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Abstract

:

A force plate is a device that measures the ground reaction force caused by a shift in the human body’s center of mass (CoM). Using a controlled change in the human body’s CoM, the human body’s center of pressure (CoP) is shifted in a 2D plane, along with an acceleration of the CoM along the plane perpendicular to the force plate, which allows for a generation of reference values for game control. In this paper, the development and validation of a system for game control based on a force plate are described. The game control system consists of a force plate, an electronic board used for measuring and PC communication via USB, and a PC application for data acquisition, system calibration, and game control. Based on the measured values of the player’s CoP and the CoM acceleration along a plane perpendicular to the force plate, the game control system simulates pressing the UP, DOWN, RIGHT, LEFT, and SPACE keyboard keys or moving the mouse and clicking the left mouse button, which allows players to control simple games. A mathematical model has been developed for the game control system which includes running system calibration procedures in the system for each individual player. The mechatronic game control system is described in detail, and experiments were run on said system for the purpose of system validation.
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1. Introduction


A force plate is a mechatronic device that measures the ground reaction force caused by movements of the human body, such as walking, running, or jumping. Research on human walking, balance, and postural stability is often related to an assessment of the center of mass (CoM) of the human body, as well as measuring its center of pressure (CoP) [1,2,3]. The human body’s CoP is defined as the point in the transverse plane of the human body that represents the total force acting on a person’s feet, and it can be quantified directly by using a force plate [4,5].



A force plate is most commonly used in the context of biomedicine for the purpose of analyzing human walking, balance, and postural stability. In [6,7], the authors analyzed postural stability and human balance by measuring shifts in the human body’s CoP while standing still. This was accomplished by using developed low-cost portable force plates. The authors in [8] used two force plates to measure the distribution of load on the left and right leg, with the goal of assessing leg length discrepancy. In [9], the authors used the Nintendo Wii Balance Board for the analysis of human walking, which is a low-cost and portable force plate for game control.



Portable force plates for game control are often used for patient rehabilitation [10]. For that purpose, workout and rehabilitation video games are made, which are controlled via force plates [11], or rather defined patient movements. The leading commercial force plate for game control today is the Nintendo Wii Fit Balance Board [12,13]. The Nintendo Wii Fit Balance Board is intended for sports and fitness games, which means that it is not necessarily compatible with other kinds of games. Additionally, the Nintendo Wii Fit Balance Board is not compatible with other operating systems, such as Windows and Linux, and it is not intended for online games. The system for game control based on a force plate described in this paper is compatible with online games, as well as the Windows and Linux operating systems, which are its main advantages compared with the commercial Nintendo Wii Fit Balance Board.



By altering the position of the human body’s CoM, the loads on the left and right leg are changed, meaning that there is a shift in the human body’s CoP in the transverse plane. Measuring the position of the human body’s CoP using a force plate can be used to control games [5,14] by simulating keyboard key pressing or mouse cursor movements. A person can use a force plate to generate an acceleration of the CoM along the z axis (which is perpendicular to the force plate) with a half squat, which allows for the simulation of pressing an additional keyboard key or mouse click.



The authors of this paper suggest a new system for game control based on a force plate which is adapted to players and allows control of games by changing the position of the player’s CoP and accelerating his or her CoM along the z axis. The game control system is a portable, compact, and low-cost device with the option to simulate the UP, DOWN, LEFT, RIGHT, and SPACE keyboard keys or mouse cursor movements and left mouse button clicks. It consists of a force plate used to measure the human body’s CoP using four load cells, an electronic board used for measuring and PC communication via USB, and a PC application for data acquisition, system calibration, and game control. Prior to using the system, a system calibration procedure is performed for each player. This adapts the system to each player, thereby ensuring the best game control experience.



This article is organized in the following way. A short description of the game control system is provided in Section 2. Section 3 showcases a mathematical model of the system. The developed and produced mechatronic game control system based on a force plate is shown in Section 4. The experimental results obtained by using the game control system are described in Section 5. Finally, Section 6 is a brief conclusion.




