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Abstract The demand for redundant hydraulic
manipulators that can implement complex heavy-duty
tasks in unstructured areas is increasing; however, current
manipulator layouts that remarkably differ from human
arms make intuitive kinematic operation challenging to
achieve. This study proposes a seven-degree-of-freedom
(7-DOF)  redundant anthropomorphic  hydraulically
actuated manipulator with a novel roll-pitch—yaw spherical
wrist. A hybrid series—parallel mechanism is presented to
achieve the spherical wrist design, which consists of two
parallel linear hydraulic cylinders to drive the yaw/pitch 2-
DOF wrist plate connected serially to the roll structure.
Designed as a IRPRRR-1SPU mechanism (“R”, “P”, “S”,
and “U” denote revolute, prismatic, spherical, and
universal joints, respectively; the underlined Iletter
indicates the active joint), the 2-DOF parallel structure is
partially decoupled to obtain simple forward/inverse
kinematic solutions in which a closed-loop subchain
“RPRR” is included. The 7-DOF manipulator is then
designed, and its third joint axis goes through the spherical
center to obtain closed-form inverse kinematic
computation. The analytical inverse kinematic solution is
drawn by constructing self-motion manifolds. Finally, a
physical prototype is developed, and the kinematic analysis
is validated via numerical simulation and test results.
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1 Introduction
1.1 Background

Multi-degree-of-freedom (multi-DOF) robotic manipu-
lators have been widely adopted to replace humans and
perform dangerous tasks in hazardous environments. For
example, dozens of mobile field robots with dual multi-
DOF arms developed by different teams worldwide
attended the finals of the US Defense Advanced Research
Projects Agency Robotics Challenge [1], in which several
emergency tasks, such as driving, operating valves,
plugging, and switching, were involved. Given the
existence of numerous heavy-duty tasks, hydraulic
robotic manipulators (HRMs) with complex DOFs have
been widely used in mobile areas [2], such as in construc-
tion, rescue, and exploration [3-5]. As mobile tasks
become more complicated, redundant hydraulic manipu-
lators with 7 DOFs, such as electrically driven redundant
robots (e.g., CENTAURO and NimbRo [6]), are increa-
singly required to improve flexibility and dexterity. For
example, Kiveld et al. [7] from Tampere University in
Finland designed an 8-DOF hydraulic manipulator for the
International Thermonuclear Experimental Reactor and
found that its redundancy feature was beneficial for
optimizing the execution of remote handling tasks. Liang
et al. [8] designed a 7-DOF HRM with seven revolute
joints for rescue areas during natural disasters. Li et al.
[9] developed a 7-DOF HRM for industrial manufactu-
ring; this HRM consisted of five revolute joints and two
prismatic ones. On the basis of the aforementioned lite-
rature, HRM redundancy contributes to solving constraint
problems due to complex surrounding environments.

1.2 Problem statement

HRMs are typically operated by humans in unstructured
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environments to implement diversified tasks. Kinematic
similarity between the slave manipulator and the master
arm is an important requirement for achieving master—
slave intuitive kinematic operation. Thus, specially
designed master joysticks are necessary as functional
replicas of slave manipulators [3]. Operation efficiency
can be further improved to generate human-like move-
ments of a slave manipulator through anthropomorphic
configuration [10]. However, current HRMs have not yet
achieved anthropomorphic design, and two major
problems exist as follows.

1) Most existing HRMs adopt nonspherical 3-DOF
wrists, also called offset wrists [4,5,8,11-14]. In contrast
with spherical wrists in which three joint axes intersect at
the wrist center, a nonspherical wrist cannot decouple an
endpoint’s orientation from position, and thus, the inverse
kinematic solution cannot be easily obtained. With regard
to electrically driven robots, hydraulic roll-pitch—roll
(RPR) spherical wrists have been developed recently for
nuclear [15] or underwater [16] applications by using
three rotary actuators. However, the RPR wrist also
exhibits a different layout from that of human wrist,
which adopts a roll-pitch—-yaw (RPY) structure [17].
Moreover, a singularity configuration is observed when
two roll axes are collinear at the zero position.

2) Classic redundant anthropomorphic configurations
for electrically driven robotics, e.g., sphere-rotation—
sphere (SRS) [18], are available to achieve analytical
inverse kinematic computation, however, they are
inappropriate for HRMs due to the difference in driven
components. In terms of cost and performance, HRMs
use more linear cylinders, while servo rotary motors are
the common choice in electrically driven areas. A large
installation space is required for hydraulic linear cylinders
to generate rotary motion (e.g., boom motion of
excavators). Therefore, anthropomorphic HRM configura-
tion should be redesigned rather than directly adopting an
electrically driven robot layout.

