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Massive Object Transportation by Robots*

Jaesung Yang

Abstract

Robots have been expected to replace human in performing dull, dirty, dangerous,
demeaning, and difficult tasks. Transportation of massive object is one of those
tasks, which is hard, dangerous, or impossible in some cases for human to do. In
space application, a robot manipulator must manipulate highly massive objects
such as satellites and modules of a space structure. Space robotic arms are gener-
ally operated by a human operator locally from a space vehicle or remotely from
the earth. The main problems in the manipulation of a massive object in space
by teleoperating a space robot from the earth are communication delay and the
unexpected excessive force generated between the space robot and the massive
object. On the other hand, in applications on earth, there are a lot of demands
for multi-robot cooperative massive object transportation. If an object on earth
is too heavy for multiple robots to lift up, the object must be transported by
pushing and pulling. The main problem in the multi-robot cooperative massive
object transportation is how to exert effective force on the object to push or pull
for robots while avoiding slippage between wheels/feet and the ground.

This thesis discusses two types of massive object transportation: massive ob-
ject transportation in space by teleoperating space robots, and massive object
transportation on earth by pushing/pulling by autonomous humanoid robots.

For the massive object transportation in space by teleoperation, force mitiga-
tion of the contact force, and a virtual environment considering the dynamics were
proposed to solve the large contact force generation problem and the communi-
cation delay problem. Hardware-In-the-Loop-Simulations (HILS) were performed
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with a scenario, in which a space robotic arm was teleoperated to manipulate
a massive object of 6,000 kg. The results of the HILS show the validity of the
proposed methods.

For the massive object transportation on earth by multiple humanoid robots,
a method of generating an optimal robot motion was proposed to effectively exert
force on the massive object to push or pull, keeping contacts between the feet
of the robots and the ground. In the robot motion generation, frictional force
generated at the feet from the ground and reaction force generated at the hands
from the object must be estimated in real-time. In order to estimate the frictional
and reaction force, a method of attaching virtual masses to the hands and feet of
humanoid robots was proposed that improves computational efficiency compared
with conventional methods. Dynamic simulations were performed on transporta-
tion of various massive objects by two humanoid robots with the proposed method
and the conventional PD controller. The results showed that the two humanoid
robots could transport a massive object of 200 kg by pushing/pulling without
slipping by using the proposed method, while the two humanoid robots could
not transport the object by using the conventional PD controller because of the

slippage between the feet and the ground.

Keywords: massive object, transportation, teleoperation, humanoid robots, quadratic

programming
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Chapter 1 Introduction

1.1 Background

1.1.1 Massive object transportation by robots

Robots have been used to replace human in performing various tasks, and also to
perform complicated tasks that can not be done by a human. There are many kinds
of robots which can perform human tasks. For instance, cleaning robots perform
dirty or dangerous tasks instead of a human [1], [2]. In [3], the cleaning robot is
presented which can reconfigure their formation to maximize the cleaning coverage.
Cleaning of the building glass is a dangerous task for a human due to the falling
by wind or other accidents [4], [5]. [6]. Moreover, industrial robots work instead
of a human in factories where there is a shortage of human workers to increase the
productivity of factories. Industrial robots applications cover from simple tasks
to complex tasks. Generally, manipulators have been used in picking and placing,
welding and assembling. There are many kinds of research using manipulators in
industrial tasks [7],[8]. An inverse kinematic method for industrial manipulator is
proposed in [9]. In [10], autonomous picking and placing task is presented using
manipulator with deep learning. In [11], intelligent welding robot programming
method is presented using a three-dimensional sensing and point cloud modeling.
Dual manipulator performs the assembly tasks by the teaching of human in [12].
In [13], a method of folding assembly for dual manipulators is presented. Wheel
robots have been used in transportation. Also, there are many kinds of research
using mobile wheel robots in industrial tasks [14], [15], [16]. The multi mobile
robots for logistics are autonomously navigated and avoiding the obstacles [17].
Swarm robot control of mobile robots for logisitics are presented in [18].

On the other hand, there are some tasks which are out of human ability, but

they can be performed by robots. Subsea operation, surveillance task in the narrow
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space environment, and massive object transportation are some examples of these
tasks that are out of human capabilities. In the subsea operation, a human cannot
go to the profound depth of the sea without special vehicles due to the pressure
issue. In [19] and [20], the subsea operation is presented using an autonomous
remotely operated underwater vehicle (ROV). A well-designed robot, especially
for narrow spaces, is appropriate for the surveillance tasks in disaster areas with
obstacles. A snake-like robot for surveillance is presented in [21], [22]. In the
massive object transportation, transportation cannot be performed by a human
due to the heavy weight of the target. The massive object which is too heavy to

transport by a human is usually transported by heavy machinery and robots.

——Massive object transportation by robots —————

[Remote side]

(a) (b)
Teleoperation Autonomous humanoid robots
by an operator with the simple command

Figure 1.1: Scope of this thesis.

There are many ways to transport a massive object by robots. Teleoperation
by an operator and autonomously generating an optimum motion based on a given
task can be considered as methods of massive object transportation using robots.
In this thesis, two kinds of methods are discussed for massive object transportation
by robots. First is the teleoperation by an operator and second is the autonomously

generating an optimum motion based on a given task (see Fig. 1.1).



1.1 Background

1.1.2 Massive object transportation using manipulator tele-

operation by an operator

In the teleoperation by an operator, there are many kinds of researches for the
teleoperation of massive object handling using robots. However, these researches
are not considered about the long time delay such as from earth to the orbit. In
the thesis, massive object transportation using teleoperation by an operator in
the long time delay environment. A scenario is assumed that the massive object
is transported by using manipulator, and the manipulator is remotely operated
by an operator with a proposed teleoperation system in the very long time delay

environment.

1.1.3 Massive object transportation using autonomous hu-

manoid robots with the simple command

In the method of the autonomously generating an optimum motion based on a
given task, there are many kinds of researches for the massive object transporta-
tion using robots. Generally, massive object transportation using these method
are performed by automation of heavy machinery and heavy load duty manipu-
lators [23]. However, heavy machines and heavy load duty manipulators are not
suitable for transporting massive objects in buildings built for human due to the
accessibility issues. There are passages, stairs, ladders, etc. for humans in these
buildings. In such a building, it is effective to use humanoid robots due to the
accessibility. Therefore, in this thesis, a scenario is assumed that the massive
object transportation is performed by humanoid robots in the bulidings built for
human. Also, the simple task command such as transport it to the right or left is
given to the humanoid robots, and humanoid robots generate appropriate motions

autonomously.
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1.2 Previous works

In the massive object transportation by robots, teleoperation by an operator
and autonomously generating an optimum motion based on a given task can be
considered as a method. There are difficulties in each method as mentioned in
Section 1. Previous researches about massive object transportation using manip-
ulator teleoperation by an operator and using autonomous humanoid robots with

the simple command are presented in this section.

1.2.1 Previous research for massive object transportation

using manipulator teleoperation by an operator

Generally, teleoperation using manipulator is performed by master-slave sys-
tem. The main problems of the massive object teleoperation are the time delay
and the unexpected huge force at the robot hand contacts with the massive target.
As disccusssed in [24], the time delay between a master system and a slave system

decreases the performance of operation.

Directly coupled master-slave teleoperation systems

The master arms and the slave arms are coupled directly in general teleoperation
such as [25]. In the case of the large communication delay, operator forced to do
“move and wait” strategy. It means that in every operation procedure, operator

must wait to see the result of the slave-arm data and continue the operation.

Teleoperation systems using virtual environment

Using a virtual environment, such as model-based teleoperation researches have
been performed [26][27][28]. However, an unexpected excessive force generated by
a modeling error in the geometric or dynamic properties of the slave arm and
the payload could be a problem using a virtual environment, such as model-based
teleoperation.

The employment of mixed force and motion commands has been proposed [28][29]
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to overcome the problem of modeling error in the teleoperation. However, in these
teleoperations, the master and slave arms are assumed to have the same sizes.
Therefore in massive-payload manipulation, these teleoperation systems cannot

be directly used.

Teleoperation systems considered the power scaling

In [30], the writers used a small size master-arm to operate an actual space
robot (ETS-VII manipulator). However, the force scaling was not considered,
and the contact force was the only feedback to the operator. In [25], the writers
considered the power scaling; however, if the communication delay is significant,

the method used in [25] may not be useful due to the teleoperation inefficiency.

1.2.2 Previous research for massive object transportation
using autonomous humanoid robots with the simple

command

There are many kinds of researches about the object transportation using the

humanoid robots.

The object transportation by one humanoid robot

In the case of the object which is small and light, the object is transported by
lifting (see Fig. 1.2 (a)). In [31], the object is lifted by dynamic motion. A method
of the object lifting for humanoid robots is proposed without knowing about the
information of object in [32]. In [33], a whole body contact motion is proposed for
lifting the object. In [34], lifting motion planning is proposed for CoG (Center of
Gravity) and humanoid robot hand trajectories. The balancing motion planning of
the humanoid robot is proposed in [35] when lifting the object. However, in these
researches, the mass of the transported object is not heavy. In order to overcome
these problems, the massive object which is too heavy for lifting is transported
by pushing in [36] (see Fig. 1.2 (b)). In [36], optimal posture and contact points

were studied. However, the cooperative transportation of the massive object and
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(a) Transport by lifting  (b) Transport by pushing
Figure 1.2: The object transportation by one humanoid robot.

the pulling task and the optimal pushing motion are not considered in [36]. Also,
the non-slip condition is not considered in [36], and it means that the feet of the

humanoid robot may slip when pushing the massive object.

The cooperative object transportation by humanoid robots

In the case of the object is too large for a humanoid robot, cooperative trans-
portation of humanoid robots is one of the appropriate approaches (see Fig. 1.3).
Therefore, many kinds of research have been performed on cooperation among
humanoid robots [37]. A modified transpose Jacobian controller is proposed for
object transportation by two humanoid robots in [38]. In [39], a symmetry posi-
tion/force hybrid controller is proposed for cooperative object transportation using
multiple humanoid robots. A cooperative stretcher manipulation with locomotion
is presented using small-sized humanoid robots in [40]. A cooperative method for
transport through floors and stairs by impedance control of humanoid arm and
the position control of humanoid legs are presented in [41]. The human and hu-
manoid cooperative tasks are presented in [42], [43]. [44], [45]. However, in these

researches, the object is not heavy and transported by lifting them.
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Figure 1.3: The cooperative object transportation by humanoid robots.

The massive object transportation using a cart

Using a cart is a good approach to overcome the output limitation of the hu-
manoid robot when transporting a massive object (see Fig. 1.4). In [46], a human
on a wheelchair is transported by humanoid robots. A small humanoid robot
transports the massive object using a cart in a cluttered environment with opti-
mizing the trajectory and motions in [47]. However, in order to use the cart, the
massive object must be lifted up for the first time. Also, it is difficult to use a cart

in the narrow space.

1.3 Research purpose and contribution

1.3.1 Reserch purpose

In this thesis, the massive object transportation by robots are peformed in two
methods as stated in Section 1.1. First is the massive object transportation using
teleoperation and second is the massive object transportation using two humanoid
robots.

In the massive object transportation using teleoperation, we proposed a mod-

ified model-based teleoperation method in order to overcome the problem of the
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Figure 1.4: The massive object transportation using a cart.

massive object transportation using teleoperation stated in Section 1.2. The pro-
posed model-based teleoperation method is suitable for the massive-payload ma-
nipulation considering the size differences between the master and the slave arms.

In the massive object transportation using two humanoid robots, the massive
object transportation using two humanoid robots by pushing/pulling without us-
ing a cart is proposed in order to overcome the problem of the massive object

transportation using humanoid robots stated in Section 1.2.

1.3.2 Contribution

The contributions of this thesis are as follows.

Contribution for the massive object transportation using teleoperation

Contributions for the massive object transportation using teleoperation are
force scaling and mitigation of the force generated between the end-effector and

the massive payload. In the very long time delay teleoperation of the massive ob-
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ject transportation, the unexpected excessive force due to the operator‘s scaled-up
commands are the key points. Therefore, the mitigation of the force generated
between the end-effector and the massive payload are proposed. Also, the virtual
environment is proposed, which is considered the force between the end-effector
and the massive payload. Therefore, an operator transports the massive payload

effectively by watching the proposed virtual environment.

