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Abstract It is well known that a biped robot needs actuators to walk stably on level ground. Till now, a
biped robot with torso has needed at least two actuators to achieve this. Would it be possible for this kind of
robot to walk on level ground with only one actuator? This paper responds in the affirmative and proposes a
simple control strategy for a planar biped robot with torso. In this control method, there is only one low gain
proportional-derivative (PD) controller between the torso and the stance leg, while the swing leg remains totally
free. The PD controller utilizes states of both the torso (angle and angular velocity) and the stance leg. The
numerical simulations show that, by adopting this controller, a planar biped robot with torso can walk stably
on level ground, and that the robot can walk with a wide range of speeds and high energy efficiency by changing
the control parameters. Four period-one gaits, one of which is stable while the other three are unstable, are
found by simulations. According to the literature surveyed, we are the first to have a torso only driven biped

robot walk stably on level ground.
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1 Introduction

McGeer pioneered the study of passive-dynamic walking [1]. He showed, by analysis of linearized models
and construction of dynamic mechanisms, that a biped robot without actuators and controllers can walk
stably down a shallow slope. In this motion, the energy lost when the swing foot hits the ground is
recovered by gravitational potential energy. Thus, a fully passive dynamic walker can only walk down
a slope.

To realize level-ground walking, active power, replacing gravity, must be injected into the biped robot.
McGeer proposed various methods [2—4], including 1) applying torque at the ankle and hip joints, 2) ap-
plying an impulsive push as the stance leg leaves the ground, 3) varying the leg length, and 4) utilizing
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reaction torque against a leaning torso. Although many studies have adopted the first control method
for level-ground walking [5-8]|, there are relatively few papers on the fourth control method. From an
aesthetic perspective, it is natural for a biped robot to have a torso. Moreover, from an engineering
perspective, many instruments can be added onto the torso, thereby greatly expanding the application
scope of a biped robot. As such, it is important to include and control the torso of a biped robot. Till
now, researchers have mainly adopted one of the following three ways of adding or controlling the torso.

1) Utilizing purely mechanical equipment. The proponents of this method are Wisse and Gomes. In
2007, Wisse [9] used a kinematic coupling mechanism to keep the torso midway between the two legs.
However, his robot, controlled only by this mechanism, can only walk down a slope. In Gomes’ model
[10], two legs are connected to the torso by torsional springs. This model can walk on level ground with
no energy cost, but it cannot be considered to be formally stable.

2) Utilizing a “hard” control method to specify that the torso angle remains constant throughout the
step, which is referred to as a “perfectly stabilized torso” in McGeer’s paper [3]. In 1998, Howell [11]
investigated gait behavior of a torso-driven biped model. In his research, the torso was kept parallel to
the surface of the ground throughout the stride. In 2005, using a “perfectly stabilized torso”, Narukawa
[12] showed two period-one gaits, which were found with the torso near vertical. However, this kind of
control method is not exact, since an impulsive stance/torso torque, which would need to be calculated
precisely, would be required at support transfer [13].

3) Utilizing a “soft” control method or mechanism, which means that the torso can sway to a certain
extent. The typical controller of this method is a proportionate-derivative (PD) controller. In 2001,
Harnua [13] placed a PD controller between the robot’s stance leg and torso to keep the torso at a
desired angle, while the swing leg was left free. This robot model can walk down a slope. Narukawa [4]
incorporated swing leg control to enable the robot to walk on level ground. Besides the torso control,
Hobbelen [14] also used ankle control to allow the robot to walk on level ground.

In summary, according to the literature surveyed, a biped robot with torso can walk stably down a slope
using one actuator, but it needs at least two realizable actuators to walk on level ground. Narukawa [4]
even mentioned that it was difficult for the biped robot to walk stably with only a low-gain PD controller
to hold the torso.

It is obvious that using fewer actuators in the robot reduces the complexity and improves the reliability
of the robot control system significantly. Thus, we tried to use as few actuators as possible to make a
biped robot with torso walk stably on level ground. Is it possible for this kind of robot to walk on level
ground using only one actuator? Providing an answer to this question is the motivation for this study.
Fortunately the answer is positive.

First, we developed a simple control strategy for a planar biped robot with torso. In this strategy,
there is only one PD controller between the torso and stance leg, while the swing leg remains totally free.
This controller utilizes both the torso states (angle, angular velocity) and those of the stance leg. The
numerical simulations show that, by adopting this controller, a biped robot is able to walk stably on level
ground. Thereafter, we searched both the stable and unstable gaits and analyzed the influence of the
control parameters.