2. System Description


The game control system based on a force plate is shown in Figure 1, with its goal being to control games by utilizing changes in the player’s CoP and acceleration of the CoM along the z axis. Additionally, this system can also be used to analyze human balance and postural stability without any additional modifications. The system shown in Figure 1 consists of a force plate, an electronic board used for measuring and PC communication, and a PC application for data acquisition, system calibration, and game control.



The force plate contains four load cells which are used to calculate the position of the CoP and the acceleration of the CoM of the human body along the z axis. The electronic board for measuring and PC communication conducts the force measurement procedure with the help of the load cells and then processes the data and sends the data in the form of a data frame every 100 ms to the PC via USB communication. The PC application for data acquisition, system calibration, and game control receives the data frame, which contains information about the forces measured at the load cells, presents the data, logs it into a textual file for later analysis, conducts the system calibration individually for each player, and finally simulates the keyboard key press or mouse cursor movement or left click, all with the goal of controlling games.



The game control system is used as follows. The player stands on the force plate with both feet so that they do not step out of the force plate frame. After that, the system calibration is carried out in three steps. In the first step, the player stands still on the force plate so as to measure the initial position of the CoP, as well as the player’s mass. By measuring these parameters, the system adapts to the player’s local coordinate system so that they can control the game. In the next step, the player moves his or her CoM to establish the boundaries within which the CoP can move. With this step, scaling parameters are set for the shift in the position of the CoP within the given ranges; that is, the work plane of the player is defined. In the third step, the player’s CoM acceleration along the z axis is measured by performing impulse half squats. This is a state where the human body generates a ground reaction force through muscles along the z axis without performing a jumping motion. By measuring the acceleration of the player’s CoM along the z axis, a threshold is determined at which pressing the SPACE keyboard key or a left mouse button click will be simulated.



After the system is calibrated, it is ready to be used to control games. During the game, the PC application calculates the position of the human body’s CoP and acceleration of the CoM along the z axis. Based on the calculated values, it simulates pressing the UP, DOWN, LEFT, RIGHT, and SPACE keyboard keys or movements of the cursor and clicking the left mouse button. This is what enables controlling games using the player’s CoP and the acceleration of the player’s CoM along the z axis. The developed and constructed prototype of the system for game control based on a force plate with a player is shown in Figure 2. The image shows all the described parts of the system.




3. Mathematical Model of the System


3.1. Force Plate


When the player is standing firmly on the base, while moving his or her body, the CoM changes. It is not possible to measure a player’s CoM, and thus an assessment of the player’s CoM is made using their CoP. A change in the player’s CoM causes a change in the CoP in the transverse plane [15,16]. This is how changing the position of a player’s CoM can generate analog or digital signals that are equivalent to the signals generated by a keyboard or mouse for the purpose of controlling a game. In this paper, for the purposes of calculating the position of the human body’s CoP, a force plate is used that measures the reaction of the base and the feet. The geometry of the force plate is shown in Figure 3. The force plate has four load cells used for force measuring. They are located in the corners of the force plate, and they are indicated with LC1, LC2, LC3, and LC4.



Two frames are shown in Figure 3: the global frame of the force plate {O} and the local frame of the human body (player) in quiet standing {H}. The parameters for CoP measurement shown in Figure 3 are the following:




	
a: the distance between the load cells along the x axis;



	
b: the distance between the load cells along the y axis;



	
    O  h  : the position vector of a local frame {H} in the global frame {O};



	
    O   e i   : the position vector of the ith load cell in the global frame {O};



	
    O  CoP  : the position vector of the player’s CoP in the global frame {O};



	
    H  CoP  : the position vector of the player’s CoP in the global frame {H}.