1.3 Contributions

To overcome the aforementioned problems, the contri-
butions of the current study are as follows:

1) An RPY wrist that consists of a parallel yaw/pitch
motion plate connected serially to the roll structure is first
proposed. Designed as a 1RPRRR-1SPU mechanism
(“R”, “P”, “S”, and “U” denote revolute, prismatic,
spherical, and universal joints, respectively; the
underlined letter indicates the active joint), the 2-DOF
parallel structure is decoupled partially to obtain closed-
form forward/inverse kinematic solutions. Compared with
the RPR wrist, one benefit of the RPY wrist is
eliminating orientation singularity and increasing
similarity to human wrist motion. Another benefit is that
two hydraulic linear cylinders with low cost and low
friction replace two rotary cylinders with high cost (vane
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type) or high friction (helical gear type).

2) On the basis of the proposed wrist, a 7-DOF
anthropomorphic hydraulic manipulator is designed in
which the third joint axis goes through the center of the
wrist to simplify kinematic analysis. The analytical
inverse kinematic solution is presented via self-motion
manifolds to describe redundancy uniquely.

The remainder of this paper is organized as follows.
The mechanisms of the spherical wrist and the
manipulator are described in Sections 2 and 3,
respectively. Section 4 introduces the prototype,
numerical verification, and test result. Conclusions are
drawn in Section 5.

2 Design of the spherical wrist

2.1 Structural description

An HRM should be heavy duty and have a compact size
to implement complex tasks in unstructured areas. Thus,
wrist design has two major concerns as follows:

1) For a spherical wrist, the frame and moving linkages
should be sufficiently strong under biaxial loading
conditions (i.e., pull or push). Thus, a tendon/cable drive
is infeasible for a humanoid wrist due to the large torque
demand and heavy load conditions. In addition, all
kinematic pairs should be carefully selected to ensure
load capacity and motion range.

2) A spherical wrist should be as compact as possible.
An epicyclical gear train is a poor choice due to its large
size for heavy loads, although it has been widely used in
electrically driven wrists. Solutions that use more pairs
and links are inappropriate, e.g., the humanoid wrist in
Ref. [19] that included 10 joints and 10 moving links.

Given the two aforementioned concerns, the push—rod
mechanism is considered an appropriate transmission
approach. In contrast with electrically actuated areas, the
use of a pure 3-DOF parallel wrist [20] is limited in
hydraulic areas because it is too large to be installed on a
serial manipulator, particularly in compact environments.
As shown in Fig. 1, we adopt a hybrid serial-parallel
concept inspired by the human forearm, which uses the
radius and the ulna to achieve wrist deviation, to design
the wrist as a revolute—universal chain. Two parallel
linear cylinders are used to achieve pitch/yaw motion.
The detailed wrist structure is then designed as shown in
Figs. 1 and 2.

Points 4 and B denote the kinematic pair centers of the
pitch cylinder, while Points C and D denote the kinematic
pair centers of the yaw cylinder. The spherical RPY wrist
is driven by two parallel linear cylinders for the pitch/yaw
motion and a rotary hydraulic cylinder for the roll motion.
The pitch cylinder is connected to the base frame and the
cross shaft by two revolute pairs. The yaw cylinder is
connected to the base frame by a spherical pair and to a
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Fig. 1 Structure of the RPY spherical wrist.
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Fig. 2 Kinematic diagram of the RPY spherical wrist.

wrist plate via a universal joint. Moreover, the cross shaft via a revolute pair. In Fig. 1, Point D is on the OZ axis
is connected to the base frame via a revolute pair to and Point B is on the YOZ plane at the zero position.

construct a closed-loop subchain with a four-bar linkage. The two yaw/pitch cylinder pairs are considered two
In addition, the cross shaft is connected to the wrist plate prismatic pairs because two local freedoms of the
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cylinders rotate about their own axes. The pitch/yaw
structure is considered a 1RPRRR-1SPU asymmetrical
mechanism. The upper bracket indicates the presence of a
closed-loop subchain, including the “RPRR” kinematic
pairs, because the cross shaft is connected to the frame.
Thus, the wrist center is maintained under different
orientations. The two cylinders are placed into the hollow
frame that bears and transmits the exerted force from the
end effector. The base frame can be fixed onto a serial
manipulator via a revolute pair. Extended discussions on
the yaw/pitch mechanism are provided as follows:

1) Selection of driven components. Apart from
hydraulic linear cylinders, another choice is hydraulic
rotary cylinders. However, the 2-DOF parallel
mechanism with rotary driven parts (e.g., U-2RRR [21])
evidently occupies a larger radial space, and thus, it is
inappropriate for this application. One benefit of the
proposed design is that two linear servo cylinders with
low cost and low friction replace two rotary cylinders in
RPR wrists with high cost (vane type) or high friction
(helical spline type).