2 Robot model

A simple biped robot with torso [15], as shown in Figure 1, is considered in this paper. The biped robot,
confined to the sagittal plane, is composed of two identical rigid legs and a torso, which are connected
at the hip. The biped robot has four point masses. The torso mass is denoted as m,,, each leg has mass
my, and the hip has mass mj,. The length of the legs is [ = [, 4+ I and the torso length is ,,. Dynamic
variables 0y, 65, 03 are measured from ground normal. In the robot system, there is only one control
torque, which is applied between the torso and the stance leg. The values of the robot parameters are
shown in Table 1.

A single typical step in the model is composed of a swing phase and a collision phase. In the swing
phase, only the stance foot makes contact with the ground without slipping. In the collision phase, which
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Table 1 Values of robot parameters

Parameter Value Unit
My 10 Kg
mp, 10 Kg
my 5 Kg

lu 0.5 m
ly 0.5 m
la 0.5 m
g 9.81 m/s?

Figure 1 Schematic of the robot model.

is thought to be instantaneous, the swing foot touches the ground and the swing leg becomes the new
stance leg, and vice versa.

2.1 Swing phase

During the swing phase, the stance foot acts as a pivot joint, while the scuffing problem of the swing foot
is ignored. The dynamic equation of the robot system can be written as

M(0)6 + N(8,0) + G(0) = Bu, (1)

where @ = (01,02,05)T, and v is the torque applied between the torso and stance leg. Details of the
matrices are

My Myo M Ny G -1
M(0) = | May Moy Moz |, N(0,0)=|N,|, G@O)=|Gy|, B=]0 |,
M3y Mzy Mss N3 Gs 1

My = (my +mp +my)(la + 1)? + myl2, Mg = Moy = —my(la + lp)lycos(6y — 62), Mz = Mz =
mu(la+lb)lu COS(91793), MQQ = mllf, M23 = M32 = 0, M33 = muli, N1 = 7ml(la+lb)lb Sin(91792)93+
Ml 4 1p)lu sin(0y — 03)03, No = my(la + lp)lysin(0y — 02)02, Ny = —my(lo + lp)lusin(6y — 03)03; Gy =
—((mp +my +my)(la + 1) + mily)gsin(br), Go = mylygsin(fs), Gs = —myl,gsin(fs).

2.2 Collision phase

A collision happens when the swing foot touches the ground. On level-ground walking, the collision
occurs when the geometric condition
01 +06; =0 (2)

is satisfied. Eq. (2) is also true at least once when the legs are nearly parallel, but we ignore the scuffing
and let the swing leg swing through without collision.

During the collision, the mechanical configuration remains unchanged, and the swing leg becomes the
new stance leg, and vice versa. It is reasonable to assume that the collision is completely inelastic and
that the new swing leg has no impulsive reaction with the ground as it leaves. Neglecting non-impulsive
forces at collision, angular momentum is conserved through the collision for: 1) the whole robot system
about the swing foot contact point, 2) the torso about the hip, and 3) the new swing leg about the
hip. These angular momentum conservation relations give the following “jump” equation, where the “+”

“ )

superscript means “just after collision”, and the “—” superscript means “just before collision”:

I o 6t Q@ o 6~ 3)
oH"6Y)||6+| |0 H@ )| |6~ |
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where 6 = (91, 6,, ég)T, and I, Q, H"(6%) and H°(0~) are 3-by-3 matrices, with I the identity matrix.

010 Hiy Hiy Hiy HY, HY, Hg
Q=1|100], Hn(e) = | Hy Hyy, Hiys | Ho(e) = | H3, H3, H3s |
001 H3y Hy, Hiy H3y, Hg, Hgy

HY = —(mp+my+my) (Lo +1)2 —muyl2 +my(le + 1)l cos(0f — 05) — my (la + 1p) 1Ly cos(07 — 03), HY =
muly(lg cos(0F —05) — Iy + 1y cos(0F — 05)), HYy = —myly(ly + 1o cos(0] — 0F) + 1y cos(0] — 67)), HY =
—my(la + bp)lucos(0 — 05), HY = 0, Hyy = —myi2, HY = my(la + bp)lpcos(0f — 65), HY =
—myl?, H3y = 0, HY, = mylaly — (my, + my)(la + 1p)? cos(07 — 05) — 2my(ly + lp)lq cos(0] — 65) —
My (la + o)y cos(0] —65), HYy = mulaly, HPy = —myly(ly + lacos(0; —605) + lycos(6; —03)), HS =
—my(lg + )l cos(0] — 63 ), HSy =0, Hy = —myl2, HS = mylyly, HY =0, HS, = 0.