The position vector     O   e i    (  i = 1 , 2 , 3 , 4  ) of each individual load cell in the global frame {O} can be expressed as follows:


    O   e 1  =      −  a 2        b 2       , O   e 2  =      a 2       b 2       , O   e 3  =      −  a 2        −  b 2        , O   e 4  =      a 2       −  b 2        



(1)







In the global frame {O}, the position vector of the player’s CoP can be calculated according to the following relation [6,9]:


    O  CoP =      x  C o P        y  C o P       =  1    ∑  i = 1  4    F i     ∑  i = 1  4    e i   F i   ,  



(2)




where   F i   (  i = 1 , 2 , 3 , 4  ) are the forces measured by the ith load cell. The sum of the   F i   (  i = 1 , 2 , 3 , 4  ) forces represents the ground reaction force, which can be calculated as follows:


   F z  =  ∑  i = 1  4   F i   



(3)







According to Equations (1)–(3), the coordinates of the player’s CoP in the global frame {O} are


   x  C o P   =  a 2    −  F 1  +  F 2  −  F 3  +  F 4    F z    



(4)






   y  C o P   =  b 2     F 1  +  F 2  −  F 3  −  F 4    F z    



(5)







Due to various anthropometric parameters of the human body, it is not realistic to expect that the starting CoP of a player who is standing upright and still on the force plate is also going to be in the origin of frame {O}. Thus, the system needs to be adapted to the various CoP starting positions of an upright and still player on the force plate. Generating reference values for the key press or mouse click simulation via the force plate cannot depend on how the player was originally positioned on the force plate. In order to achieve this, the player’s coordinate system needs to be placed in the origin of the {H} frame (i.e., in the original position of the CoP of a player standing upright and quiet on the force plate). In the local frame {H}, the relevant position vector of the player’s CoP can be calculated according to the following expression [5,17]:


    H  CoP =        H   x  C o P           H   y  C o P         = O  CoP  − O  h =      x  C o P        y  C o P       −      x  C o P 0        y  C o P 0        



(6)







The     O  h   position vector represents the initial CoP of the upright and still player on the force plate in the frame {O}. The player’s CoP position determined via Equation (6) is used to manage movements in games by simulating keyboard key pressing or mouse cursor movement. For additional game controls, such as pressing the SPACE key or clicking the left mouse button, an impulse half squat needs to be detected on the force plate. If the player on the force plate performs such a movement, then the acceleration of the CoM of the player on the z axis changes. According to Newton’s second law, the following is valid [18,19,20]:


   m H    z ¨   C o M   =  F z  −  m H  g ,  



(7)




where   m H   is the player’s mass,    z ¨   C o M    is the acceleration of the player’s CoM along the z axis, and g is the gravitational acceleration. When the human body is standing upright and quiet, the ground reaction force   F z   is equal to the body weight, and the CoM acceleration along the z axis amounts to 0 m/s   2  . When performing an impulse half squat, the acceleration    z ¨   C o M    will show changes in the signal (local signal maximums). Through detecting the local signal maximums    z ¨   C o M   , pressing the SPACE key on the keyboard or clicking the left mouse button can be simulated.




3.2. System Calibration and Game Control


Before using the system for game control based on a force plate, an individualized calibration of the system needs to be conducted for each player. The goal of the calibration process is to adapt the system to the player so that the player can have the best possible experience controlling the game. The calibration procedure of the system for game control based on a force plate is shown in Figure 4.



The calibration procedure is conducted in three steps. In the first step of the calibration (Step 1 in Figure 4), the player standing on the force plate must maintain an upright and still standing during the ground reaction force measurements. After 20 s, measuring is complete, and the player’s mass is calculated according to Equation (7) (     z ¨   C o M   ≈   0 m/s   2  ):


   m H  =    1 N    ∑  i = 1  N    F  z i    g  ,  



(8)




where N is the number of measured instances of the   F z   force on the load cells. The position vector of the initial player’s CoP     O  h   is calculated as the mean value of the CoP measurements according to Equations (4) and (5) during the 20 s of measuring as follows:


    O  h =      x  C o P 0        y  C o P 0       =       1 N    ∑  i = 1  N    x  C o P i          1 N    ∑  i = 1  N    y  C o P i         



(9)







