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ABSTRACT 
The present work includes the design and development of a portable electronic system with the capacity of 

acquiring information of the human body biomechanical parameters which are obtained through inertial sensors 

and modules of force templates. 
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INTRODUCTION  
Biomechanics is a multidisciplinary area of knowledge which studies the human body along with its behavior, 

changes, phenomena and laws applied to the studied body from the mechanical point of view, having a great 

impact in society, and being of great relevancy in different areas of interest. Biomechanics is used in medical, 

industrial y sport areas among others. Nowadays there are systems of high technology focused on capturing 

movement, however; most is restricted to laboratory conditions and at a high cost, not mentioning that highly 

trained personnel es required to manipulate this kind of systems. 

 

Analyzing the human body at a biomechanical level presents a great difficulty nowadays due to the current systems 

used, besides the wide experience needed to manipulate them. Lately, technology has increased the demands on 

quality and reliability at acquiring information related to the human body making areas such as industry, medicine 

and sports adopt new systems. The photogrammetry is implemented in some cases to study the biomechanical 

analysis of the human body, it involves numerous tools to obtain quantitative parameters such as the case of A. 

Moreno [1] where the human march is studied by using the videogrametry, electromyography and dynamometer 

techniques, making a plan and configuration at a laboratory, highlighting the selected tools as the most 

implemented nowadays. That same work considers that to obtain an efficient analysis, methodologies so as the 

usage of 6 cameras and a platform of strength with a Gait Eliclinic® software, as well as the characterization of 

the time and cycles of the equipment use and the location of markers are necessary.  

 

Photogrammetry has had a great impact in medical rehabilitation, the study presented by S. Mihradi [2] includes 

a 3D system to process and show the 3D cinematic. The program done calculates successfully the lineal space, 

the cinematic and the acceleration in the activity of the human march, highlighting the methodology implemented 

to have an efficient analysis. That work includes the studies and the demonstration of results compared to other 

systems. One of the disadvantages of the Vicon camera system, are the occlusions the system may have when the 

markers are above and the corresponding loss of information, therefore, M. Quirin [3] presents a study of the 

Biomechanical analysis written standard stereo vision, and the presented algorithms offer reliable results, avoiding 
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occlusions and being able to detect an arbitrary number of people in a scene pointing out the need to keep 

developing a future promising work compared to other Photogrammetry systems.  

 

Inertial sensors (Imu) are broadly used in different areas of study because of their simplicity, low cost and reduced 

size. An example of area of study was implemented by Gnerlich [4] where an inertial sensor was done to 

experiment with Biomechanical cells. Its manufacturing process is simple, besides being sensitive, it highlights 

the size and the manufacture of the device so as the comparative tables of the piezoelectric size - sensor in 

micrometers and is functioning.  The inertial sensor has an phenomena called drift where is impossible to estimate 

the position of a person,  Eric Bechmann [5] presents an algorithm to estimate the position, carrying out the 

experiment where the user ran a trajectory of 100 and 400 meters of distance, this algorithm reduced significantly 

the effect of the drift in the sensor, improving the quality of data acquisition. Another method to reduce this drift 

effect was developed by J.C. Alavarez [6] where the estimation of the traveled distance is estimated using the 

fusion of sensor with a Kalman Filter to reduce de drift effect of the sensor producing a better estimation of the 

distance. The embedded systems of the inertial sensors are commonly used in the biomechanical analysis, Taylor 

[7] carried out a network of IMU sensor using Wireless communication, this system was used in the lower limbs. 

Frisoli [8] developed a Wireless communication using a ZigBee protocol, the inertial sensors were used to obtain 

biomechanical variables of the human body, these experiments were analyzed and validated using a video 

graphing system. 

 

The present work implements a fusion of sensors to estimate in one hand the angular movements and in the other 

hand the feet force. The system indicates a great use in the biomechanical analysis of the human body due to it is 

easy to handle and practical because there is no need of laboratories, improving the quality and accuracy of the 

information treated.  

