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Abstract

New dynamic rolling-walk motion for a multi-legged robot with error compensation is proposed. The motion
is realized by using the isotropic leg arrangement and the dynamic center of mass control inspired by bipedal
robots. By using the preview control of the zero moment point (ZMP) with a cart-table model based on
the bipedal robot’s technique, the robot’s center of mass trajectory is planned for the dynamic motion.
The resolved momentum control for manipulating the multi-links robot as a single mass model is also
implemented in the system to maintain the stability of the robot. In the new dynamic rolling-walk motion,
the robot switches between the two-leg supporting phase and three-leg supporting phase to achieve dynamic
motion with the preview control of the ZMP and resolved momentum control as dynamic motion controllers.
The authors analyzed the motion and confirmed the feasibility in the Open Dynamics Engine before testing
the motion with an actual robot. Due to the difficulties of controlling the ZMP during the two-leg supporting
phase, the authors implemented error compensation by using a gyro sensor and compared the results.
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1. Introduction

Over recent decades, many researchers have focused on mobile robots as their broad
applications are very promising. Most of the research has been on the duplication of
human or animal movements. For robot mobility, surrounding environment recog-
nition, human recognition and human-robot communication research are also very
interesting. It is important for a robot to have those abilities so that it may be intro-
duced into real-world applications to aid or replace humans in dangerous tasks.



As dynamic motion and mechanics of robot movement are generally inspired by
animals, many researchers have tried to implement animal characteristic in their ro-
bots to achieve efficient and attractive mobility. Unique mobile robots are proposed
based on the mechanic and dynamic originality of the researchers.

Morazzani et al. [1] proposed a new tripedal mobile robot named STriDER and
its gait planning strategy. The locomotion style is novel. The dynamics and trajec-
tory planning are kinematically derived by their unique idea. The walking motion
is self-excited by the proper preliminary motion and its motion provides efficient
energy saving without sophisticated control methods. Likewise, Schroer et al. [2]
presented a new locomotion style by using a Wheg, which is a spoke-like leg driven
by a single DC motor; it provides feet-like foot stamps and moves by motor rota-
tion. The Wheg is implemented in the same way as a six-wheeled vehicle and their
setting angles are arranged to keep a tripod-like foothold by synchronous rotation of
Whegs. The locomotion technique is inspired by the cockroach, but the implemen-
tation is based on the mechanical uniqueness of the researchers. Similarly, Moore
et al. [3] also used Whegs as legs on their hexapod robot named RHex. It consists of
six Whegs implemented with the compliance structure. They presented experimen-
tal results on very rough terrain and a particular flight of stairs to show the ability
to traverse. Their unique and high mobility is achieved by using rotating legs. The
spoke-like rotational leg model was proposed as a bipedal model of passive walking
on an inclined plane by McGeer et al. [4]. As passive walking has high robustness
and high efficiency, the model that could achieve these abilities is very promising
for future studies. Furthermore, Sastra ef al. [5] introduced dynamic rolling for a
modular loop robot called Connector Kinetic roBot (CKBot). They designed a dy-
namic rolling gait that provides a good distance with reasonable speed. They also
made a comparison between the dynamic and kinetic rolling motion. Such dynamic
motion-related research gave us the inspiration to start the dynamic rolling-walk on
our limb mechanism robot ASTERISK.

A problem arose when the authors were considering what kind of dynamic mo-
tion should be designed. The authors chose to consider the situation where the robot
cannot move further by using the motion it already realized. Therefore, in this ex-
periment, the authors would like to design a new dynamic motion so that the robot
can go through narrow spaces where no kinetic movement can.

2. Limb Mechanism Robot ASTERISK

The limb mechanism robot ASTERISK, a working mobile robot, consists of mul-
tiple limbs that can be used as both legs for locomotion and arms for manipulation
depending on the present situation.

ASTERISK has six limbs attached to the body radially at even intervals of 60°.
This arrangement gives the robot homogeneous mobility and manipulation ability
in all horizontal directions. Each of its limbs consists of three rotational joints; thus
the robot has 18 d.o.f. (Fig. 1). The authors numbered each leg from 10 to 60 and
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Figure 1. Limb mechanism robot ASTERISK and its leg configuration.

each joint from 1 to 3. The authors called each joint by a leg number and joint
number, e.g., joint 21 means the first joint of leg number 20. The length and weight
of each link is shown in Fig. 1. ASTERISK is made symmetric on both sides of its
body, which allows the same workspace in the up and down directions. The robot’s
total weight is 2.67 kg, standard standing posture is 180 mm in height and 450 mm
in width, and minimum standard walking gait width is about 210 mm.