The result of the first calibration step is the player’s mass   m H   and the initial player CoP position     O  h   in the local frame {H}. In the second step of the calibration process, the player moves his or her CoM so as to reach the maximum CoP deviations along the x and y axes on the force plate in the local frame {H}. While conducting the second step (Step 2 in Figure 4), which takes 20 s, the player receives visual feedback on the position of his or her CoP in the PC application. The result of the second step is the identification of the player’s work plane. Searching for the player’s work plane is shown in Figure 5. The maximum player CoP deviations during the execution of the second calibration step along the x and y axes are as follows:




	
  max (    H   x  C o P    )  : the maximum distance of the player’s CoP position from the origin along the positive x axis;



	
  max (    H   −  x  C o P     )  : the maximum distance of the player’s CoP position from the origin along the negative x axis;



	
  max (    H   y  C o P    )  : the maximum distance of the player’s CoP position from the origin along the positive y axis;



	
  max (    H   −  y  C o P     )  : the maximum distance of the player’s CoP position from the origin along the negative y axis.
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Figure 5. Searching for the work plane on the force plate and scaling the work plane into the local frame {G}. 






Figure 5. Searching for the work plane on the force plate and scaling the work plane into the local frame {G}.
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The smallest maximum distances of the player’s CoP position along the positive and negative x and y axes represent the borders of the player’s work plane (see Figure 5) such that the player is able to reach every point of the work plane, (i.e., every point on the game screen). Based on the example in Figure 5, the smallest maximum distance from the origin along the positive and negative x axis is   max (    H   x  C o P    )  .



The position of the CoP in the local frame {H} needs to be transferred into the local frame {G}, which is the local frame that controls the game. The player’s CoP in the local frame {G} can be calculated as follows:


    G  CoP =        G   x  C o P           G   y  C o P        =      α x    0     0    α y         H  CoP  ,  



(10)




where the following are true:




	
    G   x  C o P     is the player’s CoP position in the local frame {G} along the x axis in the [−100, 100] range;



	
    G   y  C o P     is the player’s CoP position in the local frame {G} along the y axis in the [−100, 100] range;



	
  α x   is the factor of the player’s CoP position transformation along the x axis from the local frame {H} into the [−100, 100] range of the local frame {G};



	
  α y   is the factor of the player’s CoP position transformation along the y axis from the local frame {H} into the [−100, 100] range of the local frame {G}.








The variables     G   x  C o P     and     G   y  C o P     are limited within the [−100, 100] range. Based on all this, the linear transformation factor   α x   is calculated as follows:


   α x  =  100  min ( max  (  − H   x  C o P   )  , max  ( H   x  C o P   ) )    



(11)







The linear transformation factor   α y   is calculated as follows:


   α y  =  100  min ( max  (  − H   y  C o P   )  , max  ( H   y  C o P   ) )    



(12)







The denominators in Equations (11) and (12) are the smallest maximum distances of the player’s CoP position along the positive and negative x and y axes. After finishing the second step of the calibration process, the changes in the player’s CoP are scaled into the [−100, 100] range along the x and y axes. If there is a need to scale the player’s CoP position into a different range (such as a range defined by the screen resolution), then Equation (10) can be transformed into a new local frame via a linear transformation.



In the third step of the calibration (Step 3 in Figure 4), the player performs impulse half squats on the force plate during 20 s. For each detected half squat, a maximum of the acceleration function of the player’s CoM along the z axis is determined. The acceleration function is calculated from Equation (7) by dividing the whole equation by   m H  . The result of the third calibration step is a number of local maximums of the CoM acceleration function along the z axis, with which we can determine the threshold for pressing the SPACE key or clicking the left mouse button.



Having completed the described calibration procedure for the game control system, as shown in Figure 4, the next step is defining the conditions under which the pressing of keyboard keys or moving the mouse cursor would be simulated for the purpose of game control. The system is set up in such a way to simulate pressing the UP, DOWN, RIGHT, LEFT, and SPACE keys or to move the mouse cursor and click the left mouse button. Table 1 shows the conditions under which pressing the defined keyboard keys is performed. The individual buttons will be pressed if the player’s CoP in the local frame {G} is greater (or rather lower) than the defined threshold along the positive or negative x and y axis. Table 1 defines the following thresholds:




	
  y  T H   : the threshold for pressing the UP and DOWN keys;



	
  x  T H   : the threshold for pressing the RIGHT and LEFT keys;



	
  a  T H   : the threshold for pressing the SPACE key.