Contribution for the massive object transportation using two humanoid

robots

1. Motion generation for pushing/pulling massive objects with two
humanoid robots using QP solver

As mentioned in Section 1.2; in the previous researches of the massive object
transportation by the humanoid robot, the massive object is transported by lifting
them. Therefore, the massive object transportation using two humanoid robots by
pushing and pulling is one of the contributions. Also, a realtime QP solver is used
to generate the optimized transportation motion of the humanoids in realtime. The
realtime QP solver selects the setting variable that minimizes the objective function
within the constraints in a short time. Therefore, even in the case of a humanoid
robot having many degrees of freedom, it can be optimized autonomously by using
the realtime QP solver. The joint torques are minimized by the objective function
when transporting the massive object, and the non-slip condition is satisfied as a
constraint.
2. Proposal of the prediction method of external force applied to foot
using virtual mass and foot acceleration

Generally approximated friction cone method is used as a non-slip constraint
of the humanoid robot feet in the QP problems (e.g. [48]). However, this method
has disadvantages such as the complexity of the equations and the long calculation
speeds as the approximate points increases. In this thesis, a wall pushing situation
is assumed to estimate the maximum reaction forces when transporting the massive
object. The wall pushing situation is reproduced by attaching huge virtual masses
to the end of limbs. The reaction force from the ground to the feet of the humanoid

robot is calculated simply by using the virtual mass of the foot and the acceleration
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of the foot. The calculation speed is about 1.64 times faster than the approximated

friction cone method.

1.4 Outline of the thesis

The thesis consists of six chapters.

Chapter 1 is an introduction of this thesis why this subject on massive objects
transportation by robots is chosen and researched.

In Chapter 2, as a way to transport the massive object, the method for massive
object transportation using teleoperation by an operator is presented. Commu-
nication delay, the excessive force generated at the hand of the slave arm due to
the massive object, and geometric/dynamic modeling error are critical problems
of the massive object transportation using teleoperation. A teleoperation system
using mixed force and motion commands is proposed to solve those critical prob-
lems. Also, the proposed teleoperation system is verified by hardware-in-the-loop
simulations.

In Chapter 3, as a way to transport the massive object, the method for massive
object transportation by one humanoid robot is presented. As a previous step
for the massive object transportation by two humanoids robots, massive object
transportation by a humanoid robot is performed. A scenario is assumed that the
target is very heavy for a humanoid robot to lift them. Therefore, the target (mas-
sive object) is transported by pushing or pulling. An optimized pushing/pulling
motion is generated by the realtime QP solver. The joint torque is minimized by
the objective function. The maximum reaction force is estimated by the proposed
virtual mass method. The pushing and pulling simulations are performed to verify
the proposed motion generation method.

In Chapter 4, as an extension of massive object transportation by one humanoid
robot, massive object transportation by two humanoid robots is presented. A
scenario is assumed that the target is very heavy for two humanoid robots to lift
them. Therefore, the target (massive object) is transported by one humanoid robot
is pushing, and the other is pulling simultaneously. The massive object (200 kg)

is effectively transported using the proposed method in the dynamic simulation.

10
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Also, the dynamic simulation of the same massive object transportation using a
conventional PD controller is performed and compared with the proposed method
to show the advantage of the proposed method.

In Chapter 5, the simulation of the intermittent pushing/pulling of the mas-
sive object (200 kg) by two humanoid robots is performed to transport the mas-
sive object further. In order to transport the massive object further, the step-
ping/recovering posture motion is generated after the pushing/pulling motion
without stepping. Also, the use of proposed method (QP) and the minimiza-
tion of the joint torque objective function are advantages of this research. In order
to show these advantages, the simulations of the massive object transportation
with QP and PD and QP without minimize joint torque objective function (QP
(w/o JT)) are compared with variation of massive object masses.

Chapter 6 summarizes the thesis and suggests future works.

11






Chapter 2 Hardware-in-the-loop
Simulation of
Massive-Payload

Manipulation on
Orbit

2.1 Introduction

As a way to transport the massive object, the method for massive object trans-
portation using teleoperation by an operator is presented in this chapter.

Space robotic manipulators have been operated in satellite orbit injection and
construction of the ISS (International Space Station). SRMS (Shuttle Remote
Manipulation System) and SSRMS (Space Station Remote Manipulator System)
are two examples of these manipulators which have been used by astronauts on-
site.

However, for both safety and financial reasons, there would no need to send
astronauts to space if such manipulation could be performed by teleoperating the
space robot from the earth.

Generally, satellites or modules of space structures have huge mass compared
to the robot arm. During the manipulation, excessive force might be generated
between the end effector of the robot arm and the massive payload, especially at
the start and end of the movement. Therefore, Astronauts must be very careful
when operating the robot. For teleoperating the robot arm from the earth during
a manipulation task, the communication delay and the unexpected excessive force

generated between the space robot and the massive payload are the two key issues.

13
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The communication delay between a master arm and a slave arm is known to
dramatically decreases the performance of the teleoperation [24]. The master arms
and the slave arms are coupled directly in general teleoperation (e.g. [25]). In the
case of the large communication delay, operator forced to do “move and wait”
strategy. It means that in every operation procedure, operator must wait to see
the result of the slave-arm data and continue the operation. Under communica-
tion delay, in order to perform teleoperation efficiently, semi-autonomy could be
a solution [49]. Using a virtual environment, such as model-based teleoperation
researches have been performed [26][27][28]. However, an unexpected excessive
force generated by a modeling error in the geometric or dynamic properties of the
slave arm and the payload could be a problem using a virtual environment, such
as model-based teleoperation.

The employment of mixed force and motion commands has been proposed [28][29]
to overcome the problem of modeling error in the teleoperation. However, in the
model-based teleoperation, the master and slave arms are assumed to have the
same sizes, and therefore in massive-payload manipulation, this teleoperation sys-
tem cannot be directly used. In [30], the writers used a small size master-arm
to operate an actual space robot (ETS-VII manipulator). However in their work,
force scaling was not considered, and the contact force was the only feedback to
the operator. In [25], the writers considered the power scaling; however, if the
communication delay is significant, the method used in [25] may not be useful due
to the teleoperation inefficiency, as mentioned above. In this chapter, we modify
the model-based teleoperation for application to massive-payload manipulation
considering the size differences between the master and the slave arms.

Moreover, a hardware-in-the-loop simulation (HILS) is employed to validate
the modified model-based teleoperation. In [50], several HIL simulators for space
robots were surveyed. In order to simulate the capture of space targets (for exam-
ple, satellites), HIL simulators for space robots have been developed [52][53][54].
However, to reproduce the space target motion, conventional serial robots are
used in most HIL simulators for space robots. Generally, since serial robots do not
move very quickly, the response delay is relatively large. HILS instability may be
caused due to the large response delay of the motion table (the robot arm used

to reproduce the space target motion) [55]. In this chapter, in order to validate
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the model-based teleoperation by simulating massive-payload manipulation, delay
time compensation [55] is applied to a parallel-robot-based HIL simulator [56].
The proposal for a modified version of model-based teleoperation using mixed
force and motion commands and the parallel-robot-based HILS of the massive
payload manipulation are the main contributions in this chapter. In the proposed
method, there are force scale-up for the command of the operator. Therefore, the
mitigation of the excessive force at the remote site due to the operator ’ s scaled-
up commands in a serious communication delay would be the key point. By
performing HIL simulations, the proposed method which mitigate the generated

force at the remote side was verified.

2.2 Hardware-in-the-loop (HIL) space robot sim-

ulator

2.2.1 Overview of space robot teleoperation system

In Fig. 2.1, a space robot teleoperation system is shown. In the space center on
earth, the master arms are manipulated by an operator. This task is performed by
observing the virtual environment and predicting the movement of the space robot
on orbit. A communication delay occurs during the transformation of the control
inputs from the master arms and the position data of the virtual arm to the slave
arm on orbit. When the slave arms contact with the payload or the environment,
the slave arms on orbit follow the motion commands generated by the master
arms on earth, and the contact force is locally controlled using force sensor data.
However, due to the communication delay, the slave arms’ position data arrive
at the space center on earth with a lag. Hence, at the moment of teleoperation,
the positions of the slave arms are unknown on earth. Simulated motions of the
slave arms (virtual arms) are displayed for the human operator to overcome the
communication delay problem. As well as the motion command generated by the
master arms, the simulated motion is also transferred to the slave arm controller
(see Fig. 2.1). In order to reduce the error between the slave arm and the virtual

arm, the position of the slave arm is modified by the motion of the virtual arms. In
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order to display the movement of the slave arm on the virtual environment, which
is superimposed on the movement of the virtual arm, the joint angle data of the
slave arm are transferred to the virtual environment. The system can be divided

into the slave system, the master system, and the hybrid motion simulator.

]
\/ Control input Sensor data
Local Feedback

Controller

K K

Control input |

Master-arm | 7| Virtual-arm

<

Position

Sensor data

Space center on earth On-orbit

Communication delay

Figure 2.1: A space robot teleoperation system.

2.2.2 HIL simulator

The HIL simulator [56] is composed of three main parts (6 axis force sensor,
X-Y motion table, HEXA-type motion table). For acquiring the external force, it
consists of a 6 axis force sensor, for reproducing the large translational movement
of the payload an X-Y motion table is employed, and for reproducing 6-DOF
guide movement, a HEXA-type [57] motion table is utilized. At the boundary
of the hardware and the software simulation, the force sensor is mounted. A
force and torque acting on the payload are measured by the force/torque (F/T)
sensor mounted in the HIL simulation. By solving a dynamic equation with the
measured force/torque data, the relative position and orientation are calculated
concerning the payload of interest. Eventually, the calculated relative position and

orientation are recognized on the hardware side by a servomechanism in real time
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(see Fig. 2.2). In [55], the response delay time compensation method is employed

to the hybrid simulator.

Physical Models k
o ey I Pick Up a Part of

Numerical Models
as Physical Models

@mulation Objects \y

(Numerical Models)

|->Physical Space —+>Numerical Space-l

Figure 2.2: The hybrid simulation.

2.2.3 Slave system

Two 7-DOF manipulators with a serial link mechanism and a camera head sys-
tem for monitoring the working environment form the slave system (see Fig. 2.3).
By panning and tilting, the camera head can detect the workspace. For grasping
the various payloads, a wrist camera, a 6-axis force sensor and a BarrettHand™
(Barrett Technology [58], LLC) are installed on each end effector. The force gen-
erated at the wrist of the slave arm is acquired by The 6-axis force sensor. To
grip a payload, the BarrettHand can open and close fingers. To obtain detailed

information about the environment with two different fields of view angle, the end

effector camera is utilized in addition to the camera head.
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( Slave System J

7-DOF PA10 Dual-Arm Robot 7-DOF PA10

(Right Slave Arm) (Left Slave Arm)
' Camerahead

F/T Sensor e BarrettHand

HEXA-type motion table )
Tip Camera

Figure 2.3: The slave system.

2.2.4 Master system

Two 6-DOF haptic interfaces with a parallel link mechanism compose the mas-
ter system (see Fig. 2.4) [59]. A NANO 5/4-A (Bl Autotec) force sensor is used in
the 6-DOF haptic interface. In this chapter, the 6-DOF haptic interface is used in
the joystick mode (the haptic device does not move and does not display forces in

the joystick mode). Finally, the virtual environment is represented on a monitor.
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Camera Monitor
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Master System

Figure 2.4: The master system.

2.3 Virtual environment and control law devel-

opment

2.3.1 Operation scenario

Conveying a massive payload by teleoperating a space robot is assumed as the
given task. A mounted grip on the HEXA-type motion table (Fig. 2.3) is supposed
to be a part of the massive payload. An F/T sensor mounted between the grip and
the HEXA-type motion table measures the force applied to the grip. The measured
force and torque are regarded as the external force applied to the massive virtual
payload. By solving a dynamic equation, the massive payload motion is calculated,
and the motion is generated by the HEXA-type motion table mounted on the X-Y
table.

