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Abstract The manufacture and maintenance of large
parts in ships, trains, aircrafts, and so on create an
increasing demand for mobile machine tools to perform
in-situ operations. However, few mobile robots can
accommodate the complex environment of industrial
plants while performing machining tasks. This study
proposes a novel six-legged walking machine tool
consisting of a legged mobile robot and a portable parallel
kinematic machine tool. The kinematic model of the entire
system is presented, and the workspace of different
components, including a leg, the body, and the head, is
analyzed. A hierarchical motion planning scheme is
proposed to take advantage of the large workspace of the
legged mobile platform and the high precision of the
parallel machine tool. The repeatability of the head motion,
body motion, and walking distance is evaluated through
experiments, which is 0.11, 1.0, and 3.4 mm, respectively.
Finally, an application scenario is shown in which the
walking machine tool steps successfully over a 250 mm-
high obstacle and drills a hole in an aluminum plate. The
experiments prove the rationality of the hierarchical
motion planning scheme and demonstrate the extensive
potential of the walking machine tool for in-situ operations
on large parts.

Keywords legged robot, parallel mechanism, mobile
machine tool, in-situ machining

1 Introduction

An increasing demand for manufacturing and maintaining
large parts in several industrial fields, such as aeronautics,
railroad, shipping, offshore platforms, and power plants,
has emerged. Traditionally, large parts are generally
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machined by large workspace machines [1]. In terms of
maintenance and repair, a conventional approach involves
disassembling the damaged parts of a system and shipping
them to specialized workshops for processing, which is
costly, complex, and time consuming. Furthermore, certain
situations involve damaged parts that are impossible to
disassemble; thus, maintenance relies on human work-
force. Therefore, portable or mobile machine tools for
performing in-situ post-production tasks for large parts are
in demand.

Mobile manipulators have been studied for decades. The
mobility of a manipulator can be provided by linear guide
ways, wheeled or tracked vehicles, or legged robots. One
of the most common mobile manipulators is a classical
serial robot arm mounted on a wheeled mobile base [2].
MADAR is a dual-arm mobile manipulator with two
commercial URS arms mounted on an omnidirectional
platform. The mobile platform is driven by three specially
designed omni-wheels that differ from commonly used
Mecanum wheels [3]. KUKA AG demonstrated the
polishing application of the mobile KMR QUANTEC
robot in the aerospace industry. Apart from wheeled
mobile platforms, parallel kinematic machine (PKM) tools
are often mounted on gantry or crane support machines to
perform material removal tasks, thereby combining the
advantages of large travel ranges and high stiffness [4,5]. A
track-based serial kinematic robot named SCOMPI was
designed to perform in-situ processes, such as gouging,
welding, grinding, hammer peening, and post-weld heat
treating, for hydroelectric turbine maintenance. The track
could be straight, circular, or a piece-wise sequence of
circular track sections [6,7]. Moreover, a few mobile
machines use a large-scale workpiece as a supporting
structure. Several crawling portable robots have been
designed to attach to fuselage or wing sections [8,9]. The
Intersector Welding Robot was developed to conduct
welding and machining processes while moving along rails
mounted on the inner surface of the International Thermo-
nuclear Experimental Reactor vacuum vessel sector [10].

Legged mobile robots are superior to wheeled and
tracked robots in terms of terrain adaptability, as they can
deal with isolated footholds and discontinuous terrains,
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such as stairs. A hydraulically driven six-legged robot
named COMET-IV was developed to detect landmines and
perform rescues in disaster areas [11]. Similarly, a motor-
driven six-legged robot named SILO6 was designed to
detect and remove antipersonnel landmines in infested
fields [12]. CENTAURO is a wheeled-legged mobile
manipulation platform capable of executing demanding
manipulation tasks in disaster-response scenarios [13].
However, owing to the complexity of their mechanism and
control as well as low stiffness, legged robots are rarely
used in the industrial field. Only a limited number of
legged robots have been developed for machining
applications. Yang et al. [14] proposed an industry-
oriented tripod robot that combines the mobility of legged
robots and the advantages of parallel mechanisms. With
lockers on certain passive joints and clamping devices at
the end of limbs, the robot used only six actuators to
perform locomotion tasks and manipulation tasks.
REMORA is a reconfigurable quadruped robot with the
same design philosophy [15]. Unlike the two aforemen-
tioned robots, which remain in the conceptual design
stage, a robotic walking machine tool prototype named
WalkingHex has been developed, and a set of experiments
have shown its ability to perform in-situ machining
operations [16,17]. The robot is a Stewart—Gough platform
without a base platform that can perform machining tasks
with all six feet attached to the floor. The top spherical
joints of the robot can be actuated for the walking phase.
However, the three-wire actuated spherical joint lacks an
automated zeroing method and high motion accuracy.
Hence, a calibration process, which takes approximately
10 min, is necessary when transitioning from the walking
phase to the machining phase.