 





Table 1. Conditions for pressing a key on the keyboard.






Table 1. Conditions for pressing a key on the keyboard.





	Condition for Pressing a Key
	True Condition
	False Condition





	if (   G  C o P  y  >  y  T H    )
	Press UP
	Release UP



	if (   G  C o P  y  < −  y  T H    )
	Press DOWN
	Release DOWN



	if (   G  C o P  x  >  x  T H    )
	Press RIGHT
	Release RIGHT



	if (   G  C o P  x  < −  x  T H    )
	Press LEFT
	Release LEFT



	if (    z ¨   C o M   >  a  T H    )
	Press LEFT
	Release LEFT








For example, if the player’s CoP position along the y axis in the local frame {G}     G   y  C o P     is greater than   y  T H   , then the system will simulate pressing the UP key, and if it is lower, then it will stimulate releasing the UP key. The same   y  T H    threshold is used for the DOWN key but with a negative sign (minus). The   x  T H    and   y  T H    thresholds in Table 1 can be defined empirically through conducted experiments. The   a  T H    threshold can be defined, as mentioned, by measuring the local maximums of the function of CoM acceleration along the z axis. The criterion for defining the   a  T H    threshold can be a mean or median value of all the measured maximums of the function of CoM acceleration along the z axis.



Controlling games by using mouse cursor movements and left mouse button clicking is performed in a different way compared with using just the keyboard, as shown in Table 1. Table 2 shows the conditions for clicking the left mouse button, and it is equivalent to the condition for pressing the SPACE key.



Movement of the mouse cursor is simulated using the player’s CoP position in the local frame {G} by linearly transforming the CoP position into the mouse cursor position on screen, as shown by the following expression:


       x  m o u s e        y  m o u s e       =       X  R E S   200    0     0     Y  R E S   200         G  CoP  +       X  R E S   2        Y  R E S   2       



(13)




where the following are true:




	
  x  m o u s e    is the mouse cursor position along the x axis;



	
  y  m o u s e    is the mouse cursor position along the y axis;



	
  X  R E S    is the horizontal screen resolution;



	
  Y  R E S    is the vertical screen resolution.








In Equation (13), aside from scaling the CoP position, a translation of the {G} origin into the screen origin has been carried out, which is in the lower left corner.



According to the derived mathematical model for the game control system, the force plate measures the player’s CoP position in the frame {O}, which is shown in the local frame {H} via the relation in Equation (6). The CoP position in the local frame {H} is translated into the CoP position in the local frame {G} with the help of the relation in Equation (10). Depending on the CoP values in the local frame {G}, a decision is made for pressing the UP, DOWN, RIGHT, and LEFT keyboard keys or moving the mouse cursor. Detecting the acceleration of the player’s CoM along the z axis, which is caused by performing impulse half squats, is used to control pressing the SPACE keyboard key or clicking the left mouse button. To conclude, changing the player’s CoP and accelerating the player’s CoM along the z axis enables the simulation of pressing the UP, DOWN, RIGHT, LEFT, and SPACE keyboard keys or moving the mouse cursor and clicking the left mouse button to enable controlling games.





4. Mechatronic System Design


4.1. Mechanical Design


The force plate in Figure 6 is made according to the designed CAD model. The force plate frame is made of aluminum angles (20 × 20 mm) with a 10 mm thick acrylic sheet attached to it. The force plate dimensions are 480 × 280 × 45 mm. Using angles, the load cells are secured to the corners of the aluminum frame. The distance between the load cells along the x axis is a = 388 mm, and along the y axis, it is b = 188 mm. Figure 7 shows the bottom side of the force plate, where legs adjustable for height are visible and which are used as a basis for the force plate.




4.2. Electronic Design


The electronic architecture of the system for game control is shown in Figure 8. It consists of an ATmega32U4 microcontroller with necessary periphery components, four analog-digital (AD) HX711 transformers, four load cells, and a PC with an application for data acquisition, system calibration, and game control.



