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As a substitute for humans, themobilemanipulator has become increasingly vital for on-site rescues atNuclear Power Plants (NPPs)
in recent years.The high energy efficiency of themobile manipulator when executing specific rescue tasks is of great importance for
the mobile manipulator. This paper focuses on the energy consumption of a robot executing the door-opening task, in a scenario
mimicking an NPP rescue. We present an energy consumption optimization scheme to determine the optimal base position and
joint motion of themanipulator.We developed a two-step procedure to solve the optimization problem, taking the quadric terms of
the joint torques as the objective function. Firstly, the rotational motion of the door is parameterized by using piecewise fifth-order
polynomials, and the parameters of the polynomials are optimized by minimizing the joint torques at the specified base position
using the Quasi-Newton method. Second, the global optimal movement of the manipulator for executing the door-opening task
is acquired by means of searching a grid for feasible base positions. Comprehensive door-opening experiments using a mobile
manipulator platform were conducted. The effectiveness of the proposed method has been demonstrated by the results of physical
experiments.

1. Introduction

Mobilemanipulators, as a replacement for humans, play a key
role when they perform rescue tasks in the extreme environ-
ment of a nuclear power plant (NPP), such as door-open-
ing and turning a valve. The energy optimization of rescue
tasks performed by a robotic arm, in particular that of the
fundamental task of door-opening, is of great importance
when the energy supply is restricted by the capacity of the
battery with which the robot can be equipped, unlike in
traditional methods where energy is supplied via a cable.

The Fukushima Daiichi NPP accident in Japan on March
11, 2011, was triggered by an earthquake of magnitude 9.0
and the resultant tsunami marked the beginning of the worst
nuclear accident of the last two decades [1–3]. Nuclear power
is an important resource and (NPPs) have recently undergone
rapid development in China [4].The complexity of the NPP’s
structure, the radioactive working environment, and some

special characteristics, such as high temperatures and high
pressure, render nuclear disaster rescue very difficult. The
dangers caused by such an accident mean that mobile robot
plays an important role in the NPP rescue process. After
the Fukushima Daiichi NPP accident, the Defense Advanced
Research Projects Agency (DARPA) initiated a new challenge
in 2012, the DARPARobotics Challenge (DRC) [5], including
eight rescue tasks to test the capabilities of teams, as well as
of individuals. The tasks were ranked by DARPA in terms of
difficulty as Valve (easiest), Terrain and Hose (easier), Door,
Debris, Wall, and Ladder (harder), and Vehicle (hardest) [6].

In this paper, we focus on the energy consumption of
a mobile manipulator performing the door-opening task.
Nagatani and Yuto proposed a method that allows a mobile
manipulator, named the “YAMABICO-10” robot, to open a
door and pass through the doorway. In their approach, they
applied to themobilemanipulator control system the concept
of action primitives, which control the “YAMABICO-10”
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robot according to sequences of planned motion primitives.
However, each action primitive was designed with an error
adjustment mechanism to handle the accumulated position-
ing error of the mobile base [7–9]. Peterson et al. presented
the design and implementation of a door-opening controller
using a hybrid dynamic system model; when using this
simple controller, the radius and center of rotation of the
door are estimated online. The results of their experiments
demonstrated that off-the-shelf algorithms for force/torque
control are very effective for solving the task of grasping the
handle and opening the door [10]. Chung et al. [11] proposed
a control strategy for the door-opening procedure executed
by a service robot, PSR1, which utilized a three-fingered robot
hand for grasping the door handle. Two active-sensing strate-
gies were proposed to estimate the kinematic parameters in
a real environment. An integrated strategy of motion coor-
dination was presented based on the components of three
subsystems: a robotic hand, a robotic arm, and amobile robot.
The force and position control were successfully achieved by
using the contact force of the three-fingered robotic hand
during the door-opening procedures.

Ahmad et al. designed a modular and reconfigurable
robot (MRR)mounted on a wheeledmobile platform [12, 13].
They proposed a newmethod that utilizes the multiple work-
ing modes of the MRR modules to prevent the occurrence of
large internal forces that arise because of positioning errors
or imprecise modeling of the robot or its environments. By
selectively switching the joints of the MRR to work in passive
mode during the door-opening operation, the controller
designwas significantly simplified. Zhang et al. [14] presented
a multiple mode control system of a two-degree-of-freedom
(DOFs) compact wrist that can work in active mode with
position or torque control, or in passive mode with wrist-
environment interactive force compensation.They verified in
their door-opening experiments that the wrist could move
freely without generating excessive internal force. Kobayashi
et al. [15] designed a rescue robot series named UMRS. The
robot had a special end-effector, which can grip and rotate
cylindrical type and lever type door handles. The robot
equipped with a door-opening system was capable of moving
freely through rooms, even if there were doors between them.
Klingbeil et al. [16] proposed a method that used vision to
identify a small number of key positions, such as the axis of
rotation of the door handle, and the end-point of the door
handle, to allow amanipulator to open various types of doors
without prior knowledge of their parameters. Karayiannidis
et al. [17] developed an algorithm that can be implemented in
a velocity-controlled manipulator, the end- effector which is
equippedwith force sensing capabilities.Themethod consists
of a velocity controller, which uses force measurements and
an estimation of the radial direction based on adaptive
estimates of the position of the door hinge.The control action
can be decomposed into an estimated radial and tangential
direction following the concept of hybrid force/motion con-
trol. Endres et al. [18] presented an approach for learning
a dynamic model of a door from sensor observations and
utilizing it for effectively swinging the door open to the
desired angle. The learned models enable the realization of
dynamic door-opening strategies and reduce the complexity
of the door-opening task.