In terms of the kinematic design of manipulators,
articulated arms are widely used. However, the low
stiffness and precision of serial robot arms limit their
application in light processing, such as welding, painting,
and inspections. Therefore, PKMs for mobile machining
have garnered increasing attention. Similar to the well-
known Sprint Z3 head, a 3-degree of freedom (3-DOF)
PKM module called the A3 head has been designed for
large structural component machining [18]. Moreover, the
dynamics and positional capability of the Fanuc F200iB
hexapod robot have been investigated for mobile machin-
ing [19,20]. Another portable large-volume machine tool
solution is the hybrid serial-parallel mechanism. A typical
example is the Tricept machine, which has been success-
fully utilized in the aerospace industry [4]. Inspired by the
Tricept, Huang et al. [21] designed a 4-DOF hybrid
kinematic machine named Bicept comprising a 2-DOF
parallel mechanism and a 2-DOF rotating head. Bicept was
designed as a machine module moving along a long track
for drilling and riveting in the assembly process of aircraft
structural components. The high stiffness and precision
advantages of parallel or hybrid-parallel kinematic

machine tools make them promising solutions for in-situ
machining.

In this study, we introduce a novel six-legged walking
machine tool developed to perform in-situ maintenance for
large parts, such as trains, ships, and airplanes. Working
environments may include certain obstacles or uneven
terrain. Therefore, the walking machine tool is expected to
demonstrate the following abilities: Can walk autono-
mously to a working area; can adapt to different types of
terrain, including flats, slopes, and steps; and can perform
machining operations on large parts. Its overall layout is
similar to that of a classic mobile manipulator, that is, a
robotic manipulator on a mobile platform. Our machine
differs from classic mobile manipulators because it uses a
6-DOF PKM as a manipulator and a six-parallel-legged
robot as a mobile platform. The upper PKM features high
stiffness and high precision, which are crucial for
machining tasks. Meanwhile, the lower legged robot
provides a system with higher mobility and better
adaptability for locomotion tasks compared with wheeled
or tracked vehicles. Moreover, the parallel kinematic leg
architecture allows the lower legged robot to overcome the
disadvantages of low payload and low rigidity, which are
common in most legged robots. In contrast to WalkingHex,
our proposed walking machine tool has a complete PKM
module; hence, the kinematic calibration process before
every machining task is unnecessary. In addition, each leg
of the lower legged robot is actuated by three ball screws,
thereby providing the leg with high payload and high
accuracy during the walking phase.

The rest of this paper is organized as follows. The
overall description of the walking machine tool is
presented in Section 2. Kinematic models of the leg,
body, and head are described, and the workspace of the
three components is analyzed in Section 3. A hierarchical
motion planning scheme with simulations is proposed in
Section 4, and two experiments are performed in Section 5.
The first experiment measures the repeatability of the three
motion layers, and the second experiment demonstrates an
application scenario combining the three motion layers.
Finally, conclusions are provided in Section 6.

2 System overview
2.1 Design concept

The main design objective of the six-legged walking
machine tool is to provide high accuracy for a PKM tool
and maintain the locomotivity of a legged robot. Mobile
processing applications require mobile machine tools with
high precision, high rigidity, and high payload. Our
laboratory designed a six-legged walking robot with a
three-limb parallel mechanism for its leg design. The novel
legs allow the robot to carry a payload of 200 kg [22]. A
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late-generation version of this robot was utilized to
perform low-precision tasks, such as opening doors [23]
and turning valves [24]. However, the body motion
accuracy of the legged robot failed to satisfy machining
requirements. Therefore, a manipulator is mounted on the
body of the six-legged robot to conduct high-precision
tasks.

