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Abstract — This paper treats a motion generation of the two-wheeled skateboard in order to investigate a propulsion
mechanism without leg motions kicking the ground. Human skateboard motions are measured to clarify what kind of
rider’s motion on the board can produce a propulsion force. To describe this skateboard motion, a reduced order model
is derived; whose inputs are wheel orientations, lateral force and yaw moment. Because of the periodicity of the
measured motion, large parts of input trajectories are approximated by use of the sinusoidal regression after the
frequency analysis. The yaw moment that cannot be measured in our motion measurement system is identified based on
computer simulations; whose result is made to be matched to the human skateboard measurement. The coincidence of
the time-based trajectories of skateboard motion to the goal direction indicates that some sinusoidal motion can
successfully propel this kind of skateboard.
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1. INTORUDUCTION

The mobility brings spatial changes that enlarge the activity space. A wheel system, such as a skateboard [1]-[4], a
snakeboard [5]-[14], and so on [15]-[19], is one of possible methods to enhance the mobility.

In this paper, we deal with a kind of wheeled system like a skateboard that has only two wheels, as shown in Fig. 1.
Two wheels are attached on the centre line of the board: one is to the front plate while the other is to the rear one. The
orientation axes of each wheel are inclined backward, which will limit the moving direction of the board, leftward in
this figure. A rider of the board puts the feet on each plate one by one. Thus, the board moves sideways to the rider. To
propel the board, the rider repeatedly moves the foot back-and-forth on the board, which provides the yaw moment to
the board. On the other hand, two plates are twisted each other around the roll axis by changing the action point of the
body weight at each foot. This twist affects the orientation of the two wheels.

Due to the instability in the side direction, such back-and-forth motions of the feet must be achieved with balancing.
Because we are investigating a static balance control [20], our original motivation of this work was to propose a method
to achieve a spatial change under a static balance: the static balance means that the spatial position of the feet is
maintained in contact on the ground, in other words, the leg action kicking to the ground is not used. However, we here
especially focus on the propulsion mechanism of this skateboard system without considering a balance, since this
mechanism is more important from the viewpoint of the manoeuvrability. To simulate the propulsion dynamics, we
investigate how the forces are applied to the board from a rider on it by measuring its motion.

2. METHODS

2.1 Steps for Analysis

The following steps taken in this paper are based on both motion measurements and dynamical simulations:

(1) The two-wheeled skateboard is described using a reduced-order model in order to focus only on the propulsion
mechanism of the board, whose inputs are yaw moment, normal force, and wheel direction.

(2) To identify inputs that enable successful board propulsion, human skateboard motions are measured.

(3) Trajectories of the inputs except the yaw moment (the yaw moment cannot be measured in our measurement
setup) are constructed from the measurement data.
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Fig. 1. Two-wheeled Skateboard.

(4) These input trajectories are applied to computer simulations of a reduced-order model.
(5) Then, parameters of the yaw moment are selected, so that the simulation results match the measured data well.
Using these steps, we clarify the inputs from the rider in the form of time-varying trajectories.
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Fig.2. A reduced order model. Fig. 3. Measurement setup.

2.2 A reduced-order model

The followings are assumed: the lateral balance of the board is always maintained by the rider's waist-joint motion,
independent of the propulsion. In addition, the wheel orientations are regarded as input, because they are directly
controlled through the board’s twist caused by the weighted shift of the rider's feet.

These assumptions allow us to describe the board dynamics as a reduced-order model without twist, ignoring the
lateral balance, as shown in Fig. 2. In this model, inputs are the wheel orientations ¢, and «,, a yaw moment T and

normal force F to the board. Note here that the back-and-forth motion of the rider's feet never produces force
tangential to the board.

2.3 Motion measurements

To identify the inputs to the board, human skateboard motions were measured using a motion-capture system. This
system has four high-speed cameras, which capture 640 x 480 pixel images at 120 frames per second. A flat area of
approximately 0.5 m x 3 m was prepared as measurement space, so that all markers would always be captured by at
least two cameras. Fig. 3 shows the sketch of our experimental setup.

To detect the board motion, three markers were attached. The first marker was attached to the center of the board,
because the center of mass (CoM) of the board is located approximately here (based on the symmetrical board structure).
To detect the wheel orientation, the marker should have been attached just above the joint of the two-wheel caster.
However, the feet of the subject were placed at this position, so the marker was attached to two toes of the subject.

A 41-year-old male subject, weighing 65 kg, was asked to propel the board from the rest state and then to maintain
straight motion until the end of the measurement area for a constant period. Then, the feet of the subject were placed at
the center of the two plates, so that the markers were as close to the joint center of the wheel orientation as possible.

Five trials were conducted under the above conditions. These measurements were executed with permission (No.
21-127) from the ethics committee of our organization.



3. ANALYSES AND RESULTS

3.1 Measurement results
From the markers’ position in the human skateboard measurements, time-trajectories of ¢, a, and F, are obtained,

which are depicted by solid lines in each graph of Fig. 4, Fig. 5 and Fig. 6, respectively. This is the last of the five trials,
and the best data in the sense that the period variation of the data in ¢, and ¢, is small, as seen in the next section.