3 Control method

To hold the torso, which is an inverted pendulum, active stabilization is required. In this paper, a simple
PD controller has been developed as follows:

u=Kp(0% (03 — 61)) — Ka(f3 — 61), (4)

where 6% is the desired angle, K, and K  are proportional gain and derivative gain, respectively, and u is
the torque applied between the torso and the stance leg. This controller provides a damped spring acting
against the stance leg. The calculation of K, and Ky given below is partly the same as that mentioned
in [3].

The legs are assumed to be kept firmly vertical, which means 6; = 6, = 0 and 91 = 92 = 0. With
the controller mentioned above, the linearized equation of the torso about 63 = 0, ¢ = 0 becomes
muliég + K405 + (Kp — myly,g)0s3 = 0. The frequency of the torso is wp = \/Kp — mylyug/(myl2), while
the damping ratio is {7 = Kg4/(2ml2wr). With the damping ratio set as (r = 0.7, K, and K, can be
calculated as

K, = my2wF + mulug, (5)
Kd = 1.4mulin. (6)

The controller can be parameterized by wr and #% . In our control, wr is relatively small, and therefore,
the PD gains K, and K, are small and the robot’s motions are largely natural and not overly controlled.
4 Performance criteria

The main performance criteria for biped walking under consideration in this paper are stability, walking
speed, and specific cost.

4.1 Stability

By numerically integrating the equations of the stance and collision phases, the initial state ¢ = (0, é)T,
which is the state of the biped robot just after the collision, can be mapped from one step onto the next
step by a step-to-step function or the so called “stride function” S [1,16]

gt = S(q™). (7)

A state g* is called a fixed point if it satisfies g* = S(g*), which means that if ¢* is taken as the initial
state, the biped robot will generate a periodic motion.
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A Jacobian matrix, J, can be defined as:

_ 05(q)

J 94

(8)
a=q*
If all the Jacobian’s eigenvalues are inside the unit circle, the fixed point is stable. If any eigenvalues of
the Jacobian are outside the unit circle, the fixed point is unstable. In our biped system, the Jacobian
is a 6-by-6 matrix, so it has 6 eigenvalues. In this paper, we are mainly concerned with the maximum
amplitude of the eigenvalues. Details of the stability definition can be found in [1,17].

4.2 Walking speed

The average walking speed is defined as

where Az is the step length and T is the step period.

4.3 Specific cost

To compare the efficiency of humans and robots of different sizes, it is convenient to use the dimensionless
specific cost of transport [18]. The dimensionless specific cost, used in this paper, is defined as

[ (65 — 61)uldt

10
(M + mu, + 2my)gAx’ (10)

s —

where T is the step period, g is the gravitational acceleration, and Az is the step length.

5 Simulations and results

Our primary investigation tool is numerical simulation. Using ODE113 to run the simulation in MATLAB,
we specified a tolerance of 1e-8 for our numerical simulations. Collisions were detected by the EVENT
function in ODE113, while the FSOLVE function in MATLAB was used to find the fixed point.

5.1 Typical stable walking

Figure 2 shows typical stable walking with #¢ = —0.07 rad, and wr = 5.5. The step period is 0.8527 s, the
maximum absolute eigenvalue is 0.4614, the average speed is 0.6345 m/s, and the specific cost is 0.04435.

According to (4), it seems that the goal of the controller is to keep a desired angle ¢ between the torso
and the stance leg. However, as shown in the Figure 2(b), there is an obvious difference between 63 — 61
and the desired angle #?. The reason for this is that K, and K are relatively small (K, = 124.675, K4 =
19.25), compared to the value in [12] (K, = 490, for the same robot structure). The torso is controlled
rather softly, so that the jerk at collision is followed by a pronounced forward sway and recovery.

Using this low gain controller, instead of trying to keep the torso upright [14], we use the swing motion
of the torso as a way of injecting energy into the robot system, and therefore, we allow the torso to swing
slightly, though the swing motion is quite small (between 0.006 rad and 0.16 rad as shown in Figure 2(b)).

The angular velocity of the torso changes instantaneously in the collision, as can be seen in Figure 2(d).
This is an inevitable result of the angular momentum conservation for the torso about the hip. Moreover,
there is an impulsive energy loss of about 3 J in the collision (as shown in Figure 2(f)).

5.2 Stable and unstable gaits

Both stable and unstable period-one walking motions are found. By repeating the simulations and
gradually changing the control parameter ¢, we obtained the comparison of the four motions shown in
Figure 3. In these simulations, wp = 5.5.
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Figure 2 Stable walking simulation results. (a) Stick diagrams of stable walking; (b) angular position; (c) angular velocity;
(d) phase diagram of torso; (e) control torque; (f) mechanical energy.

