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Abstract:



The Nintendo Wii Balance Board (WBB) has been suggested as an inexpensive, portable and accessible alternative to costly laboratory-grade force plates for measuring the vertical ground reaction force (vGRF) and center of pressure (COP). Kinetic gait analysis provides important information for the rehabilitation of patients with gait disorders; however, the validity of the WBB for measuring kinetic gait parameters has not been evaluated. Therefore, the purpose of this study is to determine the accuracy of walking force measurements—which change dynamically in a short period of stance time—collected with the WBB. Three healthy adults were asked to walk 10 steps along both straight and curved paths in clockwise (CW) and counterclockwise (CCW) directions while measurements were taken using the WBB and the force plate. The accuracy of the vGRF, COP trajectory, and stance duration were evaluated using the root-mean-square error (RMSE), Pearson’s correlation coefficient and Bland–Altman plots (BAPs) to compare the WBB and the force plate. The results of the vGRF showed high accuracy (r > 0.96 and %RMSE < 6.1% in the mean values), and the stance duration as defined by the vGRF and COP trajectory was equivalent to that of commercial instrumented insoles, which are used as an alternative to the force plates. From these results, we determined that the WBB may be used for kinetic gait analysis in clinical settings where lower accuracy is acceptable.






Keywords:


Wii Balance Board; force plate; gait; ground reaction force; center of pressure; curved walking; iterative closest point algorithm












1. Introduction


The ground reaction force (GRF) and center of pressure (COP)—which is the application point of the GRF during gait—are essential parameters for kinetic gait analyses such as joint torque estimation. Kinetic gait analysis evaluates movement function, which is important for the assessment and rehabilitation of patients with gait disorders such as stroke [1], Parkinson’s disease [2] and osteoarthritis [3].



The GRF and COP are commonly measured using laboratory-grade force plates, which are the gold standard for highly accurate analysis. However, these devices are not always available in general clinical settings (such as a rehabilitation center) because they are expensive, difficult to transport, and require special training for their operation. For these reasons, the Nintendo Wii Balance Board (WBB) (Nintendo, Kyoto, Japan) has been recently suggested as an inexpensive, portable and accessible alternative to the cost-prohibitive force plates [4,5,6,7,8,9,10,11,12]. The WBB can measure uniaxial force and the COP using four force sensors (called strain gauge load cells) located near each of the four corners of the usable surface of the device.



To date, the WBB has mainly been tested as a tool for the assessment of postural instabilities [12,13,14,15,16,17]. Many previous studies have investigated the validity and reliability of using the WBB to measure the COP or its path velocity during static single- and double-leg standing [4,5,6]. In addition, several recent studies have examined the validity of using the WBB to measure weight-bearing asymmetry or the vertical GRF (vGRF) during dynamic motions such as sit-to-stand (squat) [7,8] and ski-jumping [9] tasks.



However, as the device has gained popularity in research, some researchers have argued against its use for postural control [6,10]. The focus of their discussions has been on the uncertainty and reliability across multiple-WBB setups, an inconsistent sample rate and a low signal-to-noise ratio. From these backgrounds, the accuracy of the vGRF and COP trajectory has not been examined for walking. Although walking is a common movement in daily life and is an important task in clinical gait disorder rehabilitation settings, the magnitude of the vGRF and COP positions in a walking stance change more dynamically within a short period of time than they do for other static motions.



Thus, to overcome the limitations of the WBB, calibrating or resampling approaches have been proposed to enhance the measurement accuracy of the COP during static-stance tasks for the assessment of postural sway [6,11]. These techniques are also expected to improve the accuracy during more dynamic tasks.



Therefore, the purpose of this study is to determine the accuracy of the vGRF and COP trajectory measurements taken with the WBB while walking. In the study, we examined the accuracy while people walked along straight and curved paths, because these motions are natural and occur frequently in daily life. In addition, measuring the force distribution in these motions is useful when evaluating potential advantages during the rehabilitation of patients with gait disorders [18,19].




2. Materials and Methods


2.1. Device


Two different WBBs were used in this study. The WBB as shown in Figure 1a can measure the vertical force and COP using four strain gauge load cells located near each of the four corners of the device, as shown in Figure 1b.