2) Selection of kinematic pairs. The spherical pair
should be carefully selected because its motion range and
load capacity (particularly retracting load) are limited in
this case. Therefore, solutions that require spherical joints
with a large motion range and high bearing capacity, such
as the fully decoupled parallel wrist in Ref. [22] (included
four “S” pairs) and U-2PUS [23], are unsuitable.

3) Utilization of passive limbs. 2-DOF parallel
mechanisms that use passive limbs to improve stiffness,
such as 2SPR-SR [24] and 2UPR-SS [25], have been
proposed. However, the radial dimension of the wrist
should be as small as possible, and thus, adding a moving
limb is difficult to avoid motion interference. The wrist is
extremely compact; hence, structure flexibility can be
disregarded, particularly when installed on a serial
hydraulic arm with weak rigidity.

4) Numbers of pairs and linkages. To achieve 2-DOF
yaw/pitch motion, smaller numbers of kinematic pairs
and linkages (n=6 and g=7) are selected for the
U-2PUS [24] or U-2PSU [26] mechanism. However,
assigning the universal/spherical joints and achieving
trade-off among compactness, workspace, and torque are
difficult. A closed-loop subchain is designed by
considering this point, and only one “U” pair and one
“S” pair are necessary.

The only rotary cylinder is used to drive the roll joint
connected serially to the wrist plate, such that the roll
motion is decoupled from the yaw/pitch motion. The axis
of the roll cylinder is aligned to the spherical center.
Either a vane cylinder or a helical spline cylinder is
available to achieve roll motion. The rack-and-pinion
cylinder is limited in this application due to its large
installation space and the hydraulic motor with an
epicyclic gearbox. To reduce structure size, the roll
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cylinder and the grasp cylinder are installed in a uniform
hollow shell, as shown in Fig. 2. The roll cylinder drives
the hydraulic rotary coupling in which the piston rod of
the grasp cylinder is installed. The pressurized oil goes
across the hydraulic coupling and into the cylinder
chamber to realize grasp movement. Kinematic analysis
is then conducted to obtain the relationship between
cylinder positions and yaw/pitch angles.

2.2 Mobility analysis

As shown in Fig. 3, the fixed orthonormal reference
frame {O—XYZ} is attached to the wrist, and the original
point O coincides with the wrist center. Wrist orientation
is represented as three angles [0, ¥, ¢]" via the Euler
angle form. The angles are [0, ¢, ¢]T =10, 0, 0]T at the
zero position. Under the base frame {O-XYZ}, the
positions of Points A—F'is expressed as P4 = [xa, ya, zA]T,
Pg = [bsinf, —bcosh, zg]Y,  Pc=[xc, 0, zc]Y, Pp=
[dsinycosd, dsinysind, dcosy]T, Pg =10, 0, zg]", and
Pr = [—fsin#, fcos6, 0]T. The positions of Points 4, C,
and E are constant relative to the reference frame
{O-XYZ}, whereas the positions of Points B, D, and F are

variant. The geometrics are defined as “B—E)“ =b,
— —
[0 = 4, and |07 = 1

A closed-loop subchain RPRR with four-bar linkages
exists, and thus, the pitch/yaw 1RPRRR-1SPU mecha-
nism can be equivalent to the 1RR-1SPU mechanism.
Then, screw-based theory is used to analyze the DOF
number of the parallel mechanism. For the equivalent
IRR-1SPU mechanism shown in Fig. 2, the kinematic
screw system of the branch chain “IRR” under the base
frame is given by

{$11=(0 0 1,0 0 0), 1)
$2=(0 1 0;0 0 0,
where §;; is the unit screw of the ith joint in the jth limb.

