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Figure 14: The completed EMG control circuit used in the study.
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Figure 15: Outline of EMG processing program

The program that the microcontroller runs to process the raw EMG signals and drive the
car follows a simple loop of collection, processing, and analysis, as can be seen in the outline of
the program in Figure 15. The program runs in a continual loop at a rate of 1000 Hz, beginning
with analog to digital sampling via polling of the incoming signals for later processing. The
digital signals are then band-pass filtered between 20 and 200 Hz using a Butterworth filter in the
software to remove any high or low frequency noise outside the frequency range of surface EMG.
Following this, the signal was full-wave rectified to provide a signal with only positive values
that could be used for control. The rectified signal was then run through a 100 millisecond
rectangular smoothing window to change the sporadic impulses of the signal into a more
continuous and smooth signal. This technique is commonly used in EMG analysis and is similar
in function to a 6 Hz low-pass filter. (11) The final form of processing applied to the signals

was normalization, where the current amplitude of the signal was converted to a percentage of
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the MVC amplitude found from calibration, allowing the system to compensate for both
differences between users and variances in electrode placement. An example of the processed
EMG data collected with the training device during the study can be seen in Figure 16 and
Figure 17, which show EMG signals from controlling the turning and propulsion of the car

respectively.
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Figure 16: EMG data controlling car turning collected from a subject during a trial on the course.
The X-axis is time and the Y-axis is the difference between two channels of EMG amplitude.
Signals above the green lines result in a left turn, below the green lines result in a right turn, and
between the green lines results in driving straight.
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Figure 17: EMG data controlling car propulsion collected from a subject during a trial on the
course. The X-axis is time and the Y-axis is the difference between two channels of EMG
amplitude. Signals above the green lines result in driving forward, below the green lines result in
driving backward, and between the green lines results in a stop.

After the signals were processed, they were compared to thresholds set during the
calibration phase to determine which actions should be sent to the car. The difference between
the amplitudes of the opposing muscle EMGs was taken, and if the result was above one of the
set thresholds then the corresponding action was sent to the car, as seen in Figure 9. A dual
threshold system was employed to reduce fatigue in users while maintaining ease in selecting all
three control states, with the desired action being triggered when the signal rises above the upper
threshold and remaining active until the signal drops below the lower threshold for a set duration
of time. When necessary, these thresholds were adjusted up or down to accommodate for high
baseline EMG in a muscle, high variability in the EMG signal, or other issues. The lower

threshold was set approximately 10% of MVC above the highest EMG amplitude observed while

the muscle was at rest and the upper threshold was set an additional 5% of MVC higher,
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typically at 10% and 15% of MVC respectively. Finally, the data points from the processed
EMG signals were written to a file for post-hoc analysis. At this point, the program pauses until
one millisecond has passed since the last measurement. This maintained the constant 1000 Hz
sampling rate, and the entire loop was repeated again. Both console outputs and analysis of the

resulting data files was used to verify the sampling rate prior to the beginning of the study.
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