Figure 1. Appearance of the Nintendo Wii Balance Board (WBB): (a) usable surface of the device, and (b) four load cells of the WBB located near the four corners (bottom view of the device).
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The devices were connected to a laptop computer using custom software (C++), and data was collected through a Bluetooth connection. The vertical force data from each of the four force sensors, as well as the total vertical force value, were acquired at 100 Hz. The WBBs were placed upon two laboratory-grade force plates (Type 9281E, Kistler, Winterthur, Switzerland) with surfaces of 400 mm × 600 mm in area, which were mounted on the laboratory floor, as shown in Figure 2a. The force plates were operated using a motion capture system (VICON, Oxford, UK), and the data from them contained GRF and COP measurements in the x and y directions, which were obtained at 1000 Hz.


Figure 2. Experimental walkway including two Nintendo Wii Balance Boards (WBBs) and force plates. (a) Actual setup; (b) schematic walkway and walking directions of each task.
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The WBB’s weight applied an initial offset load to both the WBB itself and the force plate. The offset was removed from the WBB measurements when the device was first connected and calibrated by resetting the charge amplifier in the force plates before taking the walking-task measurements.



All the devices were synchronized using a voltage input generated by a microcontroller connected to the laptop through serial communication. To compare the COP positions measured by the WBB and the force plate in the same coordinate system, a transformation matrix adjusted to the coordinates of the devices was made by recording the absolute position of the four edges of the WBB on the force plates using retroreflective markers.




2.2. Procedures


Three healthy adults (ages: 22.3 ± 0.9 years; heights: 1710.7 ± 0.07 mm; body masses: 64.4 ± 9.9 kg) were recruited in this study. All the participants provided informed consent prior to the experiment. They were each asked to perform three walking tasks. The tasks—which included a circle trajectory (1.2 m radius), as shown in Figure 2a,b—were performed in the walkway as follows:

	
The participants walked from point A through the two WBBs and the force plates with their fourth and fifth steps making contact with the devices. Then they kept walking forward and stopped at point B. They each repeated this task 10 times.



	
The participants walked from point A to the devices, similarly to the first task. However, after their steps contacted with both device sets, they started walking along the circle trajectory. Then, they continued along the circle in a clockwise (CW) direction for 11 rounds, before walking through to point B during the final lap.



	
The participants walked from point B to the devices and kept walking on the circle trajectory in a counterclockwise (CCW) direction for 11 rounds, before walking through to point A during the final lap.








The circle trajectory was outlined using tape. The radius length was determined using previous work [20], which proved the length that is adequate to represent the specific features of walking along a curved path [21,22,23]. In all the task executions, the participants walked through the WBB with small steps up, and they were not given specific foot contact positions on the WBB.




2.3. Data Analysis


All of the collected data were analyzed using MATLAB (MathWorks, Natick, MA, USA). Previous studies have reported WBB data collection with different frequencies of acquisition (e.g., 30 [14], 40 [4], 50 [6] and 100 Hz [9,10,11]), which were varied significantly throughout the data acquisition. Moreover, because the WBB has a low signal-to-noise ratio, data from the device has to be filtered. Therefore, we collected data from the WBB at 100 Hz, and then used a moving window filter to smooth the raw data and reduce the noise. A window size of 3 was chosen because it allowed us to average the data from one prior and one posterior frame for smoothing. This size was based on the average sampling frequency of the WBB, as recommended at 63 Hz in the previous study [11].



For the data analysis, a walking stance from both the WBB and the force plate was classified as the time from the heel of the foot’s initial contact (IC) to the time when the toes of the foot came off the ground (TO). The IC and TO were defined as timings for which the force measurement (vGRF) exceeded 5% of each participant’s body mass. Then, the difference in the durations from the two devices was evaluated for each stance.



Next, the data were resampled to compare the vGRF and COP from the force plate with the measurements from the WBB. When there was a difference in the data length between the two devices, the frame numbers were fit to the shorter one. To determine the accuracy of the WBB compared with the force plate, the accuracy of the measured vGRF value was assessed using the %RMSE and Pearson’s correlation coefficient (p < 0.05); the %RMSE, which is the root-mean-square error of the WBB to the force plate divided by each participant’s body mass, was calculated as follows:
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(1)




where N is a sample data size in a stance, and FFP and FWBB are the vGRF values measured by the force plates and the WBB, respectively. In addition, Bland–Altman plots (BAPs) were created for the vGRF in the stance. The BAP was created by plotting the difference in vGRF measurements between the two devices against the mean results to examine the relationship between the spread of the error to determine if there was systematic bias. In the study, we used all the sampling data from walking stances to obtain the BAPs.