As proposed in [19], a power efficiency estimation-based
health monitoring and fault detection method has been de-
veloped for a modular and reconfigurable robot (MRR). The
power efficiency of each of the robot’s joints ismeasured using
sensors. Luo et al. [20] presented the Lagrange interpolation
method to express each joint trajectory function to realize tra-
jectory planning that achieves energyminimization of indus-
trial robotic manipulators. Field and Stepanenko presented
an iterative dynamic programming method that is modified
to perform a series of dynamic programming, passing over
a small reconfigurable grid that covers only a portion of the
solution space at any one pass, to plan minimum energy con-
sumption trajectories for robotic manipulators [21]. Liu et al.
[22] proposed the fourth-order Runge-Kutta method, mul-
tiple shooting methods, and traversing method to solve
optimal energy trajectory planning for palletizing robot.

The objective of this study was to develop an energy con-
sumption optimization method for the door-opening proce-
dure. The main contributions of this paper are summarized
as follows. An energy consumption optimization scheme that
finds the optimal base position and joint motion of the mani-
pulator for optimizing energy consumption is presented.
Since the end-effector trajectory is assigned according to the
trajectory of the door handle, the problem of searching the
optimal manipulator movement by using the parameters of
the door’s fifth-order splines transforms to a simple paramet-
ric optimization problem at each base position. The global
optimal energy-efficient movement of the robotic arm is
finally obtained by exhaustively searching the entire base
position grid.

The rest of the paper is organized as follows. In Section 2,
we introduce the door-opening task and establish the energy
consumption optimization objective function. Section 3 pro-
vides a description of the mobile modular robot and intro-
duces the kinematic and the dynamics model of the manipu-
lators. In the Section 4, we address the optimization method
and describe numerical simulations. The results of our ex-
periments are discussed in Section 5, and conclusions are pre-
sented in Section 6.

2. Formulation of Optimization Problem

2.1. Door-Opening Operation. In this section, we propose
a door- opening method. The following assumptions were
made: (1) the door-opening and door handle rotating direc-
tions are known (the door is opened toward the left-side and
the door handle is rotated toward the right-side); (2) the door
axis of rotation is perpendicular to the floor; (3) the door
moves in the horizontal 𝑥𝑦 plane; (4) the mobile platform
travels on the ground, which can always be adjusted for a
structured laboratory environment; and (5) the axis of rota-
tion of the first manipulator module is perpendicular to the
ground.

A brief explanation of the door-opening procedure is as
follows.

(a) The mobile manipulator moves such that it is posi-
tioned in front of the door and grasps the door handle;
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Figure 1: Model of the door-opening procedure with a mobile ma-
nipulator.

(b) Themobile base remains static.Themanipulator real-
izes turning the door handle by tracking a planned
trajectory;

(c) The mobile base still remains static. The manipulator
realizes pulling the door by tracking a planned trajec-
tory in the horizontal 𝑥𝑦 plane.

Amodel of the door-opening procedure using themobile
manipulator is depicted in Figure 1. The figure shows the ori-
gin of the reference frame, {𝑂𝑑}, set at the intersection point
of the door hinge, the horizontal plane that crosses the origin
of the reference frame of the mobile manipulator, {𝑂𝑏}, and
the reference frame, {𝑂𝑒}, located at the position of the ma-
nipulator end-effector, which is used to grasp the door han-
dle.

In order to plan the path of the mobile manipulator, we
first need to know the accurate value of the door handle radius(𝑟𝑘) and the door radius (𝑟𝑑), the initial base position of the
mobile manipulator (𝑥𝑏, 𝑦𝑏, 𝑧𝑏), and the position of the end-
effector, which holds the door handle firmly (𝑥𝑒, 𝑦𝑒, 𝑧𝑒). The
doormotion is conformed to follow the door trajectory in the𝑥𝑦 plane with the center of rotation at (𝑥𝑑, 𝑦𝑑) and a radius 𝑟𝑑
as shown in the Figure 1. The trajectory radius of pulling the
door is derived as follows:

[𝑥𝑒 (𝑡) − 𝑥𝑑]2 + [𝑦𝑒 (𝑡) − 𝑦𝑑]2 = 𝑟𝑑2. (1)

2.2. Path Planning of Door-Opening. In this section, we focus
on pulling the door handle to open the door. During this
procedure, the home position of the mobile base, the door
radius, and the height of the door handle aremeasured.These
measured parameters are then used for planning the path of
the mobile manipulator that allows it to open the door to the
desired angle.
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Figure 2: Planar model of pulling door.

