Supplementary Information

Title:

Another Mechanism for Gait Generation: Mechanical Stabilization Can Spontaneously Realize
Walking in a Two-Legged Robot

Author information:

Kai Ito, Keita Sato, and Yusuke Ikemoto

Faculty of Science and Technology, Department of Mechanical Engineering,
Meijo University, 1-501 Shiogamaguchi, Tempaku, Nagoya 486-8502, Japan

Corresponding authors:
Correspondence to Kai Ito and Yusuke Ikemoto.



List of Movies:

Supplementary Movie 1. Gait generation at 12 V
Supplementary Movie 2. Gait generation at 8 V

List of Supplementary information

Supplementary Figure 1. Design of the legged robot.
Supplementary Figure 2. Experimental environment.
Supplementary Figure 3. Waveform after the lowpass filter.
Supplementary Figure 4. Wavelet transform.
Supplementary Figure 5. Fast Fourier transform (FFT).
Supplementary Note 1. Calculation of the phase difference.
Supplementary Figure 6. Motor specifications.
Supplementary Note 2. Calculation of the cost of transport.
Supplementary Note 3. Measurement systems.
Supplementary Note 4. Details of mathematical analysis.
Supplementary Note 5. Nondimensionalization.
Supplementary References

Supplementary Figure 1. Design of the legged robot. In deferential modules, TAMIYAINC.
SP.1568 is adopted because of the lower frictions, where no oil is injected into the gear room to
minimize the damping effect. The BLDD (DJI, RoboMaster GM6020) is used as the drive unit.
The direct drive provides high back-drivability and transfers the GRF to the shaft, ensuring that
the angular velocity of the shaft can be varied. The robot has a yaw joint in the middle position
between the drive unit and the leg shaft. The joints are equipped with a soft material (Smooth-
On, Dragon Skin 10 Medium) at both ends to maintain the home position. In addition, the motor
sets the torque value from the microcontroller (Arduino, Arduino Uno Rev3) via CAN

communication. Simultaneously, the microcontroller reads the value of the pressure sensor
(ALPHA, MF02-N-221-A01) via the pressure divider circuit.

Supplementary Figure 2. Experimental environment. The robot moves on a treadmill. Here,
the white points in the figure are drawn at 100-mm intervals. Based on this scale, the distance
traveled by the robot in the walking experiment was measured on the image. The speed of the
treadmill was adjusted appropriately for each experiment to prevent the robot from falling. The
cables were long enough for the robot to move, and the tension transmitted from the cables to the
robot was minimized.



Supplementary Figure 3. Gait data extraction by waveform after the lowpass filter. The
experimental data are shown when the input voltage to the motor was 8 V (a) and 12 V (b). In
each figure, the blue line represents the experimental data for the left leg and the yellow line, for
the right leg. The frequency at which the one-sided spectrum of the FFT reached its maximum
was considered as the ground motion from the swing leg to the support leg, and the higher
frequency components were removed.

Supplementary Figure 4. Definition of the phase in walking obtained by wavelet
transforms. Experimental data are shown for motor input torques of 8 V (a, ¢) and 12 V (b, d).
Figure (a, b) ((c, d)) shows the data of the left (right) leg. Since the highlighted areas are the
main frequency components of the acquired data, they are extracted and used for the phase
difference analysis. The Morlet function expressed as a wavelet was used: mw(x) =
exp(—x2/2) cos 5x, where x = (t — f)/a . t: time of experimental data, @ and f3:
parameters of the wavelet. In the presented results, we extracted data at ¢ = 0.9 for 8 V and
a = 05for12 V.

Supplementary Figure S. Extractions of gait frequency by Fast Fourier Transform (FFT).
Experimental data are shown for motor input torques of 8 V (a,c¢) and 12 V (b,d). In the data
extracted by the wavelet transform, a larger input voltage value results in increased noise. The
main frequencies are visualized by FFT to reduce noise. The red dashed line shows the frequency
when the correction value is multiplied by 1.2 times the frequency when the one-sided spectrum
is at its maximum. Note that these cutoff frequencies can take different values in each data.

Supplementary Note 1. Calculation of the phase difference

The phase difference was calculated by focusing only on the maximum value (“ + ” in
Supplementary Figure 3) of each waveform. First, the average period T, 4, and Tg gy Of each
waveform obtained is calculated by the following equation.

Tj_ave = ﬁx;n;ll Tj,n +1 Tj,w (Sl)
where j = {L,R}, m is the number of waveform maxima, Tjn 1s the time at which the nth
maximum occurs in either the left or right data. The above equation is used to calculate the
average period of the entire waveform.