The corresponding reciprocal screw system can then be
represented by

Fig. 3 Principle of the pitch/yaw motion mechanism.
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=0 0 0;1 0 0),
T
=1 0 0,0 0 0,
2 , @)
13—(0 1 0;0 0 0),
=0 0 1,0 0 0),

where §;. is the reciprocal screw of the ith joint in the jth
limb. In addition, the kinematic screw system of the
branch chain “1SPU” is given by

$1=(1 0 0;0 z 0),

$0=0 1 0;-z¢c 0 xc),

$23=0 0 1,0 -xc 0,

$4=0 0 0:-xc 0 d—zc), 3)
$5=0 1 0;-d 0 0),

$26=(d-zc 0 xc;0 d*—dzc 0).

No corresponding reciprocal screw exists for the branch
chain “I1SPU”. From Egs. (1)-(3), no common and
parallel redundancy constraints are found, indicating that
A=0 and v=0 in Eq. (4), where A is the number of
common constraint and v is the number of redundancy
constraint. Moreover, the number of links is n =5 for the
IRR-1SPU mechanism; and the number of joints is g =5,
including one spherical joint, one universal pair, one
prismatic pair, and two revolute joints. Thus, the DOF of
the equivalent mechanism (M) can be calculated as [27]

8
M=6-Dn-g-1+ > fi+v
=1
=6-0)5-5-D+(IXx3+1x2+2x1+2x1)+0=2,
“
where f; is the DOF of joints.

2.3 Kinematic analysis

For the proposed wrist, kinematic analysis involves
transferring the task space to the joint space and then to
the cylinder space. That is, the objective of the inverse
kinematic analysis is to determine cylinder displacg}nents
@er a set of specified Euler angles. The vectors AB and
CD are expressed as

— . T

AB = [bsinf—xp, —bcosO—ya, zp—za] ,

)

- . . . T
CD = [dsinycosf— xc, dsinysing, dcosy—zc] . (6)

Evidently, ﬁ” and ||C—D>H can be derived by

AB|| = lop +x, = (bSinG—x2)% + (bcos O+ ya) + (25 —z4)2,
3] = oy 0=
(7

.

= \/(d siny cos 6 — x¢)? + d2sin®ysin®6 + (d cosy — z¢)?,

(®)

where Io, is the minimum pitch cylinder length, x;, is the
pitch cylinder displacement, lypy is the minimum yaw
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cylinder length, and x, is the yaw cylinder displacement.
The yaw angle depends on x, and xy, but the pitch angle
is only related to xp. Thus, the 2-DOF wrist mechanism is
partially decoupled due to the closed-loop chain of the
four-bar linkage. The following expression is obtained
from Eq. (7):

2
(l()p +xp) —(zp—2z4)* - b? —xﬁ —yﬁ

0— xa8in6 =
YACOS O — x48in 5

)
Given the pitch cylinder displacement, the pitch angle 6
can be solved on the basis of the actual motion range to
derive a feasible solution. Similarly, the following
expression is derived from Eq. (8):
(loy + xy)2 - xé —zé —d?
¥ (10)
The yaw angle ¢ can be obtained on the basis of the
yaw cylinder displacement x, and the pitch angle 6. The
forward kinematic problem is generally complex for a
parallel structure, but it can be determined easily for the
wrist through Egs. (5)—(10). Moreover, the roll motion is
decoupled from the pitch/roll motion, and thus, the roll
cylinder position can be directly attained from the roll
angle. The geometrical parameters of the wrist can then
be selected by considering motion workspace and
possible interference.

Zo CosyY + xe sinycosf = —

2.4 Singularity analysis

The joint singularity of a general RPY wrist was
discussed in Ref. [28], and it can be avoided through joint
constraints. Thus, we mostly discuss the singularity of the
IRPRRR-1SPU parallel mechanism. The relationship
between cylinder velocity (&, and %y) and joint angular
velocity (6 and ¢/) can be derived from Egs. (9) and (10)

as
W 6lf]2
it o
where the intermediate matrix of the cylinder
displacements J, = [161 JO }, the intermediate matrix of
X2
.. G Gn2
the joint angles G = , and
! & [G21 Gn
lop + X
JXl - pb P ’
12)
l()p + Xy
J = b s
G11 = —yasinf — x4cos0,
Gi2=0,
G = —xcsinysing, (13)

Gy = —zesiny + xccosycosé.
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From Eq. (12), |Jx| # 0. From Eq. (13), two singularity

conditions exist: Gy;=0 and Gy =0. Then, the
corresponding joint angles can be obtained as
Gi1=0—tanf= -4, (14)
YA
xccosf
Gy =0->tany = —. (15)
zc