Themobilemanipulator achieves the action of pulling the
door by tracking the circle arc represented by the door
trajectory, as shown in Figure 2.The arc of the door trajectory
can be acquired by using the interpolation points 𝑃1, 𝑃2, and𝑃3. In Figure 2, we show the optimal base position (𝑥𝑏, 𝑦𝑏)
during the door-opening procedure.Themobile manipulator
approaches the door and stops at any position near the door.
The end-effector is fixed at the same position as the door
handle during the door-opening procedure, and each joint
of the manipulator rotates in accordance with the motion
planning. The door is pulled in the horizontal 𝑥𝑦 plane, and
the initial and final angles of the door are consistent. The
angles of Joints 1, 2, 3, 4, 5, and 6 are denoted as 𝜃1, 𝜃2, 𝜃3, 𝜃4,𝜃5, and 𝜃6, respectively. The input torques of each joint of the
manipulator are expressed as 𝜏1, 𝜏2, 𝜏3, 𝜏4, 𝜏5, and 𝜏6, respec-
tively. The angles and the torques are represented in matrix
forms as 𝜃 = [𝜃1, 𝜃2, 𝜃3, 𝜃4, 𝜃5, 𝜃6]T and 𝜏 = [𝜏1, 𝜏2, 𝜏3, 𝜏4, 𝜏5,𝜏6]T. The angle of the door is expressed as 𝜃𝑑, and the
conditions on 𝜃𝑑 at the start time, 𝑡 = 0, and the end time,𝑡 = 𝑡𝑒, are written as

(𝜃𝑑, ̇𝜃𝑑)𝑡=0 = (0, 0) ,
(𝜃𝑑, ̇𝜃𝑑)𝑡=𝑡

𝑒

= (𝜃𝑡𝑒
𝑑
, 0) . (2)

The positions of the end-effector at points P1, P2 and P3
are computed as follows:

𝜃𝑑 = 𝜃door3 𝑛, 𝑛 = 1, 2, 3

P1,2,3 = [[
[

𝑝𝑥
𝑝𝑦
𝑝𝑧
]]
]
= [[
[

𝑟𝑑 (1 − cos 𝜃𝑑)
𝑦1 − 𝑟𝑑 sin 𝜃𝑑

𝑧1
]]
]
,

(3)

where 𝑟𝑑 denotes the rotation radius of the door, 𝜃𝑑 denotes
the rotation angle of the door when reaching points P1, P2,
and P3, and 𝜃door denotes the rotation angle of the door that
allows the mobile manipulator to enter the doorway.

The orientations of the end-effector and the door are
the same during the process of pulling the door. When the
position of the end-effector remains constant with respect to
the door handle, as shown in Figure 1, the variation in the
rotation matrix during the process denoted by 0𝑒R

(0)

𝑑 .
0
𝑒R
(0)

𝑑
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Figure 3: Kinematics configuration of the 6DoF manipulator.

denotes the initial rotation matrix of the end-effector after
turning the door handle, which can be acquired by using
forward kinematics [23]. Then, at time t, this matrix is multi-
plied by a rotationmatrix parameterized by the rotation angle
of the door 𝜃(𝑡)

𝑑
:

0
𝑒R
(𝑡)

𝑑 = [[[
[

cos 𝜃(𝑡)
𝑑

− sin 𝜃(𝑡)
𝑑

0
sin 𝜃(𝑡)
𝑑

cos 𝜃(𝑡)
𝑑

0
0 0 1

]]]
]
0
𝑒R
(0)

𝑑 . (4)

2.3. Objective Formulation of Energy Consumption. The ener-
getic cost is an important metric of the energy consumption
of the manipulator. We experimentally evaluated the effect of
different base positions of the robot on the energy consump-
tion of the manipulator during the door-opening procedure.
The input energy 𝐸𝑚 of the motor is as follows:

𝐸𝑚 = ∫𝑡𝑒
0
𝑈in ⋅ 𝐼𝑚𝑑𝑡, (5)

where 𝑈in is the power supply voltage and 𝐼𝑚 is the instanta-
neous current of the DC motor. The total energy consumed
by the robot’s actuators includes the generated mechanical
power (𝑃mech), heat power (𝑃heat), and power losses (Δ loss).
This can be described as

𝑃in = 𝑃mech + 𝑃heat + Δ loss. (6)

The mechanical power generated by each actuator is
related to the rotation angular velocity and torque.Therefore,
the total instantaneous mechanical power during the move-
ment of the manipulator can be stated as

𝑃mech =
6∑
𝑗=1

𝜏𝑗 ⋅ 𝜔𝑗, (7)

where 𝑃mech is the total mechanical power of the actuators,𝜏𝑗 is the torque of each actuators in N⋅m, 𝜔𝑗 is the rotation
angular velocity of motors in rad/s, and 𝑗 is the number of
manipulator joints.

The torque 𝜏 of each actuator is related to the torque
constant 𝐾𝑚, where, 𝑖 is the gear ratio of the joint, 𝜂 is the
efficiency of the transmission mechanism, and 𝐼𝑚 is the
instantaneous current; 𝜏 is provided by

𝜏 = 𝐾𝑚 ⋅ 𝐼𝑚 ⋅ 𝑖 ⋅ 𝜂. (8)

As shown in (7), the mechanical power consists of the
torque of each actuators and the rotation angular velocity of
the motors. However, the angular velocity range of the joint
trajectory planning of the manipulator is relatively small.
Therefore, the problem of energy optimization becomes the
joint torque optimization problem. For the trajectory opti-
mization procedure, the integral of squared joint torques as
the cost function is known from studies in the literature [25].
We introduce the following objective function as a standard
for optimization.