In Figure 3, the solid line (Gait A) is the stable motion, while the others are unstable motions. The
initial inter-leg angle in Figure 3(b) is the angle between the swing leg and the stance leg just after the
collision in the periodic walking motion.

From Figure 3 (d) and (f), it can easily be deduced that Gait A and Gait B fall on the same curve,
while Gait C and Gait D fall on a different curve. In Figure 3(c), the step periods of Gait A and Gait
B are longer than those of Gait C and Gait D. The reason for this is that there is swing leg retraction
in Gait A and Gait B, which means that the swing leg moves backwards just prior to foot collision, and
thus takes more time. The retraction can be seen by comparing Figures 2(b) and 4, which shows Gait C
with 6% = —0.07 rad and wr = 5.5.

As shown in Figure 3(b), the step lengths of Gait A and Gait C are nearly the same when 6? is the
same and so are those for Gait B and Gait D. But because of the difference in step periods, the speeds for
Gait C and Gait D, which are without swing leg retraction, are faster as shown in Figure 3(d). Figure 3
(b) and (e) shows that, as the step length increases, so too does the specific cost. This is true for all four
gaits, because a longer step length results in a larger collision and induces more energy dissipation in a
similar way to the motion of a rimless wheel [1]. Owing to the long periods, Gait A and Gait B have
to adopt big steps to achieve the same walking speed as Gait C and Gait D, resulting in greater energy
dissipation. This is why the curve of Gait A and Gait B is above the curve of Gait C and Gait D in
Figure 3(f).

5.3 Effect of parameters

The influence of wr and # in the stable period-one walking motion is considered in this section through
a large numbers of simulations. In these simulations, four different wp values (4.5, 5.5, 6.5, and 7.5) were
selected, and 6% was gradually changed. The simulation results are shown in Figure 5.

Based on the graphs in this figure, the following can be concluded.
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Figure 3 Comparison of stable and unstable gait motion. (a) Maximum absolute eigenvalue; (b) initial inter-leg angle;
(c) walking period; (d) average walking speed; (e) specific cost; (f) specific cost versus average walking speed.
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Figure 4 Angular position of biped robot for Gait C.

1) The effect of §¢ in our system is similar to that of the slope in McGeer’s synthetic wheel [1]. When
6¢ increases, the step period decreases while the step length increases. The reason for this is that when
6% becomes larger, the gravitational moment of the whole robot system about the support foot is larger,
and therefore the rotation about the stance foot is faster, resulting in a shorter period. Moreover, because
the moment is larger, the energy injected into the robot increases, and so the robot needs a larger step,
which causes a greater collision that consumes more energy. Figure 6 clearly shows the inference. The
Y-axis in Figure 6 is the angular velocity of the stance leg, which is an indication of the robot system’s
rotation. It should be noted that the time is normalized on the X-axis to show the comparison clearly.
In this comparison, wr = 5.5.

2) When wy increases, both the step period and step length increase. The reason for this is that as wr
becomes greater, the torso recovers more quickly after the collision happens, and thus the gravitational
moment is smaller, so the robot can rotate about the stance more slowly, which in turn, results in a longer
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Figure 5 Influence of wy and 8¢ on stable walking motion. (a) Maximum absolute eigenvalue; (b) initial inter-leg angle;
(c) walking period; (d) average walking speed; (e) specific cost; (f) specific cost versus average walking speed.
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period. As the wp increases, the controller does more work, which leads to the larger step as mentioned
before. From Figure 7, it is easy to see that a large wr generates a slow rotation after the the recovery
of the torso. In this comparison ¢ = 0.1 rad.

6 Conclusion

It is obvious that using fewer actuators in a robot can significantly reduce the complexity and increase the
reliability of the robot control system. Thus, we attempted to use as few actuators as possible to make
a biped robot with torso walk stably on level ground. As reported in this paper, we have succeeded in
implementing stable level-ground walking for this type of robot using only one actuator. Because robots
need at least one actuator to recover the energy lost in the collision, the minimal number of actuators is
one. To the best of our knowledge, we are the first to achieve this.
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In this paper, we introduced the control strategy for a planar biped robot with torso. In this control
method, one low gain PD controller that utilizes the states of the torso and the stance leg, is applied
between the torso and the stance leg while the swing leg remains totally free. The numerical simulations
show that the robot can walk stably on level ground using this controller, and that by changing the
control parameters, the biped robot with torso can walk with a wide range of speeds and high energy
efficiency.

We analyzed the four period-one gaits found by simulations. We also analyzed the influence of the con-
trol parameters and found that as #% increases, the step period decreases while the step length increases.
Moreover, when wr increases, both the step period and step length increase.

Our future work will focus on optimizing the control parameters to generate more efficient gaits.
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