From its features and maximum provided torque of 37 kg-cm, the authors chose
the smart actuator module Dynamixel DX-117 by ROBOTIS for the joint actuators.
This module contains a servo motor, a reduction gear, a control unit and a commu-
nication interface in a compact package. This module can generate enough motor
torque to support the robots when using only three legs.

The authors would like to provide a robot that can fulfill human needs in work
assistance or even human replacement; therefore, the main purpose is to provide the
authors’ own robot ASTERISK with high mobility, high work ability, and expanded
application fields to tasks in dangerous and inaccessible environments for humans,
into real-world practical applications. So far, this robot has realized many oper-
ations: omni-direction gait on flat and irregular terrain, walking on a grid ceiling,
climbing up onto steps, continuous stair climbing with laser range scanning for stair



recognition, climbing a ladder, passing through narrow tunnels, and manipulating
objects using two neighboring limbs [6—8].

3. Rolling-Walk Strategy

Rolling-walk motion is a motion in which the robot walks in one direction while
making a body rotation. This strategy was designed based on the omni-directional
characteristic of ASTERISK. While the robot is walking with three legs, the robot
should be able to walk through a narrow space that the normal walking gait cannot
achieve, i.e., the space should be less than the minimum required space for the
static gait (210 mm). Nevertheless, when the robot is standing up using three legs,
its balance, joint torque and walking motion need to be carefully considered in order
to perform a stable, safe walking motion.

In this research, the authors divided the gait into two phases for easier analysis
of the rolling-walk gait: three-leg and two-leg supporting phases (Fig. 2). At the
transition from the three-leg to two-leg supporting phase, the speed and acceleration
of the robot’s body has to achieve the minimum required value in order that the
robot could maintain its stability. Furthermore, during the two-leg supporting phase,
the area between two legs will become a single line and, therefore, it is difficult to
control and keep the position of the zero moment point (ZMP) within that area.
Those methods for controlling the motion will be discussed in later sections.

Before the robot can perform the dynamic rolling-walk motion, the robot has to
vertically stand up first. The authors chose to design a standing-up motion in static
to reduce complexities (Fig. 3). The processes of the standing-up motion are:

(1) Standard standing posture.
(ii) Legs arrangement: arrange legs into a suitable position for performing the
standing-up motion.
(iii) 40° body y-rotation (five legs): after arranging the leg positions, the robot
will rotate its body 40° in the y-direction.
(iv) Leg rearrangement: reduce the number of supporting legs from five to three
legs.
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Figure 2. Rolling-walk motion.



Figure 3. Standing up motion (a) front view and (b) side view.

(v) Body rotation from 40° to 70°: after rearranging the leg positions, the robot
will increase its height, change its leg orientation and rotate its body 70° in the
x-direction.

(vi) Body rotation from 70° to 90°: at this stage, the robot will rearrange its
upper legs to maintain its stability.

The experiment on the actual robot is shown in Fig. 4.

In this research, types of leg (Fig. 5), are defined as follows. Swing leg is a leg
that will swing down from free legs to become one of the next supporting legs.
The authors directly assigned the swing leg’s speed so that it reaches the foot target
position before it falls down. Next, supporting legs are the legs that keep contact
with the ground during each phase. The authors control the motion of supporting
legs by using preview control of the ZMP. Lastly, free legs are the legs that will be
controlled by resolved momentum control and used to maintain the robot’s balance
at all times.

4. Preview Control of the ZMP

After the robot stands up, the preview control of the ZMP will be used to determine
and generate the center of mass trajectory before the robot performs rolling-walk
motion.
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Figure 4. Standing up motion by actual robot (a) front view and (b) side view.
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Figure 5. Types of legs.

The preview control of ZMP proposed by Kajita et al. [9] is a method to generate
the center of mass trajectory to achieve a dynamic motion by using a cart-table
model to represent a biped robot and giving the cart motion as the trajectory of the
robot’s center of mass.

4.1. ZMP Equation for the Cart-Table Model
Considering the cart-table model (Fig. 6), the ZMP equation can be derived by:

zmp =mg(y — py) —myZ. =0. (1)
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Figure 6. Cart-table model.
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where p, is the distance from the origin to the ZMP, y is the distance from the origin
to the cart’s center of mass, Z. is a height of center of mass and g is gravitational

acceleration.