The electronic board for measuring and PC communication is shown in Figure 9. The ATmega32U4 microcontroller is connected to the PC via a USB connection. The power supply is secured through a USB connection with the PC. Force measurements are conducted by using the load cells (part number L6P-C3-45kg), which generate a voltage proportional to the measured force [21]. The generated voltage is sampled with a 10 Hz frequency using an HX711 AD converter and is then amplified 128 times and converted into a digital word.



The HX711 AD converters are connected to the ATmega32U4 microcontroller with two digital pins. For a total of four load cells, eight ATmega32U4 microcontroller digital pins are used. Force measurement is carried out with all four load cells simultaneously. Each of the four load cells are calibrated prior to use by employing known mass calibration weights of 200 g, 500 g, 700 g, and 1000 g. A load cell is a linear measurement element, and thus the dependency of the known measured force on the result of the AD conversion will be linear. The force measured by the load cell i can be calculated according to the following relation [22]:


   F i  =  k i  A D  C  L C i   − T A R  E i   



(14)




where the following are true:




	
  k i   is the calibration coefficient of the ith load cell;



	
  A D  C  L C i     is the conversion value of the HX711 AD converter, which is connected to the ith load cell;



	
  T A R  E i    is the value of the force measured by the unladen ith load cell.








The calibration coefficients   k i   are calculated through the procedure described in [23] and shown in Table 3.




4.3. Software Design


4.3.1. Firmware for ATmega32U4 Microcontroller


The ATmega32U4 microcontroller software was developed in the Microchip Studio development environment in the C programming language. When connecting a force plate to a computer using a USB cable, the ATmega32U4 microcontroller runs an initialization of the microcontroller and load cell tare procedure. The tare procedure calculates the value of the TAREi force, which is measured by the unladen ith load cell. After initializing the microcontroller and taring the load cells, individual   F 1  ,   F 2  ,   F 3  , and   F 4   load cell measurements are sent by the ATmega32U4 microcontroller to the PC via a USB connection in form of a data frame once every 100 ms.




4.3.2. PC Application for Data Acquisition, System Calibration, and Game Control


The PC application for data acquisition, system calibration, and game control is shown in Figure 10, and it was built in the .NET framework and written in C#. The application uses USB communication to fetch the force measurements from the force plates via the ATmega32U4 microcontroller. The app uses the measured forces to calculate and present the player’s CoP in the various frames. The calibration process of the system shown in Figure 4 is performed by the application. Each new system calibration step is started with the “Start calibration” button. While running the calibration steps, the app stores the measured forces in a textual file so that the data can be processed later. Each calibration step can be repeated multiple times. After the system calibration is completed, the player standing on the force plate can change his or her CoM to simulate pressing the UP, DOWN, RIGHT, LEFT, and SPACE keyboard keys or mouse cursor movement or clicking the left mouse button, all with the purpose of controlling the game. The application enables the display of the simulation of pressing each individual key, which is accomplished by changing the color of the key in the user interface to red. The purpose of the application is the validation of the game control system. The system calibration, player CoP calculation, the calculation of the acceleration of the player CoM along the z axis, and simulating pressing keyboard buttons and moving the mouse cursor can also be carried out via the ATmega32U4 microcontroller after the system validation is conducted.






5. Results and Discussion


The goal of this experiment was the validation of the developed prototype of the system for game control based on a force plate. The calibration and work testing experiment on the game control system was conducted with one participant as the player (the article’s author) with prior consent.



The player stood with both of his feet on the force plate (see Figure 2) and was asked to stand quiet and upright for the next 20 s during the first step of the system calibration procedure. Figure 11 shows the player’s CoP measurement in frame {O} during quiet and upright standing.



The blue color shows the graph of the player’s CoP position during such standing in frame {O}. The red pluses show the average value of the player’s CoP (i.e., the     O  h   position vector calculated based on Equation (9)). The components for the     O  h   position vector were   x  C o P 0    = −2.21 mm and   y  C o P 0    = −8.73 mm. Figure 12 shows the ground reaction force measurement in frame {O} during quiet and upright standing. The average value of the ground reaction force on the graph was 871.23 N. According to the relation in Equation (8), the player’s mass was   m H   = 88.81 kg. The components of the     O  h   position vector and the   m H   player mass were the results of the first step of the calibration procedure for the game control system.