In the operation scenario, to manipulate a massive payload, a human is assumed

to teleoperate a space robot arm (slave arm) from the earth.
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Figure 2.5: System block diagram.
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2.3.2 Control law

In Fig. 2.4, the haptic device is utilized as a master arm in the joystick mode.
An F/T sensor measures the force applied by the human operator to the stylus
of the master arm, and then the measured data is transformed into a velocity
command of the slave arm. In Fig. 2.5, a block diagram of the teleoperation
system is demonstrated.

The x; = [r] ¢! and v; = [] w!|T (i = m, vir, s, or t) are the six
dimensional position and velocity vectors, respectively. Subscripts m, vir; s, and
t, represent the master arm, virtual arm, slave arm, and massive payload, respec-
tively. ¢; and w; implicate a set of three variables for orientation (e.g., FEuler
angles) and the angular velocity vector, respectively. The derivative of x; is trans-
formed into v; by the matrix B(¢;) as v; = B(¢;)x;.

Geometric and dynamic modeling errors are two severe problems of the teleop-
eration with a communication delay. Since the operator on earth would not be able
to monitor the remote site in real time, if substantial discrepancies occur between

the real environments at the remote site and their models, it may not be possible

to catch/contact a payload with the slave arm via teleoperation. An unexpected
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excessive force can be generated between the slave arm and the payload due to the
significant discrepancies between the dynamic properties of the slave arm/payload
and those of the models. In [29, 28], model-based teleoperation using mixed force
and motion commands has been proposed to overcome those problems. In this
chapter, the model-based teleoperation [29, 28] is modified to manipulate a mas-
sive payload. The scaling modification between the master arm and the slave arm
is the main contribution of this chapter. In the original model-based teleoperation
using mixed force and motion commands [29, 28], the force and motion in both
arms (master and slave arms) were assumed to be of the same scale. However, to
manipulate massive payload by a large-sized slave arm in the manipulation task,
we need to scale up the force/motion command given by a human operator. In
the following sections, we present the modified model-based teleoperation using

mixed force and motion commands.

Control law of slave arm

The velocity command to the slave arm,v, (1), is given as follows:

v (t) = KGF,(t), (2.1)

Us,c(t) - 'vs,r(t - tdelay) - Kst(t) + KCB(ml)iT‘ (t - tdelay) - CL'S<t>)
—D(v,(t — At) — v4(t — 2At)), (2.2)

where f, is the reference force commanded by the human operator using the
master arm, f, is the actual force generated at the slave arm, G is a diagonal
scaling matrix between the force commanded by the master arm and the force the
slave arm is expected to generate. The force command f,, given by the human
operator must be scaled up for the slave arm to enable the slave arm to manipulate
the massive payload. The matrix G scales up the reference force. Substituting

(2.1) into (2.2), the following equation is reached:

Vso(t) = KJ(GF (= taciay) — F5(t)) + KcB(@uir(t — taciay) — Ts(t))
—D(vs(t — At) —vs(t — 2At)), (2.3)

21



Chapter 2 Hardware-in-the-loop Simulation of Massive-Payload Manipulation on
Orbit

v, is the reference velocity given by (2.1). @, is the position vector of the slave
arm. They are transferred from the earth and arrive at the space robot ¢4, later.
Hence, f,, and x,; used in (2.3) are tg4e1q, ahead of the local (space) time. x, is
the position vector of the slave arm, K. is a gain matrix for the restraint force,
f, is a force vector measured by the F/T sensor of the slave arm, and K, is a
diagonal force feedback gain matrix. D is a diagonal damping gain matrix. At
is the sampling period of the controller. The original model-based teleoperation
using mixed force and motion commands [29, 28] shows some unstabilities in HILS.
To solve this, the damping term (the last term of the right-hand side of (2.2)) is

added in our method.

Virtual arm

Xvir Xt

Figure 2.6: Virtual force.

In order to overcome communication delay (e.g., [28]), or unexpected happen-
ings (e.g., [60, 61]), model-based virtual robots between the real robot and the
master arm have been proposed. In order to compensate for the modeling error in
dynamic properties as well as to overcome the communication delay, the virtual

arm is implemented. As shown in the second term of the right-hand side of (2.2),
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the difference in the positions between the virtual slave arm and the real slave arm
is feedback to the real slave arm control. This term helps decrease the positioning
error made by the modeling error in the dynamic properties of the slave arm. The

reference velocity of the slave arm is also transferred to the virtual arm as follows:
Vyirs(t) = vs,(t) = K,Gf,,. (2.4)

Similar to the velocity command to the slave arm (2.2), the velocity command to

the virtual arm is given as follows
Vyir,e(t) = Vpiry (t) — Ksf i (t) — D(Vyir (t — At) — vy, (t — 2At)), (2.5)

Toir (1) = Ty (t — At) + B v, (1) At, (2.6)

where v, is the velocity of the virtual arm. The matrix B™! transforms v,
into @,;-. In order to predict the movement of the slave arm and present it in the
virtual environment, the virtual arm control law is almost the same as the slave
arm control law. When high-ratio reduction gears are employed at the joints of
the the slave arm, v, can be approximated by v, (see Appendix ?77?).

The contact force between the massive payload and the end effector of the
slave arm in the virtual environment is simulated by a spring-damper system, as

demonstrated in Fig. 2.6. f;, is simulated as follows:

Foir(t) = =K B(@y; (t — At) — i (t — At)) — Dy(vy-(t — At) — vy (t — AL)), (2.7)

where K is a spring constant matrix, D, is a viscosity coefficient matrix, @, is a
position vector of the virtual massive payload, and v, is a velocity vector of the
payload. The massive payload acceleration is represented by

(2.8)

vy(t) = M f (1), M= [mE ° ]

0 I

where m is the mass, E € R3*? is an identity matrix, and I € R3*3 is the massive
payload inertia tensor. A satellite or a module of a space structure can be the
massive payload, and hence m and I are known (they can be obtained from the
design parameter). However, a modeling error might be included in the inertia

matrix M. Using (2.8)—(2.10) the position of the payload is estimated, we can
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infer that an estimation error is caused by the modeling error in M in (2.8). The
coupling term in the slave arm controller compensates for the position error caused
by the modeling error (the third term of the right-hand side of (2.2)).

The position and velocity of the massive payload are calculated by

vi(t) = vyt — At) + D, (t) At (2.9)
x,(t) = z,(t — At) + B~ v, (t)At. (2.10)

2.3.3 Virtual environment
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Figure 2.7: Virtual environment.

The virtual environment was made for the operator by computer graphics to
show the movement of the target, slave arm, and virtual arm. By assuming high
reduction gear ratios at the joints, the velocity of the virtual arm, v,;,, was approx-
imated (As discussed in Section 3.2.3). In the virtual environment, the dynamics

of the massive payload was only considered (2.7)—(2.10). For computing the force
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Table 2.1: Payload mass and inertia
Mass [kg] Inertia [kgm?|
500 diag [7.47 7.60 7.61]
3000 diag [44.82 45.61 45.64]

Table 2.2: Gain parameters of the experiment
K, | diag [80/1000 80/1000 80/1000 0 0 0]
K, diag [1/1400 1/1400 1/1400 0 0 0]

D diag [0.3 0.3 0.3 0 0 0]
K, | diag [746000 746000 746000 0 0 0]
D, diag [1000 1000 1000 0 0 0]

feedback term of the velocity command (2.5), the dynamics of the massive pay-
load is used ((2.7)—(2.10)). The video frame rate is 33 ms, which is much bigger
compared to the virtual environment calculation time (1 ms/loop). In Fig. 2.7,
the virtual arm, and the massive payload are displayed on a screen from the four
different viewpoints. On the computer graphics, it is also possible to zoom the
camera. A solid model is used to display the motions of the virtual arms. By
superimposing the joint data transferred from space with a wireframe model on
the motion of the virtual arms, the slave arms motions are created. This can be

used to check whether the slave arm follows the virtual arm after a time delay.

2.4 Verification experiments

2.4.1 HIL simulation validity

In order to confirm the validity of the system, HIL simulations were performed.
The slave arm grasps a massive payload of 3,000 kg and pulls it along the x-axis at
a speed of 0.01 m/s for 20 s, in the HIL simulation. In Table 2.1, the experimental
assumption of the mass, and inertia of the virtual payload are presented.

Instead of human teleoperation, the step input of the reference velocity of v,
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Figure 2.9: Force of slave arm(x-axis).

= 0.01 m/s was given in the HIL simulation. Using (2.2) with v, = 0.01 m/s, the
velocity command v, . is calculated. The plot of the v,,, vs., and v, during the

HIL simulation are demonstrated in Fig. 2.8. By employing force feedback, the end
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effector velocity v reduces and asymptotically converges to v,, (0.01 m/s). The
measured forces by the wrist force sensor of the slave arm are shown in Fig 2.9.
A momentum of 30 Ns is necessary to produce the acceleration and increase the
velocity of the massive payload velocity into 0.01 m/s. A step reference velocity
vs, = 0.01 m/s was given at t = 176.5 s and v, almost converged to v, at t = 186
s. f, plotted in Fig. 2.9 was integrated from 176.5 s to 186 s, and the integral value
was 28.43 Ns. The velocity of the massive payload is assumed to be almost the
same as the velocity of the slave arm. Therefore, the massive payload movement
in the HIL simulation almost agrees with the theory. There is an approximately
5% error in the momentum required to accelerate the massive payload from 0 to
0.01 m/s. The applied force is adequately mitigated by the force feedback term of
the control law of the slave arm, and the velocity of the slave arm asymptotically

converged to the given reference velocity.

2.4.2 The results comparison of with and without force

feedback

In order to verify the effectiveness of the force feedback in (2.2) in reducing
the resultant force during the massive-payload manipulation mission, another HIL
simulation was performed. A huge force will be generated between the payload and
the end effector of the slave arm when a virtual payload of 3,000 kg is manipulated
in a HIL simulation without force feedback. Hence, there is a risk that the slave
arm used in this chapter would get broken. Therefore, instead of a 3,000 kg
payload, a payload of 500 kg is used as the massive payload in the HIL simulation.

The slave arm grasped and pulled the massive payload of 500 kg for 1 min at
a speed of 0.01 m/s along the x-axis with and without force feedback. The force
generated between the slave arm and the payload in an automatic manipulation
experiment for the payload of 500 kg without force feedback is demonstrated in
Fig. 2.10. As shown in Fig. 2.10, a maximum force of 23 N was generated when
the payload was grasped and pulled during the non-feedback experiment. Lastly,
the arm stopped pulling (see Fig. 2.10). The automatic manipulation experiment

of the 500 kg payload with the force feedback is demonstrated in Fig. 2.11. As
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Figure 2.10: Force and position of slave arm without force feedback.
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Figure 2.11: Force and position of slave arm with force feedback.

shown in Fig. 2.11, a maximum force of 18 N was generated when the payload was

grasped and pulled during the experiment with force feedback. Lastly, the arm

stopped pulling (see Fig. 2.11). The generated force was kept small during the

manipulation task. In order to compare the results of the experiments with and

without force feedback, the mean square error of f, is calculated as follows:

1 oo
MSE(F.) = v YOI (211)
t=0

where N indicates the number of data items. When the force feedback was applied
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and was not applied, MSE(f,) was 5.41 N? and 15.35 N2, respectively. Thus, it
can be concluded that in order to reduce the force generated at the slave arm
during the massive payload manipulation, the force feedback in the slave arm

controller is beneficial.

2.5 HIL simulation of massive-payload manipu-

lation

2.5.1 Scenario of experiments

The HIL simulations were performed in two types (HILS 1 and HILS 2).

First, in the HILS 1, the slave arm grasped and transferred a 4,500 kg virtual
massive payload along the x-axis at a constant speed of 0.01 m/s for 20 s. Next,
in the HILS 2, the slave arm grasped and transferred a 4,500 kg virtual massive
payload along the x-axis by human teleoperation with a communication delay of
5 s. The input values for the y- and z-axes components are assumed to be zero in
the teleoperation experiment.

In [28], the authors verified the effectiveness of the model-based teleoperation
using the mixed force and motion commands for the communication delay prob-
lem by performing a teleoperation experiment between German Aerospace Center
(DLR, Germany) and Tohoku University (Japan). In this chapter, we verified the
effectiveness of the modified version of the model-based teleoperation for massive-
payload manipulation.