The COP generated from the WBB measurements was calculated using a weighted average of the location and the measured force value of the four force sensors of the WBB, as shown in the following formula:
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(2)




where n is the number of force sensors, F is a sensor force value, and X and Y are sensor coordinates on the WBB. The sensor coordinates (X, Y) were set as (±216.5, ±119) (in mm), and the center of the WBB was regarded as the origin. These calculations were executed when the total force value of the four sensors exceeded 5% of a participant’s body mass.



The surface of the WBB was located at a height of 53.2 mm from the plane of the force plate. It is difficult to compare the COP trajectory between the two devices precisely because there is a larger horizontal GRF while walking than there is while standing still, and this applies different effects to the COP on the surfaces of the two devices. Thus, the COP trajectory from the force plates were transformed to the WBB’s coordinate system using a transformation matrix generated from the four edge positions of the WBB and the iterative closest point (ICP) algorithm [24]. This algorithm can find a rigid body transformation such that a set of data points can be fitted to a set of model points using least-squares minimization.



To assess the accuracy of the COP values generated from the two devices, the RMSE was calculated in the x (anterior–posterior) and y (mediolateral) directions while a stance was held.



The differences in stance duration, vGRF and COP in the x and y directions between the WBB and the force plates were evaluated per step, and then the mean (± standard deviation) values of 10 steps in the three walking tasks (as previously described) were calculated for each participant.





3. Results


The differences in the stance durations between the two devices are summarized in Table 1. The mean differences of the stance durations for all of the participants were within −17 to 10 ms while straight walking, and between −16 and 24 ms and −19 and 11 ms while walking along a curved path in each direction (CW and CCW, respectively).



Table 1. Root-mean-square (RMS) differences in stance duration measurements between the Nintendo Wii Balance Board (WBB) and the force plate.







	
Subject

	
Straight Walking (ms)

	
Curved Walking (ms)




	
CW

	
CCW




	
LF

	
RF

	
LF (OUT)

	
RF (IN)

	
LF (IN)

	
RF (OUT)






	
A

	
4.7 (±8.8)

	
−4.1 (±7.9)

	
4.5 (±6.3)

	
0.0 (±8.1)

	
−7.5 (±6.6)

	
−9.9 (±8.3)




	
B

	
9.6 (±7.3)

	
8.8 (±8.2)

	
−16.0 (±7.9)

	
−14.2 (±4.4)

	
−1.9 (±6.9)

	
0.0 (±6.2)




	
C

	
3.5 (±5.3)

	
−1.2 (±4.4)

	
7.5 (±6.2)

	
−0.7 (±6.2)

	
−10.1 (±4.1)

	
−18.3 (±7.6)








RF: right foot; LF: left foot; IN: inside foot turning; OUT: outside foot turning. The WBB1 measured steps of RF in straight walking and RF (IN) of clockwise (CW) and LF (IN) of counterclockwise (CCW) in curved walking.








To measure the accuracy of the vGRF, Pearson’s correlation coefficient (Table 2) and %RMSE (Table 3) values were calculated, and they revealed agreement between the two devices (r > 0.96 and %RMSE < 6.1% in the mean values). The plots of the vGRF, as measured from the two devices in a stance closest to the mean %RMSE value, are shown in Figure 3.


Figure 3. Vertical ground reaction force (vGRF) measured from the Nintendo Wii Balance Board (WBB) and the force plate in a stance while (a) walking straight (right foot—RF), and (b) walking along a curved path in a clockwise (CW) direction (RF (IN—inside foot turning)).



[image: Applsci 08 00285 g003]






Table 2. Root-mean-square error (%RMSE) of measured vertical ground reaction force (vGRF) comparing the Nintendo Wii Balance Board (WBB) to the force plate.