While conducting the second system calibration step, the player was asked to move his body’s CoM during a 20 s period so as to reach the maximum CoP deviations along the x and y axes. The goal of this step was to find the player’s work plane. The searching for the player’s work plane is shown in Figure 13. The graph showing the CoP position in the local frame {H} shows the following parameters:   max (   H   x  C o P   )   = 79.25 mm,   max ( −   H   x  C o P   )   = 68.57 mm,   max (   H   y  C o P   )   = 71.20 mm, and   max ( −   H   y  C o P   )   = 65.50 mm.



The smallest maximum distances of the player’s CoP position from the origin and along the positive and negative x and y axes represent the borders of the player’s work plane (see Figure 5), which were found during the second calibration step. The graph from Figure 13 shows the following:   min ( max  ( −   H   x  C o P   )  , max  (   H   x  C o P   )  )   = 68.57 mm and   min ( max  ( −   H   y  C o P   )  , max  (   H   y  C o P   )  )   = 65.50 mm. Based on the aforementioned smallest maximum distances of the player’s CoP position from the origin, the linear transformation factors were calculated based on the relations in Equations (11) and (12). The result of the second system calibration step was presenting the player’s CoP position in the local frame {G}, which is also the frame used to control games.



In the third step of the system calibration procedure, the player was asked to perform impulse half squats on the force plate for 20 s. Figure 14 shows the player’s CoM acceleration measurements along the z axis during the performance of the impulse half squats. The blue color on the graph represents the player’s CoM acceleration along the z axis (   a  m a x   =   z ¨   C o M    ), while the red pluses show the maximum values of the player’s CoM acceleration along the z axis (  a  m a x i   ) while performing the impulse half squats. The graph in Figure 14 shows the following values: The lowest local acceleration maximum value was   min (  a  m a x i   )   = 2.47 m/s   2  , while the global acceleration maximum value was   max (  a  m a x i   )   = 5.84 m/s   2  . The mean value of all acceleration maximums amaxi was 4.35 m/s   2  , and the median was 4.46 m/s   2  . The result of the third calibration step was determining the threshold for initiating the simulation of pressing the SPACE key or clicking the left mouse button.



After the game control system was calibrated, it was ready to be used for testing. For the purpose of system testing, the following thresholds were used from Table 1 and Table 2:    x  T H   = 40  ,   y  T H    = 40, and   a  T H    = 4.35. The   x  T H    and   y  T H    thresholds were determined empirically (by conducing experiments), while the   a  T H    threshold was the mean value of all the acceleration maximums found in the third calibration step. Figure 15 shows the simulation of pressing the RIGHT, LEFT, UP, and DOWN keyboard keys. Of note is that the player’s CoP in the local frame {G} was in the [−100, 100] range. The graph in Figure 15 shows that when     G   y  C o P   > 40  , pressing the UP key was simulated. If     G   y  C o P   < − 40  , then pressing the DOWN button was simulated. This test shows that the system for game control correctly simulated pressing the RIGHT, LEFT, UP, and DOWN keyboard keys according to the conditions in Table 1.



Figure 16 shows the simulation of pressing the SPACE keyboard key. It is visible that pressing the SPACE key was only simulated when the player’s CoM acceleration along the z axis during an impulse half squat was greater than the defined threshold of 4.35 m/s   2  . Furthermore, the impulse half squats that had an acceleration of less than 4.35 m/s   2   did not trigger the defined threshold, and in those cases, pressing the SPACE key was not simulated. This test shows that the system for game control correctly simulated pressing the SPACE keyboard key according to the conditions in Table 1.



Figure 17 shows a simulation of moving the mouse cursor on a screen with a horizontal resolution   X  R E S    = 1920 and vertical resolution   Y  R E S    = 1080. The red frame shows the screen size of 1920 × 1080 px. The transformation of the player’s CoP position in the local frame {G} to the screen local frame was carried out according to Equation (13). Of note is the fact that the cursor position moved within the defined screen resolution. The procedure used to trigger the simulation of clicking the left mouse button was the same as the process used for the SPACE key.



