depth sensor, in addition to the stereoscopic 3D vision device. For each 
pixel in the color image, it ultimately provides 4 pieces of information: 3 of color components and 1 of depth (except at 
the edges of the image). The Kinect then calculates the average distance between its position and each of the pixels in the 
image (ignoring the pixels for which there are no depth measurement). The calculation of the average distance is carried 
out in two steps. First, the projected coordinates (column, row, depth) of each pixel are converted into square coordinates. 
The Cartesian system has its origin at the Kinect with the X axis pointing towards its right, the Y axis up and the Z axis 
forward. After converting the pixels to Cartesian coordinates, the program calculates the Euclidean distance of each pixel 
at the origin (Microsoft, 2021). 

The data were collected at a 30 fps (frames per second) rate. A cubic interpolation was done in the data through a 
filter lower than 6 hz. 
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The joint angles and relative movement of flexion-extension (α) around x, adduction/abduction (β) around y, and 
internal and external rotation (γ) around z, of the body segments, are determined using the method. Euler/Cardan angle 
(Eq. (1), where 'c' is cosine and 's' sine), with XYZ elementary rotation. 
 

𝑅𝑅𝐴𝐴(𝛼𝛼,𝛽𝛽, 𝛾𝛾) = �
𝑐𝑐(𝛾𝛾)𝑐𝑐(𝛽𝛽) −𝑠𝑠(𝛾𝛾)𝑐𝑐(𝛼𝛼) + 𝑐𝑐(𝛾𝛾)𝑠𝑠(𝛽𝛽)𝑠𝑠(𝛼𝛼) 𝑠𝑠(𝛾𝛾)𝑠𝑠(𝛼𝛼) + 𝑐𝑐(𝛾𝛾)𝑠𝑠(𝛽𝛽)𝑐𝑐(𝛼𝛼)
𝑠𝑠(𝛾𝛾)𝑐𝑐(𝛽𝛽) 𝑐𝑐(𝛾𝛾)𝑐𝑐(𝛼𝛼) + 𝑠𝑠(𝛾𝛾)𝑠𝑠(𝛽𝛽)𝑠𝑠(𝛼𝛼) −𝑐𝑐(𝛾𝛾)𝑠𝑠(𝛼𝛼) + 𝑠𝑠(𝛾𝛾)𝑠𝑠(𝛽𝛽)𝑐𝑐(𝛼𝛼)
−𝑠𝑠(𝛽𝛽) 𝑐𝑐(𝛽𝛽)𝑠𝑠(𝛼𝛼) 𝑐𝑐(𝛽𝛽)𝑐𝑐(𝛼𝛼)

�       (1) 

 
The generated data were treated and presented in graphic form to facilitate the analysis. 
 

2.3 Force plate data treatment 
 

Force plates (also known as force platforms, strength plates, strength platforms, and in technical terms as force 
transductors) are mechanical force sensor that do not need to be embedded on the subject. These systems are composed 
of a simple pressure plate, divided into load cells, placed on the walking path. They are designed to measure the effort 
and moments that apply to its top surface while a subject stand, mount or jump on it. The treadmill was instrumented with 
2 square force platforms, composed of 4 load cells of the CZA/ZL-200 type at each vertex as shown in Figure 3. An 
HBMI amplifier and converter was used. 

 

 
 

Figure 3. Representation of the Force Platform and the positioning of CSA/ZL-200 load cells. 
 

The force plates located under the belts record the ground reaction forces components (Fx, Fy and Fz) and their 
moments (Mx, My and Mz) generated by the subject. High-performance motor controls and on-board software provides 
the clinical staff with an intuitive interface for controlling the pitch and roll of the treadmill, the direction of travel of the 
belts and the belt speed. 

It was kept in mind the effects of sampling error due to the circuitry acquiring the force plates signals not being 
properly and symmetrically constructed that could lead to two or more different frequencies in the signals (Rahman, 
2019). 

Initially, an initial calibration of the platforms will be carried out, with the static positioning of the individual under 
each force platform according to the collection of weight and the individual and tare of the platforms. Thereafter, the 
patient will walk and run during the period established by the clinical staff. The GRF values will be correlated in 
percentage with the subject’s weight. 

 
3. RESULTS 

 
Initially, the individual was captured with point clouds in flight mode, as shown in Figure 4, for calibration and 

preliminary acquisition of anthropometric data. Calibration of load cells and force platforms was also performed, 
according to the individual's weight (76kgf). 
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Figure 4. Body reconstruction using point clouds. 
 

The individual was then instructed to walk on the treadmill, with controlled speed adjusting to their natural walking 
speed of approximately 4 km/h, for approximately 5 minutes, to adjust for walking on the treadmill. The position data of 
each joint were mapped using Kinect One, with acquisition rate of 30fps, as shown in Figure 5 a). 

 

 
 

Figure 5. Mapping the joints of the human body. a) Identification of joints and acquisition of position; b) 
Reconstruction of body segments and representation of the joint coordinate system. 

 
From the position of the human joints, the coordinate systems of each joint were traced, and the segments were 

reconstructed for a 3D representation of the entire walk, as shown in Figure 5 b). The flexion/extension movement 
(relative movement of the joints in the direction of greater magnitude of movement, rotation around x) was also 
graphically presented using the Euler Angles method as shown in Figure 5. Data were filtered and processed in Matlab, 
using linear interpolation and an FFT filter. The data represented in Figure 6 follow the same pattern presented in 
Literature. (Nordin and Frankel, 2001 and Neumann, 2011). 

 



Jordana Simões Ribeiro Martins, Bruno Petrocchi de Sena Azevedo and Claysson Bruno Santos Vimieiro 
Development of a System for Biomechanical Assessment of Human Gait in Clinical Settings 

 
 

Figure 6: Representation of the flexion and extension angles of the hip, knee, and ankle in continuous walking 
under the treadmill. 

 
The GRF data of the volunteer's right foot (76 kg), in the vertical direction, collected by the force platforms, in two 

walking cycles, treated with the Catman Easy software, are shown in Figure 7. The initial contact peak is observed. with 
a value higher than body weight, representing the initial contact of the foot to the ground, followed by an impulsion peak, 
the same pattern portrayed in the literature (Barela, 2011). 

 

 
 

Figure 7: Vertical GRF of the right foot for walking on a treadmill for a volunteer (76Kg). 
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4. CONCLUSION 

 
This method creates an in-depth assessment of human gait by combining a functional treadmill instrumented with a 

force plate and Kinect one sensor. It is a quick and efficient assessment process because the environment of a treadmill 
provides a walking challenge that demands the patient apply its personal gait on a constant pattern. 

As it shows in Figure 6, a human gait follows a pattern, each pace, each step is a repeat of the previous one and the 
same as the following. And so, a person walk can be analyzed by software, and compared to a standard, therefore allowing 
a medical professional to assess any irregularities or problems that a specific patient may have. With the correct analysis, 
the patient can receive the correct treatment to repair or restore its gait, fixing issues that could have led to a lack of 
balance, spine and hips pain, and other physical deficiencies that can be caused by an unhealthy gait during walking. 

The data presented follow the pattern presented in Literature. Measurements of specific groups of volunteers and a 
comparison with the standard system must be performed to validate the developed systems. 
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