For versatility, the manipulator is expected to have six
DOFs. In addition, parallel kinematic manipulators are
preferred owing to their superiority in terms of precision,
rigidity, and payload compared with serial manipulators.
The most common mechanisms that meet the above
conditions are the 6-universal-prismatic-spherical (6-
UPS), which is known as the Stewart platform, and the
6-prismati-universalc-spherical (6-PUS), which is also
called the Hexaslide [25]. The latter has an advantage in
small moving inertia and fast dynamic response, because
its actuators are all mounted on a fixed base. Moreover,
fixed mounting type actuators are convenient for cable
routing. Therefore, a 6-PUS parallel mechanism is chosen
to design the mobile manipulator mounted on the body.

2.2 Mechanical description

A physical prototype of the six-legged mobile machine
tool is shown in Fig. 1. From a topology perspective, the
mobile machine tool consists of seven parallel mechan-
isms, namely, six legs and a PKM head. These mechanisms
are mounted on a single base, that is, the body. The overall
dimension of the walking machine tool is shown in Fig. 2.
The walking machine tool is 1685 mm wide, 1295 mm
long, and 1362 mm high.

Control box
Senz3D

Kinect

6-DOF head
Motor spindle

3-DOF leg

Force/Torque sensor

Fig. 1 Physical prototype of the six-legged walking machine
tool.

1) Leg. A 1-UP and 2-UPS parallel mechanism is
employed for the leg design. In this notation, U represents
a passive universal joint, P denotes an active prismatic
joint, and S stands for a passive spherical joint. The active
prismatic joint is embodied by an originally designed

linear actuator driven by a direct current (DC) servo motor
through a gear box, a synchronous belt, and a ball screw.
The three chains are connected to a triangle base plate with
universal joints. A small triangle structural component,
which is considered as the ankle of the leg, is fixed at the
end of the UP chain piston rod. The piston rods of the UPS
chains are connected to the ankle by spherical joints. A 6-
DOF force/torque sensor is mounted under the ankle, and
another passive spherical joint connecting the foot is
mounted on the other side of the sensor.

2) Body. The robot body consists of two aluminum
plates connected by steel ribs. The body is designed to be
as compact as possible while providing adequate mounting
space for the legs and PKM head. The six legs are
symmetrically arranged under the body. The PKM head is
mounted on the front of the body, and the control box and
lithium batteries are mounted on the back, thereby making
the weight distributed in equilibrium. The structural frame
of the PKM head can increase the rigidity of the body. The
control box contains the controllers and servo drives.

3) Head. The architecture of the robot head is a 6-PUS
parallel mechanism. Six linear actuators are mounted on a
hexagonal prismatic frame. The slider on each linear
actuator is driven by a DC motor through a ball screw. A
moving platform housing an electric spindle is connected
to all the sliders by six links. Each link has two universal
joints on both sides. Moreover, each link consists of two
coaxial rods with a revolute joint in between. The axis of
revolution goes through the universal joint centers. For
brevity, the function of one universal joint and the revolute
joint is equivalent to that of a spherical joint.

2.3 Control architecture

The control architecture of the walking machine tool is
illustrated in Fig. 3. It consists of two controllers: (a) The
locomotion controller running a self-developed legged
robot control program on top of Linux with a real-time
infrastructure named Xenomai, controlling 18 DC motors
of the legged mobile platform; and (b) the manipulation
controller running Beckhoff TwinCAT3 on top of
Windows 10, controlling six DC motors of the PKM
head. All the servo drives are connected to the controllers
through the EtherCAT real-time network. The locomotion
controller is the main controller, receiving commands from
the remote terminal and giving commands to the
manipulation controller. Two Microsoft Kinect vision
sensors are mounted on the left and right sides of the
body and connected to the locomotion controller through a
USB interface. The sensors are utilized for autonomous
obstacle avoidance. A Creative BlasterX Senz3D depth-
sensing camera is mounted on the spindle platform and
connected to the manipulation controller. The camera is
employed to locate a workpiece with respect to the mobile
machine tool. The camera also provides an image signal
for the visual servo processing task.
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Fig. 2 Dimensions of the front and side views of the walking machine tool.
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Fig. 3 Control architecture of the walking machine tool.