4.2. Pattern Generation by Preview Control

According to Ref. [9], the ZMP control system is discretized with input u, = % y

and sampling time 7" as:

v(k+1)= Ay(k) + Bu(k)
pk) =Cy(k),
where:

yk)=[y*kT) y*,T) FG*T)IT
u(k) =uy(kT)
p(k) = py(kT)
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Then, with the given ZMP reference, the performance index is specified as:
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Figure 7. Result of preview control.

where e(i) = p(i) — pmf(i) is the servo error, Q,, R > 0, and Q, are a 3 x 3
symmetric non-negative definite matrix, Ay (k) = y(k) — y(k — 1) is the incremental
state vector, and Au(k) = u(k) — u(k — 1) is the incremental state input.

The optimal controller that minimizes the performance index when the pre-
viewed ZMP reference for the step future at every sampling time is given by:

k Np
u(k) =—Gi Y e(k) = Gyy(k) — > Gp(j)p™k+j), (5)
i=0 j=1

where Np is the number of samples during the preview time, G;, Gy, and G ()
are the gains calculated from the weight, Q., @y, R and the system parameter of
(3). For more details, please refer to Ref. [9].

The result of the center of mass trajectory generated by the preview control with
the previewing period of 1.42 s, two-leg supporting time of 0.21 s, three-leg sup-
porting time of 0.51 s, sampling time of 30 ms, O, = 1.0, 0y =0and R =1x 1076
is shown in Fig. 7.

4.3. Torque Calculation Based on the Cart-Table Model

Normally, before any motion can be implemented in an actual robot, the required
torque of each joints needs to be calculated and confirmed whether or not it exceeds
the provided torque by an actuator. As the preview control of the ZMP generates
the center of mass trajectory of the robot based on the cart-table model, the motion
of the center of mass can be considered as one-dimensional motion that balances
during each phase.
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Figure 8. Torque calculation during three-leg supporting phase.

As the rolling-walk motion is a motion in the Y -direction only, during the three-
leg supporting phase, forces in the X-, Y- and Z-axis for each leg can be calculated
according to Fig. 8 as:

fx1=fra= fr3=0 (6)
fy1=—7, fy2=fy3=_T (7
s o e
le = 5 s sz— 7 fz3- (8)
At the ZMP:
fz1h = py) + f2(la — py) + fz3(l3 — py) =0. )

Substitute (8) into (9) and simplify the equation, then:
mg (I3 +1 —2py mg 2py—lz—ll
=—|—— d =— — ). 10
fz2 5 ( & —s an fz3 2 5 —1 (10)

Since the ZMP is fixed during the two-leg supporting phase (Fig. 7), the forces can
be easily derived from Fig. 9 as:

fx1=fx2=0_ (11)
my

Hhi=fin= ——2- (12)

= g, 13

le—fz2—7- ( )

After all forces are obtained in both phases, the required torque of each joint can be
calculated by using the Jacobian matrix. The authors neglected the individual leg
weight and instead used the whole robot weight of 2637 g in the calculation.
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Figure 10. Example of torque required for supporting legs during the motion (leg 20 and 50).

An example of the required torque for supporting legs during six cycles of
rolling-walk motion (360° of rotation, 1080 mm of center of mass trajectory in
the Y-direction) is shown in Fig. 10. It shows that the maximum required torque is
within the torque provided by an actuator. As this motion is a periodic motion, it
also shows that the torque required for each leg 20’s joint is similar to leg 50’s and
the only difference is the torque direction in joint 2 and 3.
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(a)

Figure 11. (a) Model of ASTERISK and (b) resolved momentum control during two-leg phase.

5. Resolved Momentum Control

Resolved momentum control is a method to generate a whole-body motion of a
robot such that the resulting total linear and angular momenta become specified
values. Kajita et al. [10] introduced this method for a humanoid robot. They sug-
gested and demonstrated that no matter how complicated a structure, a robot has,
its total linear and angular momenta can still be determined. Since the momentum
vector and joint speed vector have a linear relationship, a humanoid’s balancing,
walking and other motions can be easily generated by this method.

In the case of ASTERISK, the resolved momentum control will be used only
to control the robot’s free legs to balance itself during the rolling-walk motion
(Fig. 11). The authors simplified the relationship between the total linear and angu-
lar momenta of the robot and body velocity and angular velocities, swing leg’s joint
speed 91eg and free legs’ joint speed Bfree in the world coordinate X as:

P _ mE Q VB Mleg 2 Mfree 3
[ )L i o

where P and L are whole-body linear and angular momenta, m is the robot mass,
[ is the 3 x 3 inertia matrix with respect to the center of mass, Vg and wp are
the body linear and angular velocities, and M and H are the 3 x n inertia matrices
that indicate how the joint speeds affect the linear and angular momenta of the robot
where 7 is the total number of joints. For more information on M and H calculation,
refer to Ref. [10]. Note that, in this calculation, the weights of all individual parts
will be taken in to account.