Figure 11, Figure 12, Figure 13, Figure 14, Figure 15, Figure 16 and Figure 17 show the successful calibration procedure of the system for game control based on a force plate. After successfully conducting the system calibration procedure, the system was ready to be used for the purpose of game control.



The system calibration and testing are also demonstrated in video form on YouTube [24]. The first part of the video shows the placement of the player on the force plate, followed by a successful calibration of the system for game control based on a force plate. Each system calibration step described in the diagram in Figure 4 resulted in parameters that were then used to control the game. The second part of the video shows successful control of a randomly chosen online game using a prototype of the game control system based on a force plate. The player who participated in the experiment rated the game experience as very good.




6. Conclusions


In this paper, a new system for game control is described which is based on measuring the player’s CoP and the CoM acceleration along the z axis using a force plate. Controlling the games is accomplished by simulating pressing the UP, DOWN, RIGHT, LEFT, and SPACE keyboard keys or moving the mouse cursor and clicking the left mouse button, all based on the measurements of the player’s CoP and CoM acceleration along the z axis. A mechatronic system was developed which consists of the following parts: a force plate used to measure the ground reaction force with load cells, an electronic board for measuring and PC communication via USB which processes the forces measured on the load cells, and a PC application used to gather the measured forces, calibrate the system, and control the games. A mathematical model of the fame control system was created which transferred the player’s CoP from the force plate frame into the local frame for game control. The main part of the mathematical model for the game control system is the system calibration procedure, which is used to adapt the system to each individual player so as to ensure the best player experience in game control. The calibration procedure is conducted in three steps. In the first calibration step, the system calculates the player’s mass and initial CoP position so that the game control will not depend on the way the player stands on the force plate. The next game control system calibration step enables finding the player’s work plane so that all possible key combinations or all mouse cursor positions can be enabled. The third calibration step conducts measurements of intensity of the impulse half squats with the goal of defining a trigger threshold for the simulation of pressing the SPACE key or clicking the left mouse button. It has been experimentally proven that the game control system can be successfully adapted to the player, allowing for a very good player experience when it comes to controlling games. Along with controlling games, the developed mechatronic system can also be used to control a variety of other objects, such as mobile robots, or it can be used to analyze human walking, balance, and postural stability.
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Figure 1. System for game control based on a force plate. 
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Figure 2. Prototype of the system for game control based on a force plate. 
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Figure 3. Geometry of the force plate. 
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Figure 4. Calibration procedure of the system for game control based on a force plate. 
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Figure 6. Parts of force plate: top view. 
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Figure 7. Parts of force plate: bottom view. 
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Figure 8. Electronic architecture of the system for game control. 
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Figure 9. Electronic board for measuring and PC communication. 
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Figure 10. PC application for data acquisition, system calibration, and game control. 
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Figure 11. Measuring the player’s CoP in the frame {O} during quiet and upright standing (first system calibration step). 
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Figure 12. Measuring the ground reaction force during quiet and upright standing (first system calibration step). 
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Figure 13. Searching for the player’s work plane (second step of system calibration). 
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Figure 14. Player CoM acceleration measurements along the z axis during the performance of impulse half squats (third step of system calibration). 
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Figure 15. Simulating pressing the RIGHT, LEFT, UP, and DOWN keyboard keys. 
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Figure 16. Simulating pressing the SPACE keyboard key. 






Figure 16. Simulating pressing the SPACE keyboard key.



[image: Applsci 13 11753 g016]







[image: Applsci 13 11753 g017] 





Figure 17. Simulation of moving the mouse cursor. 
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Table 2. Conditions for clicking the left mouse button.
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	Condition for Clicking a Button
	True Condition
	False Condition





	if (    z ¨   C o M   >  a  T H    )
	Press Left Mouse Button
	Release Left Mouse Button










 





Table 3. Calibration coefficient for force calculation using load cells.
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	Load Cell i
	Calibration Coefficient    k i    (N)





	LC1
	212.09



	LC2
	207.48



	LC3
	204.24



	LC4
	191.79
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