The result of the virtual payload manipulation of 4,500 kg simulation is pre-
sented in this chapter, although two similar HILSs were carried out with virtual
payloads of 3,000 kg and 6,000 kg. In Table 2.3, the mass, and inertia used in
the HILS are demonstrated. The same gain parameters used in the experiments

presented in Section 2.4 were employed in this experiment.
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Table 2.3: Mass and inertia parameters of the payload (4500 kg)

Mass [kg] Inertia [kgm?]
4500 diag [67.22 68.42 68.46]

25 T T T T T T T T 0.7

Force [N]
S o
= o
Position [m]

<
w

Position of slave arm(x-axis) — -

Force of slave arm(x-axis) —— | 0-2
151 Force of virtual arm(x-axis) ——
_20 1 1 1 1 1 1 1 1 0' 1
155 160 165 170 175 180 185 190
Time [s]

Figure 2.12: Slave arm and virtual arm forces (x-axis) (in HILS 1).

2.5.2 The end effector force comparison between the slave

arm and the virtual arm (HILS 1)

The end effector force of the slave arm generated along the x-axis is compared
with that of the virtual arm (see Fig. 2.12) to evaluate the accuracy of the simple
virtual force model demonstrated in Fig. 2.6.

Although the simple spring-damper model did not reproduce the oscillation
of the force, this model reproduced the mean value of the force with adequate
accuracy. it can be concluded that by employing the simple spring-damper virtual
force model, the dynamics of the massive payload of the slave side was modeled

suitably.
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2.5 HIL simulation of massive-payload manipulation

2.5.3 The end effector position comparison between the

slave arm and the virtual arm (HILS 1)

In Fig. 2.13, the positions of the end effectors of the slave and virtual arm along
the x-axis are demonstrated. In Fig. 2.13, since the positions of both arms along
the y- and z-axes were almost constant and identical, the positions of arms along

the x-axis are only demonstrated.

0.55 . .

Reference(x-axis) --------
Slave arm(x-axis)

0.5

0.45

0.4

Position [m]

0.35

0.3

155 160 165 170 175 180 185 190

Time [s]

0.25

Figure 2.13: Slave arm and virtual arm positions (x-axis) (in HILS 1).

In HILS 1, the motion of the virtual arm almost agrees with the motion of the
slave arm (note that the time delay was zero) since the position of the virtual arm
was sent to the slave arm, and it was used in the slave arm control (the third term

of the right-hand side of (2.2)).

2.5.4 The end effector force comparison between the slave

arm and the virtual arm (HILS 2)

The end effector force along the x-, y-, and z-axes of the slave arm and the end

effector position along the x-axis of the slave arm are demonstrated respectively in
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Fig. 2.14. The reference velocity of the slave arm provided by human teleoperation

is demonstrated in Fig. 2.15 (see (2.4)).

T T T T T T T T 0,7
20
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— E
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30 | Force of slave arm(y z-axis) —
Position of slave arm(x-axis)---- 01
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Time [s]

Figure 2.14: Slave arm force and position (x-axis) (in HILS 2).
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Figure 2.15: Slave arm reference velocity (x-axis) (in HILS 2).
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2.5 HIL simulation of massive-payload manipulation

In HILS 2, since the end effector reference velocity vs, generated by human
teleoperation tends to be bigger than the constant reference velocity v, = 0.01
m/s given in HILS 1 (see Fig. 2.15), the maximum end effector force generated in

HILS 2 was larger (approximately 28 N).

Time on earth (virtual arm) [s]
1|55 1|65 175 1|85 1?5 2|05 2|15 2|25
20 + -

10

Force [N]

—_
o

BO
S

| Force of virtual arm(x-axis)
Force of slave arm(x-axis)

o
S
T

160 170 180 190 200 210 220 230

Time on orbit (slave arm) [s]
Figure 2.16: Slave arm and virtual arm forces (x-axis) (in HILS 2).

The generated forces at the slave and virtual arms are demonstrated in Fig. 2.16.
Note that in order to compare the results of the slave and virtual arms, the time
axis on earth (for the virtual arm) is shifted 5 s later for the time axis on orbit
(for the slave arm) (see Fig. 2.16 and Fig. 2.17).

As shown in Fig. 2.16, although a small oscillation of the slave arm force was
not reproduced in the generated force at the virtual arm, the force simulation was

achieved appropriately.
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Figure 2.17: Slave arm and virtual arm positions (x-axis) (in HILS 2).

2.5.5 The end effector position comparison between the

slave arm and the virtual arm (HILS 2)

The end effectors positions of the slave and virtual arms are demonstrated in
Fig. 2.17. In HILS 2, the maximum position error between the arms positions was
0.002 m, which was slightly higher than the error in HILS 1.

Thus, we can claim that the motion of the slave arm was predicted by the

motion of the virtual arm appropriately.

2.6 Summary

In this chapter, we proposed a teleoperation system for a massive payload trans-
portation task. By performing hardware-in-the-loop simulations (HILSs), we ver-
ified the proposed control strategy.

It is demonstrated that the reduction of the generated force between the slave

arm and the massive payload is achieved properly using the proposed control law.
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2.6 Summary

Furthermore, a virtual arm control law is proposed to reproduce the dynamics of
massive payloads in a virtual environment. To verify the proposed system, several
HILSs were performed, and the results of the simulations were compared for the
situations when the force feedback term is applied or not. Our method verified
that by reducing the generated force between the end effector and the massive
payload, the massive-payload manipulation task can be achieved. In the virtual
environment, the movements and forces on the slave side were well reproduced,
and the HILSs of massive payload transport were conducted under a time delay. In
future work, the modified version of the model-based teleoperation will be utilized

in more complex tasks.
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Chapter 3 Massive Object
Transportation by a
Humanoid Robot

3.1 Introduction

As another way to transport the massive object, the method for massive object
transportation using the autonomously generating an optimum motion based on
a given task is presented in this chapter.

There are some researches to transport the massive object with lifting up by
humanoid robots [35], [38] and [62]. However, these researches cannot deal with
the massive object that cannot be lifted up due to the heavy mass of the object.
There are some other researches using a cart to transport the massive object that
cannot be lifted up [63] and [46]. However, when using a cart, it is necessary to
lift massive objects once, and it is difficult to use the cart in a narrow place.

In this chapter, one humanoid robot pushes/pulls the massive object which
cannot be lifted up to move it.

The external force is generated, when humanoid robot pushes the massive ob-
ject. The external force has to be estimated to control the humanoid robot not
to slip or fall. However, it is hard to estimate the exact external force, due to the
friction between the ground and the massive object. In this research, the maxi-
mum value of the external force which indicates the risk of slipping is estimated,
instead of the exact external force caused by friction. Also, in order to generate an
optimum pushing/pulling motion for humanoid robots with less joint torque and
constraints such as non-slip, realtime QP solver [64] is used.

In this chapter, the pushing and pulling simulations of massive object trans-

portation by one humanoid robot are performed to verify the proposed method.
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Figure 3.1: Pushing wall situation

3.2 Massive object transportation using quadratic
programming

3.2.1 Humanoid robot model and dynamic simulator used

in simulation

There are many sizes of humanoid robots. The small-sized humanoid robots
such as HOAP [65], Robotics OP2 [66], ASIMO [67] and PLEN [68] have the
advantage of the light weight and the chipper cost. However, these small-sized
humanoid robots are not suitable for the massive object transportation task due
to the output power limition. Therefore, the full-sized humanoid robots such as
HRP [69], Atlas [70], PETMAN [71], TALOS [72] and REEM-C [73] are appropri-
ate for the massive object transportation tasks.

In this chapter, the full-size humanoid robot is used for the massive object

transportation. For the simulations, a dynamic simulator OpenHRP ([74]) using
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3.2 Massive object transportation using quadratic programming

a model of HRP-2A (32-DOF)([75]) was employed to perform the manipulation in
which the humanoid robot HRP-2A pushes/pulls a massive object without step-

ping.

3.2.2 Assumptions

In the pushing task, a quadratic programming solver was used to optimize the
joint torques. Due to the large friction between the object and the ground during
the pushing/pulling task, it is not easy to predict if the object moves or not.
Hence, in most cases, predicting the reaction force is not possible. So in this work,
the maximum reaction force was estimated by assuming the object as a fixed wall
. Huge virtual masses were attached to the hands and feet in motion generation
to reproduce the wall pushing situation. A massive movable object was used in

the verification simulation.

3.2.3 Control laws

Objective function for optimizing torque

The humanoid robot is modeled as a free-floating robot, in which momentum
and angular momentum are conserved. Inertial forces of the virtual heavy masses
were used as constraints. The dynamic equation of a free-floating robot is com-
monly given by:

H*(¢)p + ¢ (¢,6) +g(¢) = T, (3.1)
H* € R™" is the generalized mass matrix ([76]), n is the number of the humanoid
joints, ¢* € R" is the centrifugal and Coriolis term, g € R" is the gravity term,
T € R" is the joint torques and ¢, ¢, ¢ € R" are the joint angle, joint angular
velocity and joint angular acceleration, respectively. In H* and c*, instead of the
external forces at the hands and feet, virtual masses are applied. The joint torques

are normalized using the maximum joint torques as follows:

Tmixl 0
0 1

Tmax,n
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Squared normalized torque with maximum torque
min 717, (3.3)

is used to generate the objective function of the QP solver. Substituting (3.1) with

(3.3), the objective function is derived as follows:

min o' H'NTNH"$+2N(c" + g)NH* (3.4)

In this equation, the terms which do not include joint angular acceleration are

omitted since the setting variable is the joint angular acceleration.

I. Equality constraint

As an input for the reference hand position, the following equality constraint is

employed:

Phana = Jrend + Jpeud (3.5)

Dhand> Phands Phang € R° are hand position, velocity and acceleration, respectively.
J g € R%%™ is the Jacobian matrix from the foot to hand. From the reference

hand position, the desired hand acceleration is calculated as follows:

Z.jhand = Kp(pr - phand) - Kvphand (36)

K, K, are gain matrices. p, € R is the reference position of the hand. By
substituting (3.6) with (3.5), the equality constraint of the joint acceleration is

given.

I1. Inequality friction constraint

Let fp = [fre fry fr:)" be the ground reaction force generated at the
supporting foot. fp represents the combined ground reaction force during the
double support phase,. The robot is assumed to push the object along x-axis. The
following inequality constraint is applied to satisfy the presence of the frictional

contact between the supporting foot and ground:
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3.2 Massive object transportation using quadratic programming

Figure 3.2: Approximated friction cone

1 1 P
pfre > \/f%x‘l'f%y:wfm, 6 ~ tan f_;:;’ (3.7)

where g is the static friction coefficient. In most QP-based humanoid motion
generation, coulomb friction constraint of the contact force is formulated using

approximated friction cone (see Fig. 3.2) as follows:

Fr= sz‘,@i, pi = 0, (3.8)
i=1

where 3, € R? are the basis vectors and p; are the coefficients. When every p; are
positive, and the ground reaction force f is in the approximated friction cone.
However, the computational cost of using the inequality constraint given by
(3.8) in QP solver is very high. Hence, the inertial force generated at the supporting
foot is used as the friction constraint instead of the approximated friction cone. In
motion generation, a humanoid robot is modeled as a free-floating robot (described
in section 3.2.3). In this model, the gravitational force only affects the robot body

and does not influence the virtual masses attached to the supporting foot and
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Figure 3.3: Simulation loop overview

hands. In this model, slight movements of the supporting foot and hands are
allowed since the robot is free-floating.

Let Moot(vir), Proor € R, and Gpurpreary € R* be the virtual masses attached to
the supporting foot (or both feet at the double support phase), acceleration vector
of the supporting foot, and the gravitational term acting on the supporting foot,

respectively. The ground reaction force is given by

fF = MfOOt(UiT)ﬁfoot + gpart(real)? (39)

In (3.9), the centrifugal and Coriolis terms are omitted due to the diminutive
movement of the CoM. The inequality friction constraint is given by substituting
(3.9) with (3.7). Since 6 in (3.7) is a nonlinear function of fp, and fg,, it is not
easy to apply the inequality friction constraint in QP solver. The ground reaction
force is the reaction of the pushing force generated by the hand position command

p, in (3.6).
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3.3 Massive object transport simulation

D oot 18 Obtained from (3.10).