2.4  Motion layers

A hierarchical motion planning scheme is proposed to take
advantage of the large workspace of the legged mobile
platform and the high precision of the PKM head, as shown
in Fig. 4. The walking machine tool involves 24 actuations,
which presents a motion planning challenge. Hence, we
divide the motion of the system into three layers based on
the moving subjects. The leg motion layer is utilized to

execute the walking task and to lead the machine tool to the
target position. This layer has the largest working range but
the lowest precision. The body motion layer is used to
adjust the pose of the body, bring the PKM head near a
workpiece, or expand the working range of the PKM head.
This layer has an intermediate working range and
intermediate precision. The head motion layer is employed
to execute the machining task. This layer has the smallest
working range but the highest precision.
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Fig. 4 Three motion layers of the walking machine tool.
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3 Kinematic model and workspace analysis
3.1 Inverse kinematics

First, we need to derive the inverse kinematic solution of a
single leg. The schematic diagram of the leg mechanism is
shown in Fig. 5. In a coordinate frame, the red, green, and
blue arrows indicate the x, y, and z axes, respectively. This
notation is also used in other figures in this paper. The
centers of the universal joints and spherical joints are
denoted by Uj; and Sj;, respectively, where the subscript i
(i=1,2,...,6) is the leg index, and the subscript ; is the
chain index (j = 1 for the UP chain, and j = 2 and 3 for
the UPS chains). The foot is connected to the UP chain
with another passive spherical joint whose center is
denoted by Sj;. Sj; is also used as the end-effector center
point for the motion planning of the leg mechanism.

A reference frame {H,}, which stands for the hip frame,
is fixed to the triangle base plate, while the origin Oy; is
coincident with Uy;. Its x axis is perpendicular to the plane

U,;U,;Us,;, while its z axis is parallel to the vector Us; U,;. A
moving frame {4;}, which represents the ankle frame, is
attached to the piston rod of the UP chain. Its x axis is
coincident with the prismatic joint axis of the UP chain,
which goes through Oy;. Its yz plane goes through S,;, and

S —

its z axis is parallel to the vector S3;5,; . Thus, its origin O,
can be derived. The joint coordinates of the parallel leg

Og

Fig. 5 Schematic diagram of the parallel leg mechanism.

mechanism are the lengths of each chain. The specific
definitions are shown in the following equations:

lli = ||U1i0Ai||s (D
bi = | UzSyill, (2)

131' = ||U3iS3i||- 3)
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The inverse kinematics of the 1-UP and 2-UPS parallel
mechanism is to calculate the joint coordinates given the
Cartesian coordinates of S; with respect to the hip frame
{H;}. It can be derived based on the vector loop method.
The vector loop Op;04;:8;0y; is considered to calculate the
generalized coordinates of the UP chain:

Hisﬁ _ %T.AiSﬁ’ 4)
where HiSﬁ = [x; ¥; z]|" are the input variables of the
inverse kinematics, and 4'S = [Spi Spi S ﬁi]T are given as
the kinematic parameters. In this notation, the pre-super-
script H; in the symbol HiSﬁ indicates that the vector is
expressed relative to the frame {H;}, and so on. And the
homogeneous transformation matrix /T serves as the
description of frame {4,} relative to {H;}. According to
the definition of the ankle frame {4;} and UP chain
structure, 1T is determined by the two rotation angles of
the universal joint and the displacement of the prismatic
joint:

cayicfy;  —coysPy say lconicBy

Hig sPhi P 0 Lispri

o —saycpy  soysPy coyy —lysogicBy
0 0 0 1

®)

where a;; and f;; are the first and second rotation angle of
the universal joint in the UP chain, respectively, and sa; is
the shorthand for sina;;, cay; is the shorthand for cosay;,
and so on.