	
Subject

	
Straight Walking (%)

	
Curved Walking (%)




	
CW

	
CCW




	
LF

	
RF

	
LF (OUT)

	
RF (IN)

	
LF (IN)

	
RF (OUT)






	
A

	
2.7 (±0.6)

	
2.5 (±0.6)

	
3.9 (±1.5)

	
2.4 (±0.8)

	
3.1 (±1.2)

	
4.2 (±1.8)




	
B

	
3.5 (±1.7)

	
3.2 (±1.5)

	
5.2 (±1.6)

	
4.1 (±1.5)

	
2.6 (±0.8)

	
2.6 (±0.5)




	
C

	
3.4 (±0.7)

	
3.6 (±0.6)

	
4.0 (±1.7)

	
2.8 (±1.3)

	
5.2 (±1.5)

	
6.1 (±2.1)










Table 3. Pearson’s correlation coefficient of vertical ground reaction force (vGRF) measured from the Nintendo Wii Balance Board (WBB) and the force plate.







	
Subject

	
Straight Walking

	
Curved Walking




	
CW

	
CCW




	
LF

	
RF

	
LF (OUT)

	
RF (IN)

	
LF (IN)

	
RF (OUT)






	
A

	
0.994

	
0.996

	
0.988

	
0.996

	
0.991

	
0.985




	
B

	
0.988

	
0.992

	
0.976

	
0.987

	
0.994

	
0.996




	
C

	
0.992

	
0.991

	
0.987

	
0.994

	
0.977

	
0.968










BAPs of the data from all the tasks for one participant are shown in Figure 4. These results showed no clear relationship between the difference and the mean for the vGRF while walking. The results showed that a few samples measuring small forces had large differences in the vGRF between the two devices, particularly in the straight walking.


Figure 4. Bland–Altman plots showing the comparison between the force plates and the Nintendo Wii Balance Board (WBB). (a) Data from 10 steps walking straight (right foot—RF). (b) Data from 10 steps walking clockwise (CW) along the curved path (RF (IN—inside foot turning)).
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The mean (± standard deviations) of the RMSEs of the COP trajectory in the x and y directions are summarized for each task in Table 4, Table 5 and Table 6. The results showed that the RMSEs were within 8 to 24 mm in the x direction and 4 to 7 mm in the y direction while walking straight, within 9 to 19 mm in the x direction and 5 to 9 mm in the y direction while walking CW along the curved path, and within 6 to 12 mm in the x direction and 6 to 18 mm in the y direction while walking CCW along the curved path. The COP trajectories from the two devices in a step with the RMSE value closest to the mean are plotted for each walking task in Figure 5.


Figure 5. Center of pressure (COP) measured from the Nintendo Wii Balance Board (WBB) and the force plate in a stance while (a) walking straight (right foot—RF), (b) walking along a curved path in clockwise (CW) direction (RF (IN—inside foot turning)), and (c) walking along a curved path in counterclockwise (CCW) direction (RF (OUT—outside foot turning)).
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Table 4. Root-mean-square error (RMSE) of center of pressure (COP) comparing measurements from the Nintendo Wii Balance Board (WBB) with those from the force plate while walking straight.







	
Subject

	
LF

	
RF




	
x (mm)

	
y (mm)

	
x (mm)

	
y (mm)






	
A

	
11.5 (±8.5)

	
5.3 (±1.1)

	
8.5 (±2.1)

	
4.2 (±0.8)




	
B

	
9.9 (±2.8)

	
7.5 (±0.9)

	
8.3 (±3.3)

	
6.3 (±1.3)




	
C

	
9.8 (±2.6)

	
7.7 (±1.7)

	
10.1 (±2.9)

	
6.3 (±1.4)










Table 5. Root-mean-square error (RMSE) of center of pressure (COP) comparing measurements from the Nintendo Wii Balance Board (WBB) with those from the force plate while walking along the curved path (clockwise—CW).