Drow =J o+ T (3.10)

J* € R¥*™ is the generalized Jacobian matrix([76]) from the waist to foot. Since
J* also reflects the movement of the waist on the foot, p;,, can be obtained by

time derivation of J*¢. Also for J*, virtual mass is applied to hand and foot links.

III. Inequality joint constraint

The following inequality constraint ([77]) is used as a joint limit condition.

PN < G < pmax (3.11)

q'gmin = maX[ﬂp(QSmin - ¢)a Mv(émin - ¢)]

¢ = min{pt (Gmax — 0); Ho(Pmax — )]

pp > 0, p, > 0 are gain parameters. @™ ¢™ are minimum and maximum

limitation of joint angular acceleration respectively. (ﬁmi“, #™ are updated in

every loop of the simulation. Figure 3.3 describes the entire simulation loop.

3.3 Massive object transport simulation

3.3.1 Overview of simulation

In this chapter, the pushing and pulling simulation of massive object trans-
portation is performed. The mass of the massive object used in both simulations
is 25 kg. The virtual mass at each foot and hand are 1000 kg and 500 kg, respec-
tively. The coefficient of the static friction is 0.8. The coefficient of the kinetic
friction is 0.6. The same friction coefficients are applied between the floor and the
massive object and between the floor and the humanoid robot feet.

The free-floating and virtual mass models are used in the pushing/pulling mo-
tion generattion so that (3.3) is minimized subject to (3.5) (3.7), and (3.11). In
OpenHRP Simulator, the generated motion is simulated. As illustrated in Fig. 3.3,
the next motion is generated online by referring to the simulation results. During

each loop of the dynamic simulation, the desired motion is generated.

43



Chapter 3 Massive Object Transportation by a Humanoid Robot

Figure 3.4: Pushing simulation overview

3.3.2 Pushing simulation

The massive object gets tilted in the pushing direction due to the friction,

during the pushing task. A reference command is placed in both the positive
direction of z-axis and negative direction of z-axis to suppress the effect of the
titled object. prana. + 0.045 m and ppang. — 0.006 m are the reference command
positions of the x-axis and z-axis, respectively. The reference command is defined
as the initial position of the other axes; therefore the initial position of these axes
is constant.
Result of the force/torque sensors (pushing) In the pushing simulation,
the object is pushed by the robot to the positive direction of the z-axis. The
reaction force is detected using the the wrist force sensors of the robot. Therefore
the detected forces along z-axis are negative (see Figs. 3.5 and 3.6). frs., frsy,
frs. are the force sensor data of each axis. In Figs. 3.7 and 3.8, Cond = pfrs, —
\/[Rss + f%sy is demonstrated to make sure that the non-slip condition is fulfilled.
The force generated along the z-axis is sufficiently more significant than the forces
generated along the x and y-axes. Therefore, we can claim that the pushing task
is performed without slipping. In Figs. 3.9 and 3.10, only the torque in y-axis is
about 38 Nm, due to the massive object tilting during the pushing task, and the
torques in z and z-axes are almost zero. In Figs. 3.11 and 3.12, only the torque in
y-axis vibrates around 0 Nm, and the torques in x and z-axes are almost zero.

Result positions of the right and left-hand (pushing) In the pushing sim-
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Figure 3.5: Right hand forces (pushing)
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Figure 3.6: Left hand forces (pushing)
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Figure 3.7: Right foot forces (pushing)
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Figure 3.8: Left foot forces (pushing)
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Figure 3.9: Right hand torques (pushing)
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Figure 3.10: Left hand torques (pushing)
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Figure 3.11: Right foot torques (pushing)
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Figure 3.12: Left foot torques (pushing)
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Figure 3.14: Left hand positions (pushing)
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Figure 3.15: The force sensor data vs estimated force in right foot (pushing)

ulation, positions of the both hand in y and z-axes are almost constant, as shown
in Figs. 3.13 and 3.14. The hands moved along x-axis about 0.39 m.

Comparison between the force sensor data and the estimated maximum
force in foot (pushing) In Fig. 3.15, Cond = pufr.—/ f, + f#, is demonstrated
to make sure that the non-slip condition is fulfilled. We can claim that the non-slip
condition is conservatively fulfilled since the value of the estimated force in the

x-axis is greater than the value of the force sensor.

3.3.3 Pulling simulation

The massive object gets tilted in the pulling direction due to the friction, during
the pulling task. A reference command is placed in both the negative direction of
x-axis and positive direction of z-axis to suppress the effect of the titled object.
Phand,z —0.045 m and ppang . +0.006 m are the reference command positions of the
r-axis and z-axis, respectively. The reference command is defined as the initial
position of the other axes; therefore the initial position of these axes is constant.
Result of the force/torque sensors (pulling) In the pulling simulation,
the object is pulled by the robot to the negative direction of the x-axis. The
reaction force is detected using the the wrist force sensors of the robot. Therefore

the detected forces along z-axis are positive (see Figs. 3.17 and 3.18). In Figs. 3.19
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Figure 3.17: Right hand forces (pulling)
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Figure 3.19: Right foot forces (pulling)
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Figure 3.24: Left foot torques (pulling)
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Figure 3.25: Right hand positions (pulling)

25



Chapter 3 Massive Object Transportation by a Humanoid Robot

1 F ]
— 0.8 - phand,xl— E
_E, 06 L Phand,yl i
g 0.4 L phand,zl— i
2 0.2f :
2 0 j
02} -
0.4 i
0.6 - - - -
0 0.5 1 1.5 2
Time [s]
Figure 3.26: Left hand positions (pulling)
400
= 300 %
> 200 |
~
S 100}
0
100 ' ' ' '
0 0.5 1 1.5 2
Time [s]

Figure 3.27: The force sensor data vs estimated force in right foot (pulling)
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3.4 Summary

and 3.20, The force generated along the z-axis is sufficiently more significant than
the forces generated along the x and y-axes. Therefore, we can claim that the
pushing task is performed without slipping. In Figs. 3.21 and 3.22, only the torque
in y-axis is about -38 Nm, due to the massive object tilting during the pulling task,
and the torques in x and z-axes are almost zero. In Figs. 3.23 and 3.24, only the
torque in y-axis is about -4 Nm, and the torques in x and z-axes are almost zero.
Result positions of the right and left hand (pulling) In the pulling simula-
tion, positions of the both hand in y and z-axes are almost constant, as shown in
Figs. 3.25 and 3.26. The hands moved along x-axis about 0.20 m.

Comparison between the force sensor data and the estimated maximum
force in foot (pulling) In Fig. 3.27, We can claim that the non-slip condition is
conservatively fulfilled since the value of the estimated force in the x-axis is greater

than the value of the force sensor.

3.4 Summary

In this chapter, the robot motion generation problem is discussed in the mas-
sive object transportation task using a humanoid robot. In the proposed motion
generation, a free-floating model is utilized and virtual masses are applied at the
end of the limbs as the constraint.

The feet and hands acceleration are used to assess the constraint forces. Then,
these forces are used as the inequality constraint conditions of the QP problem.

The motions of the pushing/pulling massive object are generated online using
a real-time QP solver. By performing dynamic simulations using OpenHRP, the
generated motions are verified.

The motion generation method proposed in this chapter will be extended to

the motion generation of multiple humanoid robots acting on a cooperative task.

57






Chapter 4 Massive Object
Transportation by

Two Humanoid
Robots

4.1 Introduction

As an extension of massive object transportation by one humanoid robot dis-
cussed in chapter 3, this chapter presents massive object transportation by two
humanoid robots.

There are previous researches which transport the massive object by cooper-
ation of humanoid robots. In [39], a symmetry position/force hybrid control for
cooperative transportation by multiple humanoid robots are proposed. In [38],
cooperative transportation by enhancing the trackability of given trajectory of the
two humanoid robots are performed. In [40], two small humanoid robots hold a
single object and considered as a quadruped robot. However, in these researches,
the target was light enough to lift up by humanoid robots.

On the other hand, there are some researches to use a cart to transport the
massive object [47], [46]. However, when using a cart, it is necessary to lift massive
objects once, and it is difficult to use the cart in a narrow place.

In order to overcome this problems, a scenario is assumed that the massive
object is too heavy to lift up, and carts cannot be used. The massive object mass
is 200 kg which is 3 times heavier than the mass of the humanoid robot. Therefore,
the humanoid robot pushes a massive object and the other humanoid robot pulls
the object simultaneously.

The external force is generated, when humanoid robot pushes the massive ob-
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Figure 4.1: Concept of wall pushing/pulling situation

ject. The external force has to be estimated to control the humanoid robot not
to slip or fall. However, it is hard to estimate the exact external force, due to the
friction between the ground and the massive object.

Instead of estimating the exact external force, the maximum reaction force is
estimated in this research. The maximum reaction force is estimated as Fig. 4.1,
assuming that the huge virtual masses are attached to the end of the limbs of
humanoid robots.

There are some researches for the cooperation task for humanoid robots to
transport the object using QP solver [42]. In [42], contact force and robot posture
are stabilized by using a QP solver. However, in [42], external forces are not
considered such as frictions between the ground and the massive object. In this
research, in order to generate the massive object transportation motion with less
joint torque and without slipping of feet due to the friction, a realtime QP solver
is used to optimize the joint torque when transporting the massive object with
constraints such as non-slip condition [64].

In this chapter dynamic simulations of massive object (200 kg) transportation
by two humanoid robots were performed. In order to show the advantage of
proposed method, the simulation using a conventional PD controller is performed

and the result of two simulations (QP vs PD) are compared.
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command command

pulling } waiting pulling } pushing

Leader Follower Leader Follower
(a) Leader-Follower type
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pulling; Wushing

Robot I Robot I
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Figure 4.2: Two types of multiple humanoid robots cooperation.

4.2 Quadratic programming based online opti-

mal motion generation

4.2.1 Assumptions

Generally, there are two types of multiple humanoid robots cooperation (see
Fig. 4.2). In the leader-follower type, the follower recognizes the movement of
the object since the leader starts to transport the object. The force sensor of the
follower’s hand helps it to realize the commencement of the motion, and then the
robot can start to carry the object subsequently. If the object is too heavy to
transport by one humanoid, since the follower cannot recognize the force caused
by the movement of the target object, the leader-follower type cannot be utilized.

Therefore in this chapter, the symmetry type is used.
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A model of HRP-2A (32-DOF), and a model of HRP-2 (30-DOF) [75] are em-
ployed to perform dynamic simulations in an OpenHRP [74]. In this simulation,
the HRP-2A and HRP-2 humanoid robots are assumed to push and pull a massive
object simultaneously without stepping, respectively. Furthermore, the object is
considered to be too heavy to lift, so the humanoid robots grasp a part of the
object and transport it by a simultaneous pulling and pushing action. Hence there

is no slippage between the hands and the object.

4.2.2 Pushing/pulling motion generation

For both pushing and pulling humanoid robots, the same motion generation

algorithm is applied.