 

MATERIALS AND METHODS 
Description 

The core of the system is integrated by the inertial and the force sensors, these sensors acquire the biomechanical 

data of the user.  A microcontroller of 32 bits is the responsible to compute and estimate the angular position of 

the inertial sensors, and also to acquire and to process the force signals of the force sensors. This information is 

sent to a PC interface (LabVIEW) saving the obtained data and rendering in real time an avatar in a virtual reality 

scenario according to the movements that user is performing.  Figure 1 shows the general diagram of the 

biomechanical system. 

 

  

Figure 1. General description of the biomechanical system 

 

Inertial sensors system 

The inertial sensors are placed in the different joints of the human body to obtain the angular movements, speeds 

and accelerations. The Pololu minimu-9 v3 sensor was selected to carry out this task, this IMU contains an 

L3GD20H (gyroscope 3-axis sensor), a LSM303D (Accelerometer 3-axis sensor) and a Magnetometer of 3 axis. 

However, one disadvantage of this sensor is the impossibility to use more than 2 sensors in the same I2C protocol. 

Therefore, an electronic circuit was designed to use more 15 inertial sensors using the I2C communication 

protocol. This circuit implements a I2C multiplexor of fast response (CD4051b), this protocol I2C uses a clock 

line SCL and a data line SDA to carry out the Master-Slave communication. The objective is to use a multiplexor 

circuit for the clock line SCL and another multiplexor circuit for the data line SDA, the 15 inertial sensors are 
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connected to these lines in the multiplexor circuits, making possible to stablish a communication between the 

microcontroller and the desired inertial sensor only selecting the corresponding sensor to acquire the data.  Figure 

2 shows the PCB of the multiplexor circuit, there are two multiplexor for the SCL and SDA signals which are the 

inputs of the circuit, the output of the multiplexor is the selected signal that is connected to the SCL and SDA 

terminals of the Microcontroller. 

 

 
 

Figure 2. Multiplexor Circuit, SCL and SDA del I2C 

 

A motherboard was designed to integrate all the required components as is shown in Figure 3. This motherboard 

integrates 2 multiplexor circuits, 1 Microcontroller (Arduino Due), 5 sockets RJ-45 where all the inertial sensors 

are connected. 

 

  
Figure 3. Motherboard target 

 

Force foot template sensors 

The force foot template sensor follows two objectives, the first one is the acquisition of the force generated by the 

user and second one concerns to the location of these forces in the foot area. The sensor was designed using 

flexible and conductive materials in order to estimate the force that the user is applying in an specific contact area. 

In the Figure 4 is shown the 3 materials used to build the sensor, there are two flexible materials in order to cover 

an protect the Velostat material (Pressure-Sensitive Conductive) that is located in the middle. The Velostat 

material has the property to change its conductive value according to the pressure applied.  

 

 
Figure 4. Materials used to build the force foot template 

 

A template with 11 pressure sensors were designed using the materials mentioned before. These sensors were 

placed in different desired points as is shown in Figure 5. Each one of the sensors are connected to a voltage-

division configuration circuit, therefore there is a resistance that is connected in serial configuration with the 
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terminals of each sensor.  The outputs of these 11 pressure sensors are analog signals which are connected to the 

ADC inputs of the Microcontroller. 

 

 
Figure 5.  Foot template pressure sensors 

 

In figure 6 is shown the integration of the complete system, with the inertial sensors and the pressure sensors.  

 

 
Figure 6. Integration of the IMU sensors and the foot template pressure sensors. 

 

Optimal Placement of Sensors 

One of the crucial factors for the biomechanical analysis are the optimal placement of these sensors. Therefore, is 

necessary take into account the human body segmentation and his principal planes. A. Godfrey [9] carry out a 

study with accelerometers mentioning these segments.  The optimal placement of the inertial sensors depends of 

the activity, [10] Louis Atallah investigated the placement of accelerometers for the detection of different activities 

like run, walk, etc.  Bo Yu [11] specifies that it should be considered the vertebra T7-T8 for the placement of the 

inertial sensor. Andraz Rihar [12] explains that in order to create a correct tridimensional reconstruction of a body 

with inertial sensor is necessary that the arm and the forearm use an inertial sensor in each section for a correct 

correspondence.  In Figure 7 is shown the configuration implemented. 