By combining Eqs. (4) and (5), the generalized
coordinates of the UP chain can be calculated as follows:

I = \/x2 + 37 + 2252~ 8%~ g (6)
. S,
B1; = arcsin Ji ; —arcsin A :
(hi + Spi)” +53, \/(lli+Sﬁci) +85;
(N
Spixi —[(1; + Spi)cBri—Sgichuilzi
ay; = arctan ki — (11 i )CB1i— Spichhilz @®)

(1l + Spi)cBri—SpusPuilxi + Spizi

Hence, %/ T is obtained by substituting Eqs. (6)—(8) into
Eq. (5). The lengths of UPS chains /,; and 5; can be
calculated as follows:

Ly = T -8y ~"U, |, ©)

Ly = |51 -8, -"Us |,

(10)
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where 7'U,; and 7' U;; respectively stand for the positions
of U,; and Uj; with respect to the frame {H;}.

Thus, the relationship between HiSﬁ and the joint
coordinates is derived:

=l L " (11)

Next, we need to express the leg kinematic model in the
body frame. All six legs are symmetrically distributed
around the body frame {B}, as shown in Fig. 6. The base
plate of each leg is fixed under the body structure; hence,
the pose of frame {H;} relative to {B} is constant.
Generally, motion planning for legged robots is imple-
mented in two ways, that is, either planning foot-tip
positions relative to the body frame or planning the body
pose and foot-tip positions simultaneously with respect to
the ground frame {G}. The second method can be
converted to the first method by applying a matrix
transformation:

(12)

where §T is the homogeneous transformation matrix
representing the body pose with respect to frame {G}, BSﬁ

B Gp-1 G
S =5T 7Sy,

and GSﬁ respectively denote the positions of foot-tip S,
with respect to frame {B} and frame {G}. Thus, we need to
express the inverse kinematics of the leg mechanism in the
body frame.

Fig. 6 Definition of coordinate systems in the legged mobile
platform.

The description of the ith hip frame {H;} with respect to
the body frame {B} is expressed as follows:

BiR BP i
b =1" ", (13)
0 1

where 8py; = [H H, H |7 is the origin position of {Hi}
with respect to {B}, and the rotation matrix %R is
expressed by ZXZ-Euler angles [¢; 6, w;]".
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f[iR = Rz((oi)Rx(ei)Rz(‘//i)ﬂ (14)

where R.(p;) is a rotation matrix that represents a rotation
about z axis by ¢; degrees, and so on.

While planning the trajectory of the legged mobile
platform, the body pose and all foot-tip locations with
respect to the ground frame are given simultaneously.

U8y =T 7Sy (15)

Hence, we can use Egs. (6), (9), and (10) for each leg to
calculate all 18 joint variables in the legged mobile
platform.

Finally, we derive the inverse kinematics of the 6-PUS
machine head. The mechanism schematic is shown in
Fig. 7. A, and B, represent the rotation centers of the
spherical joint and the universal joint in the kth chain,
respectively; By, is the initial position of B, when the
actuators are on their home position; and e, represents the
unit direction vector of the kth prismatic joint. Therefore,
the input variables are the distances between B;, and By,. A
moving frame {P} is attached to the spindle platform. Its
origin is located in the center of the hexagon
A1 A,A3A4A5Ag. Tts z axis is perpendicular to the hexagon

plane, while its x axis is parallel to the vector 1427; Its y
axis is derived by the right-hand rule. A reference frame
{M} is attached to the machine casing and coincident with
{P} when all the prismatic joints are in their home
position.

Fig. 7 Schematic diagram of the PKM head.

For the kth kinematic chain, according to the vector loop
method, we have

MPp + ¥R Tap ="Ybo + qrep + M1,

(16)

where ¥p, stands for the origin location vector of {P}
with respect to {M}, ¥R is a rotation matrix describing

{P} relative to {M}, “a; stands for the location of the kth
universal joint center S, with respect to the moving
platform frame {P}, ¥b, represents the location of Uy

with respect to the machine frame {M}, I}, = B,?l;, and g;
is the kth joint coordinate.
For brevity, we define

b ="pp + P R-"a;—"by. (17

Hence,
Iy = hy—qiey. (18)
By squaring both sides of the equation above, we obtain
Li = hihy—2qihie; + g (19)

Two solutions exist for a quadratic equation, but only
one of the solutions satisfies the continuity condition
considering the initial position of the slider.

g = hie,— \/ (hie,)* —hih + L. (20)
The joint coordinates are calculated by applying Eq. (20)
to all six chains.

a=[a @ - g5 @1

3.2  Workspace analysis

In this section, we analyze the workspace of three different
components, including a single leg, the body, and the PKM
head.