𝐸con (𝜍) =
6∑
𝑗=1

∫𝑡e
𝑡=0

𝜏2𝑗𝑑𝑡. (9)

Here, 𝜍 denotes the optimal parameter, which is chosen as
the position of mobile platform base and the trajectory of the
door angle. To solve the problemof energy consumption opti-
mization during the door-opening procedure, we determine
the parameters that minimize 𝐸con:

𝜍∗ = arg min𝐸con. (10)

3. Description of the Mobile Manipulator

3.1. Kinematics of the Robot. The kinematics model configu-
ration of the 6-DOF Schunk modular manipulator is shown
in Figure 3.

The forward kinematics is developed by using the D-H
method and represented by 60T.

6
0T = [[

[
R3×3 p1×3

0 0 0 1
]]
]
=
[[[[[
[

𝑟11 𝑟12 𝑟13 𝑝𝑥
𝑟21 𝑟22 𝑟23 𝑝𝑦
𝑟31 𝑟32 𝑟33 𝑝𝑧
0 0 0 1

]]]]]
]
, (11)

where R3×3 and p1×3 are the rotation and translation matrix.
Based on (11), the joint angles by inverse kinematics calcula-
tions can be derived as
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[[[[[[[[[
[

𝜃1
𝜃2𝜃3𝜃4
𝜃5
𝜃6

]]]]]]]]]
]

=
[[[[[[[[[[[
[

atan 2 (𝑝𝑦, 𝑝𝑥) − atan 2 (0, ±√𝑝2𝑥 + 𝑝2𝑦)
𝜃23 − 𝜃3

atan 2 (𝐾, ±√𝑙23 − 𝐾2)
atan 2 (−𝑟13𝑠1 + 𝑟23𝑐1, −𝑟13𝑐1𝑐23 − 𝑟23𝑠1𝑐23 + 𝑟33𝑠23)

atan 2 [−𝑟13 (𝑐1𝑐23𝑐4 + 𝑠1𝑠4) − 𝑟23 (𝑠1𝑐23𝑐4 − 𝑐1𝑠4) 𝑟33𝑠23𝑐4, −𝑟13𝑐1𝑠23 − 𝑟23𝑠1𝑠23 − 𝑟33𝑐23]
atan 2 (𝑠6, 𝑐6)

]]]]]]]]]]]
]

, (12)

where

𝐾 = 𝑝2𝑥 + 𝑝2𝑦 + 𝑝2𝑧 − 𝑎22 − 𝑙23
2𝑎2 ,

𝜃23 = atan 2 [−𝑎2𝑐3𝑝𝑧
− (𝑐1𝑝𝑥 + 𝑠1𝑝𝑦) (𝑙3 − 𝑎2𝑠3) , (𝑎2𝑠3 − 𝑙3) 𝑝z
− (𝑎3 + 𝑎2𝑐3) (𝑐1𝑝𝑥 + 𝑠1𝑝𝑦)] ,

𝑐𝑖 = cos (𝜃𝑖) , 𝑠𝑖 = sin (𝜃𝑖) .

(13)

Because of the redundancy, there are eight groups of joint
angles through the inverse kinematics for giving the position
of the end-effector. An algorithm that canminimize the Euler
distance in joint space from the initial state should be chosen
from the eight solutions [23]. The Jacobin matrix of the 6-
DOF manipulator is

J =
[[[[[[[[[[[
[

𝐽11 𝐽12 𝐽13 𝐽14 𝐽15 𝐽16
𝐽21 𝐽22 𝐽23 𝐽24 𝐽25 𝐽26
𝐽31 𝐽32 𝐽33 𝐽34 𝐽35 𝐽36
0 0 0 𝐽44 𝐽45 𝐽46
0 0 0 𝐽54 𝐽55 0
0 0 0 0 0 1

]]]]]]]]]]]
]

. (14)

Based on (14), the angular velocity ̇𝜃𝑖 and acceleration ̈𝜃𝑖
of the joint can be derived as

[ ̇𝜃1 ̇𝜃2 ̇𝜃3 ̇𝜃4 ̇𝜃5 ̇𝜃6]T = J−1Ṗ

[ ̈𝜃1 ̈𝜃2 ̈𝜃3 ̈𝜃4 ̈𝜃5 ̈𝜃6]T = J−1P̈ + J−1Ṗ,
(15)

where P is the position and orientation vector of the end-
effector of the manipulator.