3.2 Input trajectory regression
To utilize computer simulations, each input obtained from motion measurements is reconstructed using regression
curves. Sinusoidal functions are used to make regression curves of the measurement data, because the sinusoidal

functions are compatible with the frequency analysis we adopt later.
The frequencies are normally the same for all the inputs. Thus, we calculate the following functions for each input:

a, =, sinQ2x ft+4) 1)
a, = —@,, sin(2z ft+4,) @)
F, = F,sin(27 ft+4,) 3)
T =T,sin(27 ft+4.) 4)

Here, it is assumed that F, and T have the same phase shift qEF because they are originally generated from the same
motions, that is, the back-and-forth motions of both feet that are usually a half-period out of phase. The unknown
parameters in the above equations are frequency f , the amplitudes Cips Oyps lfA , fA, and the phase shifts ¢?1 q?z, ¢?F .
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Table 1. Estimated parameters

f [Hz] ¢ldeg] | ¢ [deg]l | ¢ [deg] | &, [deg]l | @, [deg] L IN] | T, [Nm]
st 2.9 138.4 147.7 190.4 15.0 32.1 105.5 -10.1
2nd 2.9 114.3 140.8 132.3 23.3 32.9 -34.1 4.7
3rd 2.9 0.0 43.3 8.7 21.5 19.6 -33.4 3.0
4th 25 51.8 29.5 37.5 11.6 12.4 13.8 6.7
5th 3.1 -15.2 19.0 -5.1 224 27.8 -33.8 3.8
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Fig.8 Reconstruction of front wheel orientation. Fig.9 Reconstruction of rear wheel orientation.

3.3 Unknown parameter estimation

In order to identify the frequency of the motion, spectrum analysis was performed for the data of the two wheel
orientations. The results are shown in Figure 7.

Next, the phase shifts were identified based on cross-correlation. Each input data was filtered through a two-order
band-pass filter, whose peak frequency was set to the identified one, and then cross-correlated to the sine wave with a
phase shift of zero at 0 s. The maximal point of the cross-correlation value was selected as the phase shift of the data.

Finally, the amplitude was identified using least mean square method that minimizes the squared sum of the error
between the sinusoidal approximation and the measured signals after filtering.

These estimation results except T, were summarized in Table 1. For the frequency estimation, the average of two

peak frequencies in front and rear wheel orientation was selected. The sinusoidal graphs using these parameters are
depicted by dotted lines in Fig. 8, Fig. 9 and Fig. 10 as well as Fig. 4 to Fig. 6.

3.4 Simulation for torque estimation

The amplitude of the yaw moment fA cannot be measured in our experimental setup. Thus, we estimated it using
dynamical simulations of a reduced-order model. For the simulation, a fourth-order Runge-Kutta method was applied
with the step size 1/120 s. The parameters were set based on the actual board: M, = 5kg is the board mass and
I, =M, (¢* +w?*) /12 is the moment of inertia. Here, /= 0.8 m is the board length and w = 0.2m is the board width.

In the simulation, the yaw moment was changed in increments of 0.1 Nm, and the root mean square of the error
between the measurement and simulation data was computed as an evaluation. Then, the yaw moment that gives the
smallest evaluation was selected as 'fA. The obtained values in each trial are also shown in the rightmost row of Table 1.

In addition, the simulation results using input signals (1)-(4) with the parameters of the fifth trial in Table 1 are
depicted in Figure 8. Although the simulated and measured data of the lateral deviation and the board orientation did
not matched well, the traveling distance to the goal direction, which was selected for the evaluation for 'fA estimation,
showed similar trajectories.

These results demonstrate that the sinusoidal inputs for two-wheel orientations, normal force, and the yaw moment
can propel a reduced-order model of a two-wheeled skateboard.
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5. CONCLUSION

In this paper, a two-wheeled skateboard motion was measured to obtain the input data to a reduced-order model.
Using sinusoidal function, the data of the wheel orientation, the lateral force were reconstructed by regression, and a
yaw moment was estimated based on the computer simulations. As a result, sinusoidal inputs can propel the two-
wheeled skateboard.

The coincidence of the time-based trajectory to the goal direction implies the validity of a reduced-order model of
the two-wheeled skateboard. However, the variation of the estimated parameters is not so small. In Table 1, although
the motion frequency is commonly 3 Hz, both positive and negative values are found for the other parameters. In the
first trial, where the data largely deviates from the other trials, a multipeak curve was observed in the power spectrum
analysis (not shown in this paper). This fluctuation of the motion frequency enlarges the phase deviation in the sine
regression from the measured data. Consequently, a slight decline in the frequency largely affects the phase and
amplitude estimation. To obtain consistent data, it is desirable that the subject is proficient in producing the precise
periodic motion of the skateboard.

In our future works, we have to experimentally confirm these findings, and develop the control method so as to
include the lateral balance of the skateboard. Finally, we challenge to apply such a travelling method to actual
manoeuvrability of the robot.
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