Next, the average difference in the timing of the maxima between the left and right leg data is
determined by the following equation:

Tirave = —|2m=1Tin = Tl (S2)
where Ty, ,, is the time of the nth maximum in the waveform of the data acquired from the left leg,
TR 1s the time of the nth maximum in the waveform of the data acquired from the right leg. The
above equation is used to calculate the average of the peak timing differences between the left
and right legs.



From the above, the phase difference is obtained from the ratio of the average time
difference of each maximum value to the average of the average period of the waveforms
obtained from the left and right legs.

. T ave
Phase dif ference = 2m X (TLfaveLf}Rfave)/z (S3)

The above equation calculates the phase difference by multiplying the ratio of the phase
difference in one period by the phase of one period, 2.

Supplementary Figure 6. Motor specifications. (a) Rotational speed of the motor versus
voltage with load and no load. The characteristics of the motor used were investigated and used
to estimate the output torque of the motor. The motor rotation speed at each voltage value was
measured under no load and load, respectively. The equations in the figure are the result of the
linear approximation of the respective results. (b) Relationship of the motor rotation speed to the
load torque at each voltage value using the speed/torque gradient of 156 rpm/Nm specified in the
specifications. The straight line at each voltage is expressed using the following equation: n =

—156 * T + wy, where n is the motor rotation speed, 7 is the load torque, wy is the motor
rotation speed under no load (calculated from the linear approximation in (a). The rotational
speed under load at each voltage value was calculated (red “*x” in (b), and an approximate
straight line (black line) was obtained.

This equation represents the increase in rotational speed due to an increase in input voltage or
input torque. Based on this approximation, the value of the ratio of the dimensionless torque to
the dimensionless friction coefficient, 7./f, is determined. Since T./f = 7./(rirf) from
Supplementary Table 2, the input torque 7. at each voltage value is determined based on the
approximation formula shown above. In addition, 1 gf is the moment generated by friction.
Therefore, the value of input torque 7. at 4 V when the robot starts walking is the value of 7,
determined to be a constant value, r;rf = t. (voltage = 4 V), in balance with the load due to
friction. The above values were used for nondimensionalization.

Supplementary Note 2. Calculation of the cost of transport

To calculate the energy efficiency, we measured the distance traveled by the robot and the current
value for each constant voltage value during a measurement time of 10 s. This allows us to
calculate CoT [1,2], which is expressed by the following equation:
CoT = fy P(at _ v % 1(at . (s4)
mgD mgD
The voltage value V [V] is a constant input, I(t)[A] is the current value, mg is the weight of the
actual machine, 2.59 kg, and D[m] is the travel distance.




Supplementary Note 3. Measurement systems

The resistance of a pressure-sensitive sensor is measured using a voltage divider circuit. The
voltage divider circuit (Supplementary Figure 1) comprises the pull-up resistor R; and the pull-
down resistor R, and can generate V,,; proportional to a certain voltage, .. By attaching a
pressure-sensitive sensor to the pull-down resistor R,, the resistance value of the sensor can be
obtained from the generated V,,;. When the pull-up resistor R; = 1 kQ and the pull-down
resistor R, = 20 MQ are connected in series and between the power supply V. and the ground (0
V), the divided V,,; is expressed using the following equation by the resistive voltage divider
rule:

RyVec
Vout = Rli—Rz- (S5)
Using equation S5, R, can be obtained as
_  _RiVout
R = Vo (56)

However, when V.. and V,,; are equal, the denominator becomes zero, and the value of R,
becomes infinite. Therefore, if the reciprocal of R, is the conductance G, it can be expressed

using the following equation:
1

G - — = VCC_VOLIt . (S7)
R, R1Vout

This allows the magnitude of the force applied to the pressure-sensitive sensor to be compared

from the magnitude of the value of G. The power supply voltage V.. is 5 V. V,; from the

pressure-sensitive sensors at the backs of the left and right legs was obtained using the analog

pins of the microcontroller.

Supplementary Note 4. Details of mathematical analysis

The linearization is shown below using the Jacobi matrix obtained around each immobile
point:
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Supplementary Note 5. Nondimensionalization

Equation (1) is nondimensionalized with representative scales as-M = I g/rig% L = 7, and T
= I r/cLr- Supplementary Table 1 shows the parameters before nondimensionalization, and
Supplementary Table 2 shows the parameters obtained upon nondimensionalization. After the
nondimensionalization of equation (1), the following equation is obtained:

é 1 0 0 01 /. —fsingcosﬁC
I/d’ 10 o ol 2 +I/ 0 \ 58
P _ Gt 2 . .

A I 1 Y e
b 0 0 1 01\ C 0

The fixed points in the above equations are denoted as follows:

Tc

X, = :0 4nm 0 sin‘l(_?— )]T,
x5 = :0 (4n + 2)r 0 sin-l( ——_)]T,

xy = [0 2cos_1(?f—_°—1) 0 (2n +
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