3.2. Dynamics of the Robot. From the inverse kinematics in
the previous subsection, the equations for the motion of the
system can be written by using 𝜃𝑑(𝑡):

[𝜏1, 𝜏2, 𝜏3, 𝜏4, 𝜏5, 𝜏6, 0]T − BF = Ψ (𝜃𝑑, ̇𝜃𝑑, ̈𝜃𝑑) , (16)

where F = [𝐹1, 𝐹2, 𝐹3,𝑀1,𝑀2,𝑀3]T is the force and torque
of the 𝑥𝑦𝑧 direction used for grasping the door handle. Ψ
denotes the dynamics parameter matrix of the door in (16),
including the symmetric positive definitemanipulator inertia
matrix M(𝜃𝑑), the vector of centripetal and Coriolis torques
C(𝜃𝑑, ̇𝜃𝑑), and the vector of gravitational torques g(𝜃𝑑). The
matrix B can be obtained as

[B]T = [𝜕Φ𝜕𝜃 ,
𝜕Φ
𝜕𝜃𝑑 ] = [J, 𝜕Φ𝜕𝜃𝑑 ] , (17)

where Φ is a function of the relationship between the
angle of the door-opening and the joint angle of the
manipulator.Φ(𝜃, 𝜃𝑑) = 𝑓2(𝜃) − 𝑓1(𝜃𝑑) = 0.

𝑓1 (𝜃𝑑) = [[
[

𝑟𝑑 cos (𝜃𝑑)
𝑟𝑑 sin (𝜃𝑑)

𝑧𝑑
]]
]
,

𝑓2 (𝜃) = [[
[

𝑥𝑏 + 𝑑4 (𝑐2𝑠1𝑠3 + 𝑐3𝑠1𝑠2) + 𝑑6 (𝑠5 (𝑐1𝑠4 − 𝑐4 (𝑠1𝑠2𝑠3 − 𝑐2𝑐3𝑠1)) + 𝑐5 (𝑐2𝑠1𝑠3 + 𝑐3𝑠1𝑠2)) + 𝑎2𝑠1𝑠2
𝑦𝑏 + 𝑑6 (𝑠5 (𝑠1𝑠4 + 𝑐4 (𝑐1𝑠2𝑠3 − 𝑐1𝑐2𝑐3)) − 𝑐5 (𝑐1𝑐2𝑠3 + 𝑐1𝑐3𝑠2)) − 𝑑4 (𝑐1𝑐2𝑠3 + 𝑐1𝑐3𝑠2) − 𝑎2𝑐1𝑠2

𝑧𝑑
]]
]
,

(18)

where 𝑧𝑑 is the coordinate value of the 𝑧 direction in the
coordinate system of the door, 𝑐𝑖 and 𝑠𝑖 are the abbreviations

for cos(𝜃𝑖) and sin(𝜃𝑖), respectively, and 𝑙1, 𝑙2, 𝑙3, and 𝑙4 are the
lengths of the links in Figure 3.
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We cannot determine 𝜏 in (16), which means that the sys-
tem is indeterminate. F can bemeasured by using the six-axis
F/T sensor, and the forward six rows of (16) can be rewritten
as

𝜏 − JTF = M (𝜃) ̈𝜃 + V (𝜃, ̇𝜃) + G (𝜃) , (19)

where M(𝜃) is the 6 × 6 inertia matrix of the manipulator,
V(𝜃, ̇𝜃) is the 6×1 vector of the centrifugal force and Coriolis
force, and G(𝜃) is the 6 × 1 vector of the gravity.
4. Optimization Method

In this part, we focus on the optimal method for the door-
opening procedure. Since 𝜃𝑑(𝑡) is an infinite dimensional
parameter, it is difficult to find the optimal solution that min-
imizes𝐸con rigorously.Therefore, we approximate 𝜃𝑑(𝑡) as the
fifth-order spline functions of time and find the coefficients of
splines that minimize the cost function. The position of the
mobile manipulators base (𝑥𝑏, 𝑦𝑏) is discretized into a grid,
and at each grid point, the quasi-optimal motion of the door
is calculated by using the spline functions.

4.1. Optimal Motion of Door. We divide the time interval[0, 𝑡𝑒] by 𝑛 and assume that the trajectory of 𝜃𝑑(𝑡) in each
time interval [𝑡𝑖, 𝑡𝑖+1] (𝑖 = 0, . . . , 𝑛 − 1 and 𝑡𝑗 = 𝑗𝑡𝑒/𝑛 for𝑗 = 0, . . . , 𝑛) is expressed by a fifth-order polynomial function
of time, X𝑖(𝑡), as

X𝑖 (𝑡) = 𝜃𝑑𝑖 + 𝑎1𝑖 (𝑡 − 𝑡𝑖) + 𝑎2𝑖 (𝑡 − 𝑡𝑖)2 + 𝑎3𝑖 (𝑡 − 𝑡𝑖)3
+ 𝑎4𝑖 (𝑡 − 𝑡𝑖)4 + 𝑎5𝑖 (𝑡 − 𝑡𝑖)5 ,

(20)

where 𝑎1𝑖, 𝑎2𝑖, 𝑎3𝑖, 𝑎4𝑖, and 𝑎5𝑖 are the coefficients of the poly-
nomial. In order to make the input torque 𝜏 continuous, we
choose the function such thatX𝑖(𝑡𝑖+1) = X𝑖+1(𝑡𝑖+1), Ẋ𝑖(𝑡𝑖+1) =
Ẋ𝑖+1(𝑡𝑖+1), Ẍ𝑖(𝑡𝑖+1) = Ẍ𝑖+1(𝑡𝑖+1), for 𝑖 = 0, . . . , 𝑛 − 2, and
(20) satisfies (2). The coefficients 𝑎1𝑖, 𝑎2𝑖, and 𝑎3𝑖 are constant.
Therefore, there are 3𝑛− 1 independent parameters, and they
can be shown as