 

 
Figure 7. Optimal placement of inertial sensors 
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RESULTS AND DISCUSSION 
Validación del Sistema Inercial  

In order to validate the inertial sensors system, it was necessary to use an optical motion capture system 

(OptiTrack). The protocol of experimentation was integrated by a series of movements in different joints of the 

user (tdhe inertial sensors were placed to the user like is indicated in Figure 7). The aim of this experimentation 

is to obtain the motion capture data of the OptiTrack and data of the inertial sensors to carry out the comparison.  

In figure 8 is shown the integration of the whole system during the experimentation.  It is appreciated that the 

inertial sensors are placed to the user using the optimal placement of the sensor.  A graphical interface programmed 

in LabVIEW creates a communication with the microcontroller and acquires the data related to the sensor values, 

these values are constantly saved by the interface and are sent to the Virtual Reality software (XVR) to render a 

virtual avatar that moves according to his kinematics that depends of the values of the inertial sensors. 

 

 
Figure 8. Experimental test using the integration of User Interface, the biomechanical sensors and the 

virtual reality scenario. 

 

In the figure 9 is shown three graphs (the pitch, yaw and roll) of the right shoulder, the blue line indicates the 

results obtained by the OptiTrack and the pink line are de results obtained by the inertial sensor. In Figure 10 are 

the results of the elbow motion, the yellow line is the OptiTrack value and the green line is the inertial sensor. 

 

   
Figure 9.  Optitrack vs Inertial (Yaw, Pitch and Roll of Shoulder) 
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Figure 10. Optitrack vs Inertial Sensor (Elbow movement) 

 

Force Sensor 

Two experimental procedures were carried out to validate the force sensors. The first test was focused in the 

characterization of the force sensors using gradual forces, and the second test studied the relationship between 

force and temperature. The repeatability, standard deviation and the mean error were computed. 

 

For the first test, a weight from 0.565 Kg to 20Kg in 2 Kg intervals were applied to the sensor. These tests were 

carried out with a precision weighing machine, a press machine and a digital multimeter.  In the figure 11 is 

presented the sensor response (Resistance) according to applied force.  It can be appreciated that the repeatability 

in the range of 4 Kg to 20 Kg is better and more linear. 

 

 
Figure 11. Sensor response (Resistance KOhms) vs applied force (Kg) 

 

Temperature Test of the Force Sensor 

Because these sensors are in contact with the soles of the feet of a person, the temperature is a critical variable in 

the performance of the conductive material. Therefore, it was performed a test to determine the behavior of the 

force sensor when the temperature is modified. A temperature-controlled camera was used to carry out this 

experiment, using the temperature sensors and the actuators to maintain the temperature in a desired set point. The 

protocol of this experimentation consists in apply 10 different forces in the conductive material. For each one of 

the applied forces the temperature varies from 34 to 41°C. A digital multimer measures the resistance of the sensor 

while these temperature variations are executing. The figure 12 shows the obtained data where it can be observed 

that the temperature affects the resistance value in the small forces. A linear regression was computed to have a 

mathematical expression of the behavior of the sensor in order to correct and calibrate the response of the sensor 

according the temperature. 
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Figure 12. Resistance vs temperature 

 

CONCLUSION 
The use of an inertial sensors network placed in different joints of the human being has the capacity to obtain the 

angular movements of each one of these joints with the aim to compute the biomechanical analysis of the human 

being. One of the principal innovations of this portable system are multiplexors in the communication protocol 

I2C that is capable to connect more than 15 inertial sensors at the same time, generating a complete acquisition of 

each one of the joints movements of the human being. The results obtained in the system indicates that the inertial 

and force sensors have a stable and repeatable behavior and it is possible to acquire biomechanical data in real 

time for different application like sports, industry and health fields.   
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