As the goal of resolved momentum control of this experiment for ASTERISK is
to calculate the free legs’ joint speed that would generate the whole-robot desired
linear and angular momenta, the body linear velocity could be obtained from the
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preview control of the ZMP, and the swing leg’s joint speed and the body angular
velocity were directly assigned by the authors, the free legs’ joint speed can be
calculated from (14) as:

: pref mE 0 VB M, :
e AF J eg
e = 4 [[Lref] [ 0 I] [‘”B] [Hleg P | )

where A’ is a pseudo-inverse of [g:“’:]
Due to the facts that the robot moves only in the Y-direction and rotates only

the around the — X -axis, the target momentum was given such that the robot could
maintain its balance as:

P (e -e). P=0
Lff _ _f(AQB,I ), rref — 0,
T, L

where ngf is the target center of mass position obtained from the preview control
of the ZMP, ¢, is the current center of mass position, Aflg  is the change of body

angle and 7}, is the sampling period.

6. Implementation of Error Compensation

After the motion was implemented and tested with an actual robot, the authors
found that there are errors from the actuator that make the robot unstable and that
cause the robot’s body to shake until the end of the motion or even fall down
(Fig. 12). Therefore, the authors decided to go with error compensation.

Figure 12. Robot’s body tilted.
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Figure 14. Data from gyro.

The authors chose the MDP-A3U9 sensor from NEC/TOKIN and used its gyro
sensor to compensate for errors by adjusting the Y-body angle in the world coordi-
nate based on the assumption that during the three-leg supporting phase the robot
will always be in balance and, therefore, no error compensation will be applied.
The diagram of the gyro sensor implementation is shown in Fig. 13. The Y-body
rotation of robot can be calculated by:

Op = Opret — & X Abp, (16)

where 6 is the Y-body angle in the world coordinate, Opr is the Y-body ideal
angle in the world coordinate and equal to —90°, g is the body rotation according
to the rolling-walk motion, 6 is the actuator target angle, Afg is the Y-body angle
changed reading from the gyro sensor and £ is the gain to compensate the error.
Data from the gyro sensor was taken to compare the effect of the error compen-
sation (Fig. 14). The error from the first step led to the body vibration towards the
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(a)

Figure 15. Result of dynamic rolling-walk motion (a) in ODE and (b) with error compensation.

end of the motion. The motion with error compensation has less body vibration as
compared to the motion without compensation.

7. Results

The three cycles of new dynamic rolling-walk motion were confirmed by using
Open Dynamics Engine (ODE) [13] as a dynamics simulator and an actual robot
(Fig. 15). The authors chose parameter d in Fig. 2 as 180 mm with a body height
of 280 mm in this experiment. After the first experiment failed, the authors imple-
mented the error compensation system. For the second experiment after the error
compensation was implemented, the motion was improved. The results of actual
robot rolling-walk motion with and without error compensation are compared and
shown in Fig. 16. Figure 16 shows the comparison of the robot’s body vibration
after the motion stopped. The motion with error compensation could reduce the
vibration angle from 6.14° to 2.58° (which is about 58%).

8. Conclusion

The authors designed a new dynamic rolling-walk motion for a mobile robot so that
it can walk through narrow spaces where static motion cannot be achieved. In addi-
tion, they also developed and applied the preview control of the ZMP and resolved
momentum control of a biped robot to the limb mechanism robot ASTERISK as
dynamic rolling-walk motion controllers. The motion was confirmed in ODE as a
dynamics simulator before being implemented in an actual robot. After the first ex-
periment with the actual robot, the authors found a problem in that the robot’s body
tilted after the first step and they decided to implement the error compensation sys-

_14_



(b)

Figure 16. Vibration at the end of (a) motion without and (b) motion with error compensation.

tem. Finally, the dynamic rolling-walk motion was achieved in both the simulator
and actual robot.

Due to the physical limitations of the robot, the authors could not explore a range
of walking speeds, step lengths, body heights, and other parameters. For future
work, the authors plan to explore those parameters to see how their variation will
affect the motion. Additionally, to further improve the mobility of the rolling-walk
motion and make it more practical, the authors also plan to design a turning motion
for rolling-walk motion.
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