Objective Function

For motion generation, a free-floating robot model is employed. The momentum
and angular momentum are conserved in the free-floating robot mode. Using
inertial forces of virtual heavy masses, constraints are modeled. The dynamic

equation of a free-floating robot is generally given by:

H*(¢)$ + c* (¢, d) +g(¢p) = T, (4.1)

where H* € R™*™ is the generalized mass matrix [76], n is the number of the robot
joints, ¢* € R" is centrifugal and Coriolis term, g € R” is the gravity term, 7 € R"
is the joint torques and ¢, ¢, ¢ € R" are the joint angle, joint angular velocity and
joint angular acceleration, respectively. As stated earlier, virtual heavy masses are
attached at the ends of the limbs to represent the frictional force applied to the
feet from the ground and the reaction force applied to the hands from the massive
object. However the gravitational force is applied to the humanoid robot, the
attached virtual heavy masses are assumed to be free-floating. The pulling and

pushing motion of the robots are generated independently. Using the maximum
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4.2 Quadratic programming based online optimal motion generation

joint torques, the joint torques are normalized as follows:

Tmrllccl 0
T, =NT, N= . (4.2)
0 1

Tmax,n

The following objective function is employed in the motion generation:

F (T, Pd, Phand) = W1 T Ty + w3 Bo(Pa — Phand) || (4.3)

where to extract = and z components are extracted from the Bp matrix. (for the

coordinate system see Fig. 4.3) given by

100000
Bo = .
[001000]

wi, wy are weight coefficient. py, p,, and Pp..q are the six dimensional desired,
reference and actual hand position vectors, respectively. py is given as follows:
ﬁd - Kp<pr - phzmd) - Kvphzmd (44)

where K, and K, are diagonal gain matrices. In order to generate the push-
ing/pulling forces of the robots, the reference hand position p, is designed. The

actual hand acceleration vector is calculated using

Phand = Jrnd + Trind, (4.5)

where ¢ is the joint angle vector, and Jp;p is the Jacobian matrix from the foot to

the hand. The objective function (4.3) can be written as function of ¢ as follows:

F($) = wi{$"H'N'NH'$+2(c' +9N'NH'$}  (46)
+w; { " Ty BEBodrund
+2(¢" Thyy — ﬁdT)BgBoJFtHdu)} + N,

where N, is the non-linear term without the joint acceleration and is given by:

N, = w(c"+g)"N'N(c" +g) (4.7)
+ws { B BEBoba+ (¢" Tk — 261) BbBodrund |
In order to minimize the objective function F' given in (4.6) subject to the equal-

ity /inequality constraints, the QP problem is used to find the joint acceleration

vector ¢ In the following subsections, the constraints are defined.
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Figure 4.3: Overview of simulation loop

Hand reference input constraint

The following equality constraint constrains the orientation and the movement

along the y-axis of the hands (see Fig. 4.3):

Bcﬁhand - Bcjjd7 (48)

where B, is a matrix to extract y and postural components given by:

[0 0 0]
0 00
0 10|
0 0 1]

1 00
0 01
000
000
Paq and Ppang are given by (4.4) and (4.5), respectively. By solving the QP problem
using the objective function (4.3), the hand acceleration along = and z axes are

achieved (see Fig. 4.3). However, in the QP problem, the hand acceleration along

x and z axes are bounded by following inequality constraints:
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ﬁhand,x,min < ﬁhand,x < ﬁhand,x,max

Phrand,z,min < Dhand,z < Phand,z max-

Frictional constraint

In most of QP problems aimed for humanoid robot motion generation, approxi-
mated friction cone (Fig. 3.2) has been employed to represent the Coulomb friction
constraint [48], [78], [79], [80]. Using the approximated friction cone, the friction

force is calculated as follows:
fr=>Y _pnBi pi=>0 (4.9)
i=1

where 3; € R? are the basis vectors and p; are the coefficients. All p; must be
positive to satisfy the non-slip condition. By creating the non-slip inequality con-
straint in QP problems using (4.9), the computational cost increases drastically.
Therefore, instead of using the approximated friction cone, the inertial force gen-
erated at the supporting foot is assumed as a virtual mass. Lastly, it is employed
to obtain non-slip constraints.

The ground reaction force generated at the supporting foot is indicated as
fr=1[fre fry [r:]". The following inequality constraint gives the condition to

keep frictional contact between the supporting foot and ground:

/ 1 af
/vaFz > f}%m + f}%y = mfpx, 6 ~ tan 1 f_j:y7 (410)

which p is the static friction coefficient. fr can be obtained as an inertial force pro-
vided at the virtual mass since a virtual heavy mass is attached to the supporting
foot (or feet).

The virtual mass attached to the supporting foot, six-dimensional position vec-
tor of the supporting foot, and gravitational term acting on the supporting foot are
indicated as M toot(vir)s Poot € R, and Gpari(reary € R*, respectively. The ground

reaction force is obtained by

fF = MfOOt(UiT)BPp.foot + Gpart(real); (411)
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where Bp is a matrix to extract x, y, and z components of the foot acceleration
defined as:

100000
Bp=(0 10000
001000

In (4.11), the Centrifugal and Coriolis terms can be omitted due to the small
movement of the CoM. The inequality friction constraint is obtained by substitut-

ing (4.11) into (4.10). Preer is calculated using:
ﬁfoot = J*¢+J*¢v (412)

where the generalized Jacobian matrix from the waist to the foot is indicated as
J* e RO is [76].

Joint torque limitation

Joint servo is modeled as a simple proportional controller and it is obtained by

T =P(pref — @), (4.13)

where the joint torque vector and the joint servo gain matrix are indicated as 7
and P, respectively. The reference and present joint vectors are indicated as ¢,.f
and ¢, respectively. The joint angle limitation for limiting the torque is obtained
by:

Tmax Tmax
i < Qitiref < @i P 4.14
¢ P Divires < i+ P (4.14)

where the joint vector at the i-th step is denoted as ¢;.
The joint torque limitation @ min/max and also the joint structural limitation

@p,min / max 1imit the joint vector. Consequently, the joint limits are calculated as

(,bmin = maX[¢T,mim d)p,min} (415)

¢max = min[¢7,maxa ¢p,max]-

Since the joint acceleration is the design variable, a QP solver cannot directly

deal with both joint structural limitation and joint torque limitation. Hence,
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Table 4.1: Simulation parameters

Parameter Value
Mass of massive object 200 kg
Virtual mass of the hand and foot | 4000 kg
Coeflicient of static friction 0.8
Coefficient of kinetic friction 0.6

the joint structural/torque limitation is implicitly considered by converting the
joint limitation into the joint acceleration limitation. The following inequality

constraint [77] provides the joint acceleration limitation:

P < P < P (4.16)

émin = max[ﬂp((pmin - ¢)7 /M}(émin - ¢)]

d)max = min[:up(qsmax - d))v Nv(q.snlax - d))]

where j1, > 0 and p, > 0 indicate the gain parameters, o™ and @™ indicate the
minimum and maximum limitations of the joint angular acceleration, respectively.
In every loop of the simulation, @™ and @™ are updated. A whole simulation

loop is demonstrated in Fig. 4.3.

4.3 Proposed method comparison with a PD con-

troller

4.3.1 PD controller

By performing dynamic simulations, the proposed motion generation method
using QP solver (which is abbreviated as QP) is verified compared to a conventional
PD controller (which is abbreviated as QP). A PD controller described as the

following control law is employed in the simulations.

b = Iy (Ba — Trind), (4.17)
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as in (4.4), pg can be calculated. Noting that the humanoid robot HRP-2 receives
the joint command as the input, the obtained (ﬁd is integrated twice and given as
the joint angle command to the humanoid robot.

The parameters presented in Table 4.2 are employed in both QP and PD sim-
ulations. In both QP and PD simulations, the same hand reference position p, is
used in the calculation of Py (given by (4.4)). The hand refrence position is given

by:

b = phand,d+phand,off
Phandd = FK(¢a),

where Prandofr denotes the offset of the hand reference position, which is given
in Table 4.2. In the OpenHRP simulator, the kinetic friction coefficient given
in Table 4.2 was applied in the simulations. FK() is a function used to solve
the forward kinematics. Hence, by solving the forward-kinematics with the joint

command ¢y, the desired hand position ppenqq can be calculated.

Table 4.2: Parameters of the QP and PD simulations

Value
Massive object mass 200 kg
Virtual mass of hands 4000 kg
Virtual mass of feet M oot (vir) 4000 kg
Static friction coefficient 0.8
Kinetic friction coefficient 0.6
Reference hand position offset Prand,ofr [0.025 (m) 000 0O !

4.3.2 Comparison of the transported distance of the mas-

sive object

An overview of the QP and PD simulations results are demonstrated in Fig-

ure 4.4.

68



4.3 Proposed method comparison with a PD controller

Figure 4.4: QP and PD simulations.
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Figure 4.5: Transported distance of the massive object (QP vs. PD).
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Figure 4.6: Orientation of the massive object during transportation (QP vs. PD).
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Figure 4.7: Comparison of the slipping distance of the pulling side robot (right
foot) using QP and PD (z-axis).
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Figure 4.8: Generated forces at the right hand of the pushing robot (QP).

Using the proposed method (QP), Fig. 4.5 demonstrate how the robots trans-
ported the 200 kg massive object roughly 0.1 m. ); on the other hand, using the
conventional PD controller (PD), since the pulling robot slipped, the robots could
not relocate the object (see Fig. 4.7). Fig. 4.6 indicates that during transporta-
tion, the object did not rotate significantly. The maximum tilting angle was about

0.0007 rad (0.04 °).

4.3.3 Comparison of the generated forces at the hands

The simulations were implemented in a 3D space. Since there were no notable
differences between the forces generated at the right and left hand/foot, only the
results of the right hand/foot are presented in the following subsections. The force
sensor data of the right hands of both pushing and pulling robots are demon-
strated in Figures 4.8 ~ 4.11, respectively, using the QP and PD methods in the
simulations. The object is pushed/pulled in the positive direction of the z-axis;
hence, in Figs. 4.8 ~ 4.11, the forces of the wrist force sensor along the z-axis
are reported as negative. In both pushing/pulling phases, the forces generated at

hands along the z-axis are relatively significant. There are two main reasons for
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Figure 4.9: Generated forces at the right hand of the pushing robot (PD).
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Figure 4.10: Generated forces at the right hand of the pulling robot (QP).
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Figure 4.11: Generated forces at the right hand of the pulling robot (PD).
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Figure 4.12: Rotational changes of the massive object.
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Figure 4.13: Acting forces on the right foot of the pushing robot (QP).

the cause of this force along the z-axis. Firstly, as shown in Fig. 4.12 (a), due to
the frictional force between the ground and the massive object, the object tends to
pivot about the bottom edge of the pulling side. Secondly, since the robot hands
and the massive object are fully constrained, due to the rotation of the object, the
pulling robot tends to get tilted too.

Fig. 4.10 and Fig. 4.11 demonstrate significant differences between the generated
forces at the right hand of the pulling robot using QP and PD. While using QP,
the object suddenly started to move at about the 2 seconds. Before the object
started to move, it first rotated slightly (Fig. 4.12 (a)), and then it began to move
along the z-axis, while rotating backward (Fig. 4.12 (b)).

4.3.4 Comparison of forces generated at the feet

The ground reaction forces acting on the right foot of the pushing and pulling
humanoid robots are demonstrated in Figures 4.13 ~ 4.16, respectively.  In the

figures, the following index of the non-slip condition is also demonstrated:

Cond = pifrs. — /[ frse + [y (4.18)
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Figure 4.14: Acting forces on the right foot of the pushing robot (PD).
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Figure 4.15: Acting forces on the right foot of the Pulling robot (QP).
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Figure 4.16: Acting forces on the right foot of the Pulling robot (PD).

where the force sensor data of each axis are denoted as frg., frsy, and frg.. The
non-slip condition is satisfied if the index Cond is above zero.

During the object transportation using QP, the non-slip indices Cond of the
pushing/pulling robots were always positive; hence, the non-slip condition was
satisfied (see Fig. 4.13 and Fig. 4.15). In contrast, during the object transportation
using PD, the non-slip index of the pulling robot reached almost zero after 2
seconds (see Fig. 4.16); hence, the pulling robot’s feet slipped, and the massive
object could not be transported appropriately.

4.3.5 Comparison of joint torques

The joint torques are normalized using the maximum joint torques of the hu-
manoid robots, shown in Figures 4.17 ~ 4.24.

The resultant joint torques do not surpass the maximum torques since the joint
angle commands are bounded in both QP ((4.14) ~ (4.16) and PD simulations
(4.14). Hence, the normalized joint torques never exceed +1 during the simula-
tions.

In Fig. 4.17, the normalized joint torques are minimized autonomously since
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Figure 4.17: Normalized joint torques of the pushing robot’s right arm (QP).

—_RA0_RAI—RA2—TRA3
RA4—RA5  RA6

TR

Normalized joint torque
o

0 0.5 1 1.5 2 2.5
Time [s]

Figure 4.18: Normalized joint torques of the pushing robot’s right arm (PD).
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Figure 4.19: Normalized joint torques of the pulling robot’s right arm (QP).
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Figure 4.20: Normalized joint torques of the pulling robot’s right arm (PD).