The workspace of the leg mechanism can be obtained
with the discretization method. The workspace of a single
leg is searched by discretizing the Cartesian coordinates of
the foot-tip, applying inverse kinematics, and checking
joint variable limits, as follows:

{ ljmin < lj < ljmaxs

J=12.3,
cosacosf; <cosby,

(22)

where 6, is the maximum tilt angle of the universal joint in
the UP chain.

The workspace boundary with respect to the body frame
is shown in Fig. 8(a). A red cylinder is drawn within the
workspace to visually represent the range of the foot-tip
motion when the mobile platform walks. The cylinder’s
diameter represents the maximum walking step length, and
its height indicates the corresponding step height. The
maximum height of the cylinder is 0.12 m when its
diameter is set to 0.8 m. When the diameter is reduced to
0.4 m, the height can reach up to 0.25 m. The cylinder is
meaningful for choosing the proper walking step para-
meters.

With all the feet fixed on the ground, the body can
function as a redundantly actuated 6-DOF platform. The
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body workspace can be determined by discretizing the
body pose parameters and checking the boundary condi-
tions with Eq. (22) for all six legs.

The PKM head workspace can also be calculated using
the same methods. The constraint conditions are the six
joint variable range limits.

(23)

The translational workspace of the body and PKM head
is shown in Figs. 8(b) and 8(c), respectively. We draw a
maximal cube within each working envelope. The cubes
are utilized to generate testing poses for the performance
evaluation according to the ISO 9283:1998 Manipulating
Industrial Robots — Performance Criteria and Related
Test Methods standards [26]. Furthermore, the cubes can
intuitively represent the size of the workspace. The cube in
the body workspace has an edge length of 0.25 m, whereas
the cube in the head workspace has an edge length of 0.075
m. Obviously, the working range of the PKM head is much
smaller than that of the body.

‘]kmin<Qk<4kmaXak = 1,2, 96

4 Hierarchical motion planning and
simulation

4.1 General workflow

A general workflow combing the three motion layers to
perform a processing task is shown in Fig. 9. First, the
robot is navigated to a workpiece from an initial position
using the bottom motion layer. Second, the body adjusts its
pose to locate the PKM head in a proper position using the
middle motion layer. Finally, the PKM head deals with the
machining tasks using the top motion layer.

4.2 Leg motion layer

Various walking gaits can be applied to a six-legged robot.
Among them, the tripod gait is the most efficient for
planning. The legs are numbered, as shown in Fig. 6. The
first, third, and fifth legs are divided into the first group,
and the rest of the legs are divided into the second group.
When one group of legs is swinging, the other group of

Front. Mech. Eng. 2020, 15(3): 351-364

legs stands on the ground supporting the body. Using the
tripod gait, the robot can walk in any direction and turn on
the horizontal plane.

A typical forward-walking gait with two cycles is
demonstrated in Fig. 10, where d and % stand for the step
length and step height, respectively, and T represents a
walking cycle. Each cycle consists of two steps, and each
step takes a half cycle. According to Figs. 10(a) and 10(b),
during the first half cycle, the first group of legs swings
forward with a distance of 0.5d, while the second group of
legs stands on the ground. The swing trajectory of each
foot with respect to the ground frame is a semi-ellipse
curve. Similarly, in the final half cycle, the second group of
legs steps forward 0.54. During the period in between,
each group swings alternately every half cycle with a
distance of d. Correspondingly, the body motion can be
divided into three phases, namely, the accelerated motion
phase, the uniform motion phase, and the decelerated
motion phase. From 0 to 0.57, the body accelerates to the
target speed d/T and maintains the speed during the next
cycle. In the final half cycle, that is, from 1.57 to 27T, the
body decelerates from the velocity to stop. The feet
trajectories with respect to the body frame are shown in
Fig. 10(c). This walking gait can be generalized easily to
additional cycles. The number of walking cycles is denoted
by n. Leg motions between 0.57 and 1.57 are repeated
n—1 times, and the overall walking distance is (n—0.5)d.