	
Subject

	
LF (OUT)

	
RF (IN)




	
x (mm)

	
y (mm)

	
x (mm)

	
y (mm)






	
A

	
12.3 (±5.0)

	
6.5 (±1.1)

	
9.2 (±1.9)

	
7.2 (±1.9)




	
B

	
16.3 (±3.4)

	
6.0 (±0.9)

	
12.5 (±7.6)

	
8.0 (±1.7)




	
C

	
13.1 (±5.0)

	
8.6 (±2.7)

	
12.6 (±11.9)

	
7.9 (±3.3)










Table 6. Root-mean-square error (RMSE) of center of pressure (COP) comparing measurements from the Nintendo Wii Balance Board (WBB) with those from the force plate while walking along the curved path (counterclockwise—CCW).







	
Subject

	
LF (IN)

	
RF (OUT)




	
x (mm)

	
y (mm)

	
x (mm)

	
y (mm)






	
A

	
17.6 (±4.5)

	
7.6 (±1.0)

	
6.9 (±1.7)

	
7.5 (±1.4)




	
B

	
15.1 (±6.4)

	
10.1 (±3.5)

	
7.3 (±1.5)

	
6.0 (±1.1)




	
C

	
15.0 (±2.2)

	
8.1 (±1.3)

	
10.4 (±3.7)

	
8.3 (±1.2)











4. Discussions


In this study, the accuracy of the stance duration, vGRF and COP trajectory measurements taken from a WBB was assessed by comparison with a laboratory-grade force plate.



For the stance duration, the differences ranged from −31 to 24 ms. These results were equivalent to a foot switch system [25], which can measure IC and end of contact accurately using force sensors placed on the heel and toes of the sole of a foot. The WBB was validated for temporal gait analysis on the basis of the measurement of kinetic parameters. However, the WBB lacks the accuracy to be considered a replacement for the force plates. These differences may be caused by the response delay of the WBB to the dynamic changes in the vGRF upon IC and TO in a walking stance. This insight is supported by the BAP results, which showed large measurement error values when small forces were applied, particularly in straight walking, as shown in Figure 4.



Meanwhile, for the assessment of the vGRF over 400 N, the BAPs revealed a random spread in the error. The result suggests that differences between the measurement devices do not depend on the magnitude of the vGRF in midstance while walking. More importantly, Pearson’s correlation coefficient and %RMSE values for walking in both a straight line and along a curved path were equivalent to those of commercial instrumented insoles [26], which are used as an alternative to the force plates. These results indicate that the WBB is an appropriate tool to measure the vGRF while walking.



When evaluating the accuracy of the COP trajectory, the RMSE values in the x (anterior–posterior) and y (mediolateral) directions, as measured using the WBB, were equivalent to those of the commercial insoles [27], but these values were not equivalent to those of a laboratory-grade device. These errors are thought to be caused by two factors. One is an effect of horizontal GRF, which was difficult to measure using the WBB because it was applied in a different direction to the measurement surface than it was in the force plate, and it had a different height from the floor. The other factor was the inconsistent sampling rate of the WBB. It was particularly difficult for the WBB to trace the force after heel contact and before the end of foot contact, which caused the values of the vGRF to change sharply. The COP trajectory accuracies were reduced in this phase because calculating the COP trajectory depends on the force value.




5. Conclusions


This study has examined the validity of using the WBB to measure kinetic parameters while walking, which is a more dynamic motion than the sit-to-stand and static standing scenarios focused on in previous studies. In comparison to the laboratory-grade force plates, the accuracy of the stance duration, the vGRF and the COP trajectory while walking as measured by the WBB were evaluated. From the results, although it did not have satisfactory accuracy to be considered a replacement of laboratory-grade devices, the WBB may be used to take measurements in clinical settings for which lower accuracy is acceptable. In particular, the vGRF, for which the WBB showed a high accuracy compared with the force plate, is equivalent to the commercial instrumented insoles used as an alternative to the laboratory-grade devices.



Further investigation is required to test individual variability in the measured force among multiple devices while walking, because this has not been considered in dynamic motions. In addition, future work should examine the static and dynamic calibration of the WBB to obtain a more accurate COP trajectory in dynamic motions, as determined from previous studies [11]. When clinicians use the WBB for gait analysis, some specifications of the WBB have to be considered, such as contact positions of the foot, because the WBB has a significant increase in COP error from the center to the corner locations [10]. Moreover, the WBB has a low height (53.2 mm), and the device needs to be set to its usable surface at the same level as the walking floor in order to prevent stumbling in clinical settings.
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