78



4.3 Proposed method comparison with a PD controller

— RLO — RL1 —RIL2
— RL3 — RL4 —RL5

\B

-

Normalized joint torque
o

0 0.5 1 1.5 2 2.5
Time [s]

Figure 4.21: Normalized joint torques of the pushing robot’s right leg (QP).
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Figure 4.22: Normalized joint torques of the pushing robot’s right leg (PD).
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Figure 4.23: Normalized joint torques of the pulling robot’s right leg (QP).
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Figure 4.24: Normalized joint torques of the pulling robot’s right leg (PD).
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Figure 4.25: Normalized joint torques of the pushing robot’s right arm (PD without

torque limit).
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Figure 4.26: Normalized joint torques of the pushing robot’s left arm (PD without

torque limit).
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the joint torques objective function (4.3) is optimized in the QP simulation.
However, as shown in Fig. 4.18, the normalized joint torques of the pushing
robot becomes saturated in PD simulation. The shortage of the pushing robot’s
hands forces is caused due to this saturation of joint torques. The pulling robot’s
feet slip due to the shortage of pushing hand force. Hence, the massive object
transportation cannot be achieved appropriately using the PD.
Worth noting that some of the normalized joint torques in the PD simulation

would exceed one if there were no joint torque limits (see Fig. 4.25 and Fig. 4.26).

4.4 Summary

In this chapter, we proposed a method to generate motions for two humanoid
robots in order to transport a massive object. A quadratic programming prob-
lem with inequality /equality constraints was solved to obtain the joint trajectory
(acceleration level) of a multi-degree of freedom system. A free-floating model is
adopted in the proposed motion generation method. Virtual masses are attached
at the end of limbs to efficiently calculate the force constraints generated at the
end of the limbs.

In order to validate the effectiveness of the proposed method, by performing the
dynamic simulation, we compared our method results with the conventional PD
controller. The results indicate that the generated motion to transport a 200kg
object using the proposed method meets the constraints, such as the prevention of
slip of the robots’ feet and the avoidance of excessive joint torque. In contrast, the
pulling robot’s feet slipped during the transportation using the conventional PD
controller, which indicates the advantage of our method. The results confirmed the
effectiveness of our method over the conventional PD control method in massive

object transportation using humanoid robots.

82



Chapter 5 Sequential Massive
Object
Transportation by
Two Humanoid
Robots

5.1 Introduction

In chapter 4, the generated motion in two humanoid robots was verified in a
massive object transportation task without stepping. Therefore, the massive ob-
ject transportation is limited due to the object’s contact with the pulling robot’s
body (especially the robot’s knee). In this chapter, the stepping/posture recov-
ering motion is generated following the pushing/pulling action in order to enable
the massive object transportation continuously. By performing an intermittent
pushing/pulling simulation of a 200 kg massive object using two humanoid robots,
the proposed method was verified. In order to demonstrate the effectiveness of
the proposed method, the robots’ force sensor data, the normalized joint torques
data, and the carried distance of the massive object are presented.

The simulations of massive object transportation using QP and PD and QP
without minimizing joint torques objective function (QP (w/o JT)) are compared
related to the mass variations of the transported object. The results indicate the
advantage of the proposed method (QP) and also the benefit of employing the

joint torque minimization objective function in the proposed method.
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5.2 Motion generation for sequential massive ob-

ject transportation by two humanoid robots

The previously generated motion in the two humanoids for pushing/pulling a
massive object is used in the pushing/pulling phase.

In this section, the motion generation for stepping/recovering posture is dis-
cussed. After completing the pushing/pulling motion, the position of the robots’
feet recovers to the initial position relative to the hands’ position. On the robot
side, there is not a specific way to measure the transported distance of the object;
hence, in order to calculate the reference foot position, the robot’s hand position is
utilized. First, the reference position of each humanoid robots’ feet are calculated

relative to the robots’ hand positions and given by:

Diootref, A = Bexpfoot,A + Bxphand,A - doff,A

Pyootref,B = Bexpfoot,B + B:cphand,B + doff,B (51)
(00 00 0 0 (1000 0 0
010000 000000
001000 000000

Bew: 7Bx:
000100 000000
000010 000000
00000 1] 0000 0 0

T
dofra = |:Offa:,A 0000 0}

T
doff,B:[Offac,B 00 0O O} ,
(5.2)

where d,ff 4 and d,¢r,p denote the offset distance from the foot to the hand of the
pushing and pulling robots, respectively. In Fig. 5.1, of f; 4 and of f, p indicate
the distances between the foot and hand of the pushing and pulling robots along
the x-axis, respectively.

The foot trajectory to the reference foot position is generated after calculating
the foot reference positions. The robots’ feet are displaced by order of right and

left foot using the following equation.
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(b) Recovering phase

Figure 5.1: Intermittent pushing/pulling motion.

(ﬁ = J(;llpalh (53)
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Figure 5.2: Motion sequence.
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where J; is the Jacobian matrix from waist to limbs. Jy;rr and Jyr indicate
the Jacobian matrix from waist to the right and left foot respectively. Joiry
and Joypg indicate the Jacobian matrix from chest to the right and left hand
respectively. p.; indicates the velocity vector of the limbs of the humanoid robot.
When the left foot of the humanoid robot is in the support leg phase, Psoot.r,
Phand,r a0d Ppang.r are zero and only Ppenqdr is used in the trajectory calculation.
Similarly, if the right foot of humanoid robot is in the support leg phase, Pfoot g,
Phand,r aNd Pranar, are zero and only Ppenqgr is used in the trajectory calculation.
Each of the support leg phases takes place in 2 seconds. After relocating the feet
into the reference position, the posture of the humanoid robots are recovered to
the initial stance using the following equation:

(¢end - ¢sta7"t ) tsp

» : (5.4)

Dit1ref = Qi +

where @4+ and ¢.,q indicate the robot joint angles of the initial and the final
posture, respectively. t,, and ¢; indicate the loop time and the duration time of

the recovering posture, respectively. During ¢4, (5.4) is calculated repeatly.
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The time table of the whole generated motions is demonstrated in Figure 5.2. In
this figure, the white part indicates the subphase, and the black part indicates the
waiting phase. At this point, the pushing/pulling motion generation is completed,
and the stepping/recovering posture phase starts. Three subphases are performed
in the order of right leg step, left leg step, and recovering posture phase during
the stepping/recovering posture phase. Each subphase takes 2 seconds. Between

each subphase, there is a waiting time of 0.15 s.

5.3 Sequential massive object transportation sim-

ulation

Dynamic simulations of the intermittent pushing/pulling are performed to ver-
ify the effectiveness of the proposed method in this kind of sequential transporta-
tion. The same pushing/pulling motions are generated using the QP method of

chapter 4.

5.3.1 Generated forces at hands

The wrist force sensor data of the robots in QP simulation are demonstrated
in Fig. 5.3, 5.4 (pushing side) and 5.5, 5.6 (pushing side).

In the pushing robot, the force (z, y and z axis) tends to be zero at the end of
each pushing phase. Due to the tilting of the pushing robot toward the stepping
direction, the positive force (z axis) is generated at each foot during the stepping
phase.

In the pulling robot, the force (z, y and z axis) is not zero at the end of each
pushing phase. The humanoid robot in the pulling side is in an unstable situation
at the end of the pulling phase. Therefore the hands forces need to be mitigated
during the stepping/recovering phase. Figures. 5.5 and 5.6 demonstrate that the
hands forces are around zero at the end of the stepping/recovering posture phase.

The first and second pushing/pulling phases indicate roughly the same forces
act on the hands of both pushing/pulling robots.
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Figure 5.3: Right hand forces (push).
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Figure 5.4: Left hand forces (push).

5.3.2 Generated forces at feet

The feet force sensor data in the QP simulation are demonstrated in Figs. 5.7, 5.8

(pushing side) and 5.9, 5.10 (pushing side).
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Figure 5.5: Right hand forces (pull).
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Figure 5.6: Left hand forces (pull).

At the end of each pushing phase, the forces of the pushing robot’s feet (z, y and
z axis) return to the initial amount (beginning of the pushing/pulling phase). The

first and second pushing/pulling phases indicate approximately the same forces
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Figure 5.8: Left foot forces (push).
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Figure 5.9: Right foot forces (pull).
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Figure 5.10: Left foot forces (pull).
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Figure 5.11: Right arm normalized joint torques (push).

act on each pushing robot’s foot.

At the end of each pulling phase, the forces of the pulling robot’s feet (z, y and
z axis) do not return to the initial amount; however, these forces will mitigate at
the recovering posture phase. Although the forces are not fully mitigated at the
end of the posture recovering phase, approximately the same patterns of the forces
occur in the second pulling phase.

The gray scale part of Figs. 5.7, 5.8 (pushing side) and 5.9, 5.10 demonstrate

that the non-slip index is going to zero at each stepping phase of the swinging leg.

5.3.3 Normalized joint torques

The normalized joint torques data in the QP simulation are demonstrated in
Figs. 5.11 ~ 5.14 (pushing side) and 5.15 ~ 5.18 (pulling side).

At the end of each pushing phase, the normalized joint torques of the pushing
robot return to the initial amount (beginning of the pushing phase).

At the end of each pulling phase, the normalized joint torques of the pulling
robot’s arms return to the initial amount. However, the normalized joint torques of

the humanoid robot’s legs do not return to the initial amount due to the incomplete
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Figure 5.12: Left arm normalized joint torques (push).
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Figure 5.13: Right leg normalized joint torques (push).
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Figure 5.14: Left leg normalized joint torques (push).
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Figure 5.15: Right arm normalized joint torques (pull).
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Figure 5.16: Left arm normalized joint torques (pull).
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Figure 5.17: Right leg normalized joint torques (pull).
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Figure 5.18: Left leg normalized joint torques (pull).

force mitigation of the robot’s feet.

Furthermore, thanks to the maximum joint torques constraint, the normalized

joint torques do not surpass the normalized joint torques value of 1.

5.3.4 Massive object transported distance and feet posi-
tion error

The transported distance of the massive object along the z-axis using QP and
PD is demonstrated in Figure 5.19. The massive object is carried about 0.2 m
by performing the intermittent pushing/pulling motion twice using QP. The solid
green line in Fig. 5.19 indicates that the robots could not move the object using
PD. In Table 5.1, the distance errors at the end of the stepping/recovering posture

phase are listed.
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5.4 Comparison of QP, PD, and QP (w/o JT) relative to variable masses of the
massive object
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Figure 5.19: Massive object transported distance along z-axis.

Table 5.1: Feet position error (z-axis) at the end of stepping/recovering posture

phase
Pushing side | Pulling side
Distance from massive object to feet 0.0003 m 0.0005 m
Distance of each feet 0.0007 m 0.00056 m

5.4 Comparison of QP, PD, and QP (w/o JT)
relative to variable masses of the massive ob-
ject

In this section, the simulation results of QP, PD, and QP (without minimization
of the joint torques objective function, w/o JT) using variable object masses are
compared. Masses of 75 kg, 100 kg, 125 kg, 150 kg, 175 kg, and 200 kg are used as
the massive object in the QP, PD, and QP (w/o JT) simulations. All simulations

are implemented until the massive object reaches the pulling robot’s body.
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Transported distance/Slip distance of pulling foot [ml]

75kg | 100kg | 125kg | 150kg | 175kg | 200 kg
P T distance | 0.1422 | 0.1434 | 0.1386 | 0.1449 | 0.1357 | 0.1385
Slip distance [ 0.0015 | 0.0018 | 0.0018 | 0.002 0.002 0.002

D T distance 0.155 | 0.1499 | 0.1246 | 0.102 | 0.0624 | 0.0597
Slip distance | 0.0045 | 0.009 | 0.0355 | 0.058 | 0.0977 | 0.0991

T distance | 0.1441 | 0.1453 | 0.1378 | 0.1296 | 0.132 0.133

QP (wio IJT) ———

Slip distance | 0.0015 | 0.0016 | 0.0017 | 0.0021 | 0.0018 | 0.002

Figure 5.20: Transported distance of the massive object and slipped distance of

the pulling robot feet along z-axis (relative to variable masses).

5.4.1 Comparison of the foot slipped distance

The values of the foot slipped distance of the pulling robot and the transported
distance of the massive object are demonstrated in Figure 5.20. Note that the
pushing robot’s feet did not slip in all simulations.