Ζ = (𝜃𝑑1, . . . , 𝜃𝑑𝑛−1, 𝑎40, . . . , 𝑎4𝑛−1, 𝑎50, . . . , 𝑎5𝑛−1) . (21)

We assume that the door angle 𝜃𝑑(𝑡) is a monotonically
increasing function at 𝑡 = 𝑡𝑖 with constraint 0 ≤ 𝜃𝑑0 ≤ ⋅ ⋅ ⋅ ≤𝜃𝑑𝑛−1 ≤ 𝜃𝑑𝑡

𝑒

. At each position of the mobile manipulator’s
base, we search for the values of Ζ that minimize the 𝐸con by
using the Quasi-Newton method. We can find a vector h =[ℎ1, ℎ2, ℎ3, ℎ4, ℎ5, ℎ6, ℎ7]T that conforms to hTB = 0. Eq. (16)
is multiplied by the vector ℎ, and thus, we obtain

ℎ1𝜏1 + ℎ2𝜏2 + ℎ3𝜏3 + ℎ4𝜏4 + ℎ5𝜏5 + ℎ6𝜏6 = hTΨ. (22)

The manipulator joint torque 𝜏 satisfying (22) can obtain
a specified motion of the door 𝜃𝑑(𝑡). When ‖𝜏‖ is minimized,𝜏 can be shown as

𝜏 = 𝑘𝜏 [ℎ1, ℎ2, ℎ3, ℎ4, ℎ5, ℎ6]T , (23)

where 𝑘𝜏 is a scalar parameter. By using (23), we can
calculate 𝜏 uniquely. We propose a method, as shown in
Algorithm 1, to acquire the optimal motion of the door and
the corresponding torque of each joint.

4.2. Optimal Position of the Mobile Manipulator’s Base. We
determine the optimal position of the mobile manipulator’s
base and the end-effector’s grasp by using the exhaustive
method. The region of (𝑥𝑏, 𝑦𝑏), defined by [𝑥min

𝑏 , 𝑥max
𝑏 ] ×[𝑦min

𝑏 , 𝑦max
𝑏 ], is divided into a grid, where each rectangle is

given by Δ𝑥 × Δ𝑦. By calculating the objective function at
each grid point using the method in Section 4.1, with a set
of [𝜏𝑖, 𝑋𝑏𝑖, 𝑌𝑏𝑖], we can determine the optimal position of the
mobile manipulator’s base. The scheme for optimizing the
position is shown in Algorithm 2.

4.3. Numerical Simulations. In this section, we describe
the acquisition of the optimal solution by using numerical
simulations. We used MATLAB to find the optimal values
of 𝑍 under the constraint that 0 ≤ 𝜃𝑑0 ≤ ⋅ ⋅ ⋅ ≤ 𝜃𝑑𝑛−1 ≤𝜃𝑑𝑡. The open angle of the door, 𝜃𝑑(𝑡), was set to be 𝜋/3 at𝑡𝑒 = 20 s. The time of the door pulling interval [0, 20] was
divided into ten subintervals; that is, 𝑛 = 10. The measured
length of the door was 0.85 [m]. The mass and inertia of
the door were set to 35.7 [kg] and 8.598 [kg⋅m2], respectively.
The lengths of 𝑙1, 𝑙2, 𝑙3, and 𝑙4 shown in Figure 3 were
0.3 [m], 0.3 [m], 0.305 [m], and 0.415 [m], respectively. The
mass and inertia of the manipulator were as provided in [26].
In the simulation calculation, we chose the grid points of(𝑥𝑏, 𝑦𝑏), that is, Δ𝑥 and Δ𝑦 as 0.02 [m], the search area of[𝑥min
𝑏 , 𝑥max
𝑏 ]× [𝑦min

𝑏 , 𝑦max
𝑏 ]was [0.7m, 1.1m]× [0.3m, 0.9m],

and the objective function defined by (9) was calculated at
each point. Figure 4 shows the contour plot of the objective
function𝐸con. It shows that the position of theminimum𝐸con
is (𝑥𝑏, 𝑦𝑏) = (0.82m, 0.48m) and the value of 𝐸con is 8.28 ×105 [N2m2s]. Figure 5 shows the motion process of the door
in the planning time.

5. Experimental Results

5.1. Robot System. The mobile robot system (see Figure 6)
consists of a 6-DOF modular manipulator produced by
the SCHUNK Company, a four-wheeled platform with two
drive wheels, and a two free wheels and two-finger gripper
mounted on the arm wrist module. The 6-DOF modular
manipulator comprises three types ofmodules, and each joint
module consists of a brushless DC motor, a harmonic drive,
a braking system, and an encoder.Themobile robot system is
equippedwith various types of sensors, including two six-axis
force sensors and a camera.The two six-axis force sensors are
mounted on themanipulatorwristmodule and the basemod-
ule, respectively, to measure the mechanics date of the door-
opening procedure. A joystick with associated force feedback
control from the base-mounted 6-axis force/torque sensor
is used for teleoperation. A camera is mounted on top of the
frame to support 3D displays for continuous teleportation
and object recognition. An API T3 (Automated Precision
Inc.) laser tracker system was used to measure the base
position in the experiment.