A simulation intuitively demonstrates the walking
motion of the mobile machine tool, as shown in Fig. 11.
The captures show the leg configurations every half cycle.

4.3 Body motion layer

As analyzed in Section 3.2, the workspace of the PKM
head is extremely limited. Therefore, we need to use the
body motion layer to extend the working range of the tool
center point (TCP). This layer is employed when all six
feet are standing on the ground, thereby making it more
accurate than the walking motion. Support from multiple
legs also leads to higher stiffness compared with locomo-
tion via alternating legs. The purpose of this level is to
convey the PKM head to its preferable posture relative to
the processing area in a large workpiece. As illustrated in

Fig. 8 Workspace of different components of the walking machine tool. (a) Leg; (b) body; (c) head.
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Fig. 9 Workflow of the walking machine tool for performing mobile machining tasks.
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respect to the body frame.



360 Front. Mech. Eng. 2020, 15(3): 351-364

Fig. 12 Snapshots of the body twisting simulation.

Fig. 12, multiple support legs enable the robot body to
engage in flexible behaviors.

The body pose adjustment uses point-to-point motion in
a six-dimensional space. We interpolate the pose para-
meters with cubic splines, with position and velocity
values specified at the beginning and ending moments.

4.4 Head motion layer

The head motion presents the highest precision of the
system, thereby satisfying industrial requirements. The
PKM head is designed to include all six spatial DOFs
(Fig. 13). Hence, it can adapt its pose to curved working
surfaces. In the machining process, the first step is to
construct the workpiece coordinate frame {W} by
scanning the workpiece feature using the vision sensor
on the PKM head or an external positioning device. In
addition, %T , which is the relationship between the
machine frame {M} and the workpiece frame {W}, is
determined. Besides, the TCP position offset with respect
to the spindle platform frame {P} must be measured to
obtain the pose of the tool frame {7} relative to {P},
which is denoted by £7. The machining process is
performed by planning the motion of the tool frame {7}
relative to the workpiece frame {W}, namely, ¥ T. The
path of /' T can be preprogrammed tool paths or sensor-
based online-generated paths. /¥ T can be expressed as a

product of transformations in two different ways, which
constructs a transform equation:

Mt Pt =MT1.7T. (24)

Thus, the path of ;VT can be transferred to the path of
MT, that is, the relative pose between the spindle platform
frame and the machine frame.

Mr =¥T1.-7T. P17 (25)

The head motion trajectories are generated by combin-
ing Eq. (25) with the inverse kinematics of the PKM head.

5 Experiment
5.1 Repeatability test

The repeatability of the three motion layers was tested
based on ISO 9283 standards [26]. A Leica AT960 laser
tracker (Fig. 14(a)) was used as the measurement
equipment. The spindle was removed from the PKM
head and replaced with a calibration plate with three
magnetic nests to hold the spherically mounted retro-
reflector (SMR; Fig. 14(b)).

The repeatability test (Fig. 14) of the leg motion layer
was performed by commanding the legged mobile plat-
form to walk forward and backward for 30 cycles and

Fig. 13 Snapshots of the PKM head twisting simulation.
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(b)

(©)

Fig. 14 Experiment setup of the repeatability test. (a) Overall setup; (b) SMR holders on the moving platform; (c) commanded poses.

using a laser tracker to measure the body displacements.
The PKM head was disabled and kept still during the
walking motion. Therefore, the displacement of the SMR
on the head could represent the body displacement. The
repeatability of the walking motion was affected by not
only the inherent accuracy of the legged robot but also the
roughness of the ground. The positioning error of the
walking motion accumulated as the cycle increased. Thus,

we used the walking distance error to represent the walking
motion repeatability. The test was performed with different
walking steps from one to three, and the result is shown in
Fig. 15(a).