The foot slipped distance is demonstrated in Fig 5.21 clearly. the pulling robot’s
feet slipped at a maximum length of 0.002 m, in both QP and QP (w/o JT) sim-
ulations. However, in the PD simulation, the pulling robot’s feet slipped distance
increases as the mass of the object increases.

The results indicate the advantage of the proposed method over PD.

5.4.2 Comparison of the transported distance of the mas-

sive object

The transported distance of the massive object is demonstrated in Fig 5.22.
For all masses, The transported distance of the massive object in the QP and QP
(w/o JT) simulations was about 0.145 m. However, in the PD simulation, due to
the slipping of the pulling robot’s feet, as the mass of the massive object increases

the transported distance of the object decreases.

98



5.4 Comparison of QP, PD, and QP (w/o JT) relative to variable masses of the
massive object
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Figure 5.21: Slipped distance of the pulling robot’s feet along z-axis (relative to

variable masses).
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Figure 5.22: Transported distance of the massive object along z-axis (relative to

variable masses).
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Average Normalized Joint Torque

75kg | 100kg | 125kg | 150kg | 175 kg | 200 kg

Push 0.0229 | 0.0332 0.042 0.049 0.0627 | 0.0623
QP Pull 0.0168 | 0.0213 | 0.0259 | 0.0282 0.0415 | 0.0435
Push 0.0321 0.0519 [ 0.0746 | 0.1057 | 0.1289 0.134
Pull 0.0384 [ 0.0444 | 0.0449 | 0.0439 | 0.0524 | 0.0581

PD

Push 0.0299 [ 0.0481 0.0656 | 0.0736 [ 0.0863 [ 0.0895
Pull 0.0127 [ 0.0151 0.0185 | 0.0252 0.043 0.0465

QP (wlo JT)

Figure 5.23: Table of average of normalized joint torques (relative to variable

masses).

5.4.3 Comparison of the average normalized joint torque

The average values of normalized joint torques in the QP, PD, and QP (w/o
JT) simulations are demonstrated in Fig 5.23.

The average of normalized joint torques in the QP, PD, and QP (w/o JT)
simulations are demonstrated in a bar chart, in Fig 5.24. The robots in QP
and QP (w/o JT) simulations could transport the massive object with fewer joint
torques. Additionally, the difference in the average of the normalized joint torques
gets more significant relative to the mass increase of the massive object. Compare
to the QP (w/o JT) simulations; in QP simulations, the pushing robot could
transport the massive object by employing fewer joint torques. However, the
pulling robot could transport the massive object with fewer joint torques only in
175 kg and 200 kg, in the QP simulations compare to the QP (w/o JT) simulations.
Slightly more joint torques were employed by the pulling robot to transport the
object with other masses. Importantly, the difference between the QP and QP
(w/o JT) in pushing robot is relatively more significant than that in the pulling
side. Hence, for all object masses transported in the QP simulations, the sum of
the average of the normalized joint torques at the pushing and pulling robots is

less than that in the QP (w/o JT) simulation (see Fig. 5.25).
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Average Normalized Joint Torque

75 kg 100 kg 125 kg 150 kg 175 kg 200 kg

0.1

0.08

0.0

(o))

0.0

™~

0.0

DO

(=)

m QP (Push) = QP (Pull)m PD (Push)m PD (Pullm QP (w/o JT) (Push)m QP (w/o JT) (Pull)

Figure 5.24: Average of normalized joint torques (relative to variable masses).
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Figure 5.25: Sum of the average of normalized joint torques at the pushing and

pulling robots (relative to variable masses).
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Average Normalized Joint Torque/Transported
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Figure 5.26: Average of normalized joint torques per unit distance (relative to

variable masses).
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Figure 5.27: Sum of the average of the normalized joint torques at the pushing

and pulling robots per unit distance (relative to variable masses).
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5.5 Summary

Furthermore, as the mass of the object increases, the differences in sum of
the average of the normalized joint torques at the pushing and pulling robots get
more significant; this indicates the advantage of minimization of the joint torques
objective function applied in our method (QP).

Due to the slight differences in the transported distance, the avarage of the
joint torques per unit distance are demonstrated in Fig. 5.26 and Fig. 5.27.

In QP and QP (w/o JT) simulations, the average of the joint torques per
unit distance in Fig. 5.26 is about the same as in Fig. 5.24. However, in PD
simulations, the average of the joint torques per unit distance is relatively high
compared to those in Fig. 5.24. Ultimately, the advantage of the proposed method
in transporting a massive object effectively by employing fewer joint torques is

demonstrated in Fig. 5.27.

5.5 Summary

In this chapter, the intermittent pushing/pulling of a 200 kg massive object
was performed in a dynamic simulator. By performing one pushing/pulling phase,
then one stepping/recovering posture phase, and finally, the last pushing/pulling
phase, the massive object (200 kg) was transported about 0.2 m properly. The
humanoid robot feet step to the determined position within an error of less than
0.001 m during the stepping/recovering posture phase. Furthermore, to reset the
external forces and the joint torques to the initial condition, the humanoid robot
posture could be recovered to the initial stance properly.

On the other hand, the simulations of the massive object transportation with
QP and PD and QP without minimize joint torque objective function (QP (w/o
JT)) are compared with variation of massive object masses in this chapter. The
simulation results show that the proposed method QP transported massive object
without feet slipping. However, conventional method PD could not transport the
massive object effectively according to the increase of the massive object mass,
due to the slipping of the feet. Also, the proposed method QP transported mas-
sive object with less joint torque per unit distance than the conventional method

PD and QP (w/o JT). The difference of the joint torque per unit distance is get-
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ting greater according to the increase of the massive object masses. These point
show that the advantage of the proposed method and the minimize joint torque
objective function. Additionally, the massive object transportation using QP and
PD and QP without minimizing joint torques objective function (QP (w/o JT))
was performed in the simulations including comparing the variation of the massive
object masses. The simulation results confirmed that the proposed method (QP)
was able to transport the massive object without feet slipping. In contrast, the
conventional method (PD) employed to carry the massive object could not avoid
the robot’s feet slipping as the mass of the object increased. Furthermore, the
massive object was transported with less joint torque per unit distance using the
proposed method (QP) compared to the conventional method PD and QP (w/o
JT). It was demonstrated that as the mass of the object increases, the difference
of the joint torque per unit distance increases too. The results confirm the advan-
tage of the proposed method and the benefit of using the joint torques objective

function minimization.
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Chapter 6 Conclusion

6.1 Summary

In this thesis, massive object transportations by robots are described. As a
method of massive object transportation by robots, two kinds of methods are
described. One is the teleoperation of the manipulator to transport the massive
object, and the other is the massive object transportation by two humanoid robots

based on a simple command.

The massive object transportation using teleoperation

In the very long time delay teleoperation of the massive object transportation,
the unexpected excessive force due to the operator s scaled-up commands are
the key points. Therefore, the mitigation of the force generated between the end-
effector and the massive payload are proposed. Also, the virtual environment is
proposed, which is considered the force between the end-effector and the massive
payload.

The verification experiment of the proposed system was performed using the
hardware-in-the-loop simulations (HILs). The mitigation of generated force be-
tween the robot hand and the massive object is verified by comparing the simula-
tion results with and without mitigation term. The HILs simulation of the massive
object (6000 kg) transportation by an operator in the very long time delay envi-
ronment is successfully performed that the force generated at hands is mitigated

and is reproduced on the virtual environment.

105



Chapter 6 Conclusion

The massive object transportation by humanoid robots

Massive object transportation by a humanoid robot is also performed as a pre-
vious step for the massive object transportation by two humanoids robots, The
massive object transportation by two humanoids robots is performed using the
real-time QP solver. The joint accelerations are optimized using the objective
function to minimize the joint torques and satisfying the inequality/equality con-
straints. The method for estimating the maximum reaction force from the ground
is proposed by attaching huge virtual masses at the end of the limbs.

In order to show the effectiveness of the proposed method, the simulations of
the massive object transportation with QP and PD and QP without minimizing
joint torques objective function (QP (w/o JT)) are compared relative to the vari-
ation of massive object masses in this chapter. The simulation results show that
the proposed method QP transported the massive object without feet slipping.
However, conventional method PD could not transport the massive object effec-
tively according to the increase in the massive object mass, due to the slipping
of the feet. Also, the proposed method QP transported massive object with less
joint torques per unit distance compared to the conventional method PD and QP
(w/o JT).

In order to transport the massive object further, the simulation of the inter-
mittent pushing/pulling of the massive object (200 kg) by two humanoid robots is
performed. As a result, the massive object (200 kg) is properly transported about
0.2 m.

6.2 Future work

Model-based teleoperation of massive object trnasportation using two

humanoid robots

As a solution for the limitation of the fully autonomous robots, the teleopera-
tion method mentioned in Chapter 2 can be combined with the method of massive
object transportation using two humanoid robots mentioned in Chapter 4. Two
humanoid robots can be remotely operated to return to the starting position of

transportation by employing the model-based teleoperation using virtual environ-
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ment. Then perform a massive object transportation task by a simple command

from an operator.

Considering an optimum initial posture of the humanoid robots

In this thesis, a simple initial posture of humanoid robots is applied for trans-
portation. In order to improve the efficiency of transportation, the optimum initial
posture of the robots for massive object transportation should be pre-calculated

using the QP solver.

Considering an optimized asymmetry motion for transporting massive

object.

In this thesis, motions of the massive object transportation are generated sym-
metrically. In order to improve the efficiency of the joint torques and the maximum
force of the end effectors, an asymmetric motion generation of the humanoid robots

should be considered as future work.

Considering a motion generation for massive object transportation in

various environments.

In this thesis, only a flat floor and the same friction coefficient are considered.
In the case of the inclined floor and the variable friction coefficient will be consid-
ered as future work. The quadratic problem depends on the actual model of the
environments. Therefore, the model should be revised to the new environments.
However, in the case of the small changes in the environments, the proposed model

could be used by adjusting the constraints more conservatively.
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Appendix  Dynamics of the
Virtual Arm

In the case of the high-ratio reduction gears are used in the joint, the joint angles

and torques at the before and after of the gear reduction are expressed as

G.q = q,, (1)
T = G,:,FTa (" AqTT = AanTa = AqTGfTa), (2)

where g, is the angle vector of the actuators; q is the joint angle vector of an arm;
T is the joint torque vector; 7, is the torque vector of the actuators; and G, is a
diagonal reduction ratio matrix.

The dynamics of the arm is given by
T=M{i+h+J'F, (3)

where J is the Jacobian matrix, M is the inertia matrix of the arm, F' is the exter-
nal force, and h represents the Coriolis force and centrifugal force and gravitational
force.

The following equation is created by substituting (1) and (2) into (3):
7o =G, "MG "G, + G " (h+J"F). (4)

The actuator torque is calculated as following equation by assuming that the

actuator is the velocity command type:
Ta = Kva((jca - (ia) = KUGGT(q.c - (j) ( (jca - (ja = Gr(q.c - (j))7 (5)

where q,, is the joint angle velocity command. K,, matches to the gain of the
hardware velocity servo.

The following equation is obtained by substituting (5) into (4):

i.—4¢=G,'K,/G,"MG,"§,+G,'K,]G,"(h+J"F). (6)
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Appendix  Dynamics of the Virtual Arm

The following equation is obtained by multiplying both sides of (6) by J:
J(G.— ¢ =JG 'K, ,G."MG,'§,+JG'K,,G."(h+J"F). (7)
Therefore, by using v. = Jq,. and v = Jgq, (7) is rewritten as
v.—v=JG 'K,]G,"TMG,"§, + JG.'K )G, " (h + J'F). (8)

In the case of the reduction ratio is large enough, due to the first term is
proportional to G~ and the second term is proportional to G2, the two terms
on the right hand side of (8) can be omitted. Therefore, v can be written as v..
F' in the second term may become very large in massive-payload manipulation
simulation, and it may not be possible to ignore them. However, the second term
of the right-hand side of (8) will be sufficiently small enough that the assumption
about v ~ v, will be satisfied, if F' is appropriately mitigated by force feedback
term (e.g. K Fsin (2.2)).

122