5.2. Controller Description. The structure of the proposed
controller scheme is illustrated in Figure 7. The control
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Input: the spline functions𝑋𝑖(𝑡) for all time internals
Output: the torques 𝜏 and the parameters of Eq. (21)
For 𝑖 in range (1, 𝑛)

Based on Quasi-Newton method
with constraint min𝐸con

Obtain 𝑍𝑖 = (𝜃𝑑𝑖, 𝑎4𝑖, 𝑎5𝑖)
solve

{{{
[𝜃(𝑖)1 , 𝜃(𝑖)2 , . . . , 𝜃(𝑖)6 ] = Inverse Kinematics (𝑋𝑖 (𝑡))
[𝜏(𝑖)1 , 𝜏(𝑖)2 , . . . , 𝜏(𝑖)6 ] = eq. (23) ([𝜃(𝑖)1 , 𝜃(𝑖)2 , . . . , 𝜃(𝑖)6 , 𝜃(𝑖)𝑑 ])𝜏 = sum(𝜏(𝑖))𝑖 = 𝑖 + 1

End
Return 𝜏, 𝑍𝑖 = (𝜃𝑑𝑖, 𝑎4𝑖, 𝑎5𝑖)

Algorithm 1: Select the optimal motion of door.

Input: [𝜏𝑖, 𝑋𝑏𝑖, 𝑌𝑏𝑖]
Output: the minimum 𝐸con and the corresponding base position [𝑋𝑏min, 𝑌𝑏min]𝐸conmin = ∞
For 𝑖 in range (1, 𝑛)𝐸𝑖con

If 𝐸𝑖con < 𝐸conmin
then 𝐸conmin = 𝐸𝑖con, 𝑋𝑏min = 𝑋𝑏𝑖, 𝑌𝑏min = 𝑌𝑏𝑖,𝑖 = 𝑖 + 1

End
Return 𝐸conmin, (𝑋𝑏min, 𝑌𝑏min)

Algorithm 2: Search the optimal position of robot base.
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Figure 4: Objective for base position(𝑥𝑏, 𝑦𝑏).

system is shown in terms of the composition of the PD-
computed torque controller. The computed torque controller
(CTC) uses a feedback linearization method. It is assumed
that the desired motion trajectory for the manipulator is de-
termined by a path planner [27].The tracking error is defined
as

𝑒 (𝑡) = 𝜃𝑟 (𝑡) − 𝜃 (𝑡) , (24)

where 𝑒(𝑡) is the error of the plant, 𝜃𝑟(𝑡) is the desired input
variable, which is the desired joint angular displacement in
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Figure 5: Optimal moment of the door.

the control system, and 𝜃(𝑡) is the actual joint angular dis-
placement.

The control torque is described as

�̃� = V (𝜃, ̇𝜃) ̇𝜃 + G (𝜃) +M (𝜃) u. (25)

The dynamic model in (19) is equivalent to a decoupled
linear time-invariant system:
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(a) Guest computer
and power pack in
Protective housing

(f) API T3 laser tracker
system

(c) Host computer and
joy stick

(d) Six-axis
force/torque sensor

(e) Gripper

(b) Vision

Figure 6: Software and hardware of the mobile manipulator.

Trajectory
planning

Optimal
algorithm

Mobile
manipulator

Kinematics
Model

The computed torque control

Off-line Trajectory planning

On-line Trajectory tracking

𝜃d, ̇𝜃d, ̈𝜃d

𝜃r

̈𝜃r

−
+

+

+
+

+

e Kds + Kp
u

M(𝜃)

C(𝜃, ̇𝜃) ̇𝜃 + G(𝜃)

𝜏

̇𝜃

𝜃
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�̈� = u. (26)

Considering that the desired trajectory 𝜃𝑟(𝑡) is deter-
mined, ̇𝜃𝑟 and ̈𝜃𝑟 are known. This is a nonlinear feedback
control law that guarantees tracking of the desired door-
opening trajectory. Selecting PD feedback for 𝑢(𝑡) results in
the PD-computed torque controller.

u = �̈�r + Kd (�̇�r − �̇�) + Kp (𝜃d − 𝜃)
= �̈�r + Kdė + Kpe,

(27)

whereKd andKp are the controller gains and are positive defi-
nite diagonal matrices,Kp = diag(8.2, 10.4, 8.5, 7.4, 12.5, 9.0),
Kd = diag(7.0, 9.5, 8.0, 7.0, 11.5, 8.5). The closed-loop system
equation is

�̈�r + Kdė + Kpe = 0. (28)

By substituting (27) into (25), we obtain the complete
expression of the control law:

�̃� = M (𝜃) ( ̈𝜃𝑟 + Kd ̇𝑒 + Kp𝑒) + V (𝜃, ̇𝜃) ̇𝜃 + G (𝜃) . (29)