The repeatability test of the body motion was performed
by commanding the body to move to five target poses for
30 cycles. As shown in Fig. 14(c), the commanded poses
were arranged in the largest available cube at the center of
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Fig. 15 Repeatability test results of different motion layers. (a) Walking; (b) body motion; (c) head motion.
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the working volume and offset by 10% of the diagonal
distance. The head motion repeatability was tested in the
same way for 30 cycles, with all leg actuators locked. The
pose repeatability is defined as follows:

RP, =1+ 38, (26)
1= lzn: L, 27
I’lj:1
= (28)
(29)

where RP; is the pose repeatability, / and S, are the mean
value and standard deviation of the position error,
respectively, and /; is the distance between the jth measured
coordinates and the mean values. The pose repeatability of
each target pose was calculated by applying Egs. (26)—(29)
to the measured poses. The maximum value of the five-
pose repeatability was taken as the motion repeatability.
The results are presented in Fig. 15 in term of boxplots.
The repeatability of the head motion was 0.11 mm and that
of the body motion was 1.0 mm. This finding proved that
the head motion was more precise than the body motion.
The walking distance repeatability was 3.4 mm; hence, the
walking motion demonstrated the lowest precision.

5.2 Application scenario

An in-situ operation experiment was conducted to
demonstrate the three-level motions of the walking
machine tool, as shown in Fig. 16. The workpiece was
an aluminum plate mounted on a steel frame, and the
processing task was to drill a hole in it.

First, the robot was navigated to the workpiece from an
initial position. The kinetic sensor mounted on the body

detected a 250 mm-high and a 100 mm-wide obstacle lying
on the walking path. The robot adjusted its walking gait to
step over the obstacle. It lifted its body to make full use of
the leg workspace and walk with a 270 mm step height.
After stepping over the obstacle and approaching the target
workpiece, the robot stopped in front of it. Next, the depth-
sensing camera mounted on the spindle platform scanned
the workpiece and fitted the generated point cloud to
construct the workpiece coordinate system { ¥ }. Based on
the relative pose // T, the robot adjusted its body pose to
move closer to the workpiece and bring the working region
within the workspace of the PKM head. In the top layer
motion phase, the legged mobile platform stood still, and
the PKM head adjusted the pose of the spindle platform to
keep the spindle axis perpendicular to the working surface.
Subsequently, the spindle started to turn, and the feed
motion along the tool axis was performed by the PKM
head. Finally, a hole was successfully drilled at the desired
location.

6 Conclusions

A novel six-legged walking machine tool consisting of a
six-parallel-legged walking robot and a 6-DOF PKM tool
is proposed for the first time. The walking machine tool
integrates high mobility, high precision, and terrain
adaptability to address the requirements of in-situ main-
tenance for large parts. A 1-UP and 2-UPS parallel
mechanism is chosen for the leg design, and a symmetric
6-PUS parallel mechanism is selected for the machine head
design. Moreover, the kinematic model and control
architecture of the system are discussed. A hierarchical
motion planning scheme divides the system motion into
three layers, that is, the leg motion layer for locomotion,
the body motion layer for adjustment, and the head motion
layer for machining.

In addition, the workspace of the three motion layers is
analyzed. The leg workspace envelops a cylinder with a
diameter of 0.8 m and a height of 0.12 m or a cylinder with
a diameter of 0.4 m and a height of 0.25 m, thereby
allowing the robot to walk with a large step length and a

Fig. 16 Multi tasks in an application scenario. (a) Stepping over an obstacle; (b) adjusting body pose; (c) drilling a hole on the workpiece.
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large step height. The workspace of the body and head can
envelop a cube with a side length of 0.25 and 0.075 m,
respectively. Motion simulations show how these motion
layers work. In addition, their repeatability is tested
through experiments. The repeatability of the head motion,
body motion, and walking distance is 0.11, 1.0, and 3.4
mm, respectively. The results prove the rationality of the
task division for the three motion layers.

Finally, a comprehensive experiment that requires the
robot to step over a 250 mm-high obstacle and perform an
autonomous drilling task is conducted to demonstrate the
workflow of the system and prove the validity of the
hierarchical motion planning scheme. The walking
machine tool presented in this paper will hopefully become
an intelligent and multifunctional solution for in-situ
processing of large parts.
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