5.3. Experimental Setup. The experiments were conducted
in a simulated NPPs internal environment and a real NPPs

fire door with a door closer was used. The trajectory during
door-opening was calculated using the method described in
Section 2.2. The entire door-opening procedure was realized
using C++ programming with a cycle of 20ms. Four groups
of experiments using different base positionswere conducted.
In the first group, the base position, denoted by G1, was
(𝑥𝑏 = 0.82m, 𝑦𝑏 = 0.48m).This is the point of the minimum
objective function according to the numerical simulations.
In the second group, denoted by G2, was (𝑥𝑏 = 0.85m,𝑦𝑏 = 0.55m). In the third group, the base position, denoted by
G3, was (𝑥𝑏 = 0.72m, 𝑦𝑏 = 0.55m). In the fourth group, the
base position, denoted by G4, was (𝑥𝑏 = 0.95m, 𝑦𝑏 = 0.7m).
The points G1, G2, G3, andG4 have been pointed andmarked
in Figure 4.G1 is the point of theminimumobjective function
as shown in Figure 4.

Figure 8 shows sequential pictures of the door-opening
experiments. The duration of the door-opening procedure
is 20 s, which is the same as that the numerical simulation
described in Section 4.3. The mobile robot system can mea-
sure the instantaneous current in the door-opening proce-
dure.The torque of each joint was calculated using the values
of the instantaneous current and (8). Therefore, the value
of 𝐸con could be calculated in the various groups of experi-
ments. The test data were acquired at a sampling frequency
of 50Hz. The experiments were conducted more than three
times under the same conditions to ensure the repeatability



Mathematical Problems in Engineering 9

(a) (b)

Figure 8: Door-opening experiment: (a) initial moments; (b) pulling the door.

and effectiveness of the experimental results. During the com-
parison of the energy consumption in the different groups of
experiments, the end-effector grasped the door handle in the
same positions according to the door-opening path planning
provided in Section 2.

The performance parameters of the motors and actuating
devices of joints are shown in Table 1.

5.4. Comparison of the Different Base Positions. Thematrix 𝜏𝑗
when the robot base is positioned at G1, G2, G3, and G4 can
be calculated by using (8) and the performance parameters
of the joints, shown in Table 1. The values of ∑6𝑗=1 𝜏2𝑗 during
the door-opening procedure are shown in Figure 9.The sums
of the objective function for the different base positions are
shown in Table 2.

The𝐸con curves shown in Figure 9 demonstrate that ener-
gy consumption is optimized at base position G1. Figure 9
shows that the torque is increased during the start and end
of the door-opening procedure because of the resistance of
the door handle and the door closer. It can be clearly seen
in Figure 9 that, in comparison with other selected positions,
over time G1 is better than the other selected base positions
minimizing the objective function, not only in terms of the
accumulated value of𝐸con, shown in Table 2, but also in terms
of sustaining the lowest value of ∑6𝑗=1 𝜏2𝑗 . This verifies the
effectiveness of the proposed algorithm. The experiment
value of 𝐸con is larger than the simulation value at the same
base position (G1), because the simulation only considered
the mechanical power of (6); however, the experiment value
included the generated mechanical power, heat power, and
power losses due to factors such as friction.

Figures 10 and 11 show the optimal trajectories of the joint
angle 𝜃𝑖 and the torque 𝜏 of each joint for G1. It can be seen in
Figure 11 that the values of the joints’ torques 𝜏2, 𝜏3 are larger
than those of the other torques. Figure 10 shows that in the
motion during the door-opening procedure the angle degree
of Joints 2 and 3 is larger than that of the other joints.
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Figure 9: Comparison of the square sums of joint torque at the
different base positions.

6. Conclusion

In this paper, we proposed a novel energy consumption
optimization scheme for a mobile manipulator executing the
door-opening task. Focusing on the power consumption of
the manipulator during the entire task period, we chose the
quadric terms of the joint torques as the objective function.
Furthermore, in this study a two-step optimization procedure
was developed to solve the corresponding joint trajectories of
the manipulator. In the first step, the feasible base positions
of the manipulator are decentralized into a grid in order to
simplify the entire optimization process. A piecewise fifth-
order polynomials over time is utilized to parameterize the
rotational motion of the door. By applying the Quasi-Newton
method, the local optimal trajectories of the manipulator are
obtained for a given base position. In the second step, the
optimal base position is attained via searching the decen-
tralized grid of the feasible base positions. The numerical
results when the proposed method was applied showed that
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Table 1: Performance parameters of drive devices and actuating devices of joints.

Joint of arm 𝑗 𝑈𝑖𝑛/(V) 𝐾𝑚𝑗/(mN⋅m) 𝑖𝑗 𝑅𝑗/(Ω) 𝜂𝑗/(%)
Joints 1 and 2 24 31.4 596 1.5 0.85
Joints 3 and 4 24 38 625 0.6 0.85
Joints 5 and 6 24 16 552 0.1 0.85

Table 2: Value of 𝐸con at different base positions.

Objective function G1 G2 G3 G4
𝐸con (N2m2s) 2.97 × 106 1.65 × 107 2.79 × 107 2.95 × 107
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Figure 10: Angle of each joint (G1).

energy consumption was optimized at base position G1. The
experimental results for door-opening at the different base
positions demonstrate the effectiveness of the method pro-
posed in this study. The proposed method will be useful for
the development of the NPP rescue robots.
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