3 Design of the overall manipulator

3.1 Structural design

A 7-DOF anthropomorphic redundant hydraulic manipu-
lator is then designed on the basis of the proposed RPY
wrist. In addition to wrist pitch/yaw/roll, the other 4
DOFs for a human arm are shoulder pitch/yaw/roll and
elbow pitch. To ensure the motion range, the first joint is
determined as a revolute one. The movement of the
second joint is typically achieved via a linear
hydraulically driven component, such as the boom
cylinder of an excavator’s arm. Thus, the basic configu-
ration is presented in Fig. 4(a), in which the wrist joints
are considered the fifth, sixth, and seventh joints (Rs, Rg,
and R7). For the human arm layout, two configurations of
Joints 2—4 (R, R3, and Ry) are selected as shown in Figs.
4(b) and 4(c). A typical SRS (R}, R, and R3) redundant
structure is formed for the configuration in Fig. 4(b),
which has been extensively applied to electrically driven
areas, but makes large installation space and unnecessary
axial length difficult to avoid. Comparatively, the HRM
shown in Fig. 4(c) is more similar to a human arm. This
HRM and its 3D model are designed through this
configuration, as shown in Fig. 5. The axis of the third
joint goes through the wrist center to conduct self-motion
manifolds of the fourth joint easily. A small offset
between the first and second joints is allowed and
assigned for layout consideration. The first, third, and
seventh joints are driven by hydraulic rotary cylinders,
while the others are driven by hydraulic linear cylinders.
The first joint can be also driven by a high-speed
hydraulic motor with a gearbox due to its large
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installation space.
3.2 Forward kinematic analysis of the manipulator

The forward kinematic analysis of the HRM aims to
obtain the motion trajectory of the endpoint by
transforming the cylinder space into the joint space and
then the task space. Under the base frame of the entire
HRM, the position and orientation of the endpoint P, are
expressed as

op. =971"P,, (16)
0 _ Orpl g2 g3 e o5 s
2T = \T,T3T,TST.T,T. 17
The transformation matrices ("~ T') are given by
cosq; —sing;cos; sing;sina;  a;cosg;
i1 sing; cosg;cosa; —coOsg;sina; a;sing;
T = . £
t 0 sina; cos; d;
0 0 0 1
i=1,2,...,7, (18)
1 0 0 O
01 0 O
7
P. = , 19
¢ 0 0 1 I (19)
0 0 0 1

where ¢; is the joint angle of the manipulator, a; is the
link wrist angle between two adjacent joints, g; is the link
length between two adjacent joints, and d; is the link
offset of the joint (i = 1, 2, ..., 7), and [ is the distance
from the wrist center to the endpoint of the manipulator.
The coordinate O; of the ith joint is denoted as [x;, y;, z,-]T
under the base frame of the manipulator; and Os, Og, and
O7 coincide with one another. The position of the end
effector is defined as [xe, ye, ze]T.

3.3 Inverse kinematic of the manipulator

The solutions for the inverse kinematic problem of serial
redundant manipulators can be categorized into position-
and velocity-based inverse methods. The latter exhibits
the disadvantages of expensive computation and
difficulty to map joint limits. From the Pieper criteria

Fig. 4 Selected configurations of the 7-DOF HRM. (a) Basic configuration, (b) SRS configuration, and (c) selected configuration.
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Fig. 5 Configuration and 3D model of the proposed HRM.

[29], the analytical inverse kinematic solution of a 6-DOF
arm with a spherical wrist is simple to obtain. Thus, a
position-based inverse kinematic solution for the
designed HRM introduces the joint parameterization
method, but it demonstrates the deficiency that
redundancy cannot be described uniquely. Point Oy is on
the rotation axis of Joint 3, whose position does not
change under different joint angles ¢3;. Therefore, we
construct self-motion manifolds to obtain the inverse
kinematic solution. The feasible positions of the elbow
joint can be defined by a redundancy curve resulting from
the intersection of the ellipsoid Eq. (20) and the sphere

Eq. (21):
(,/xi+yi—a1)2 A2
— +(Z42_ 12) -1, (20)
(12+d3 (12+a,’3
2 o2 2
(x5 2964) +(Y5 2Y4) +(Zs 224) -1 21
ay ay ay

The redundancy curve can be obtained by combining
the intersections for all the values of z; in the interval
[2410W, Z4upp], where z410w and z4ypp are the lower and upper
bounds of the z-coordinate of elbow joint Ry, respectively.
Correspondingly, the following steps are performed to
obtain the inverse kinematic solution.

1) Step 1: The coordinate of Point Os is calculated for a
specific endpoint °P,. The transformation matrix is given

by

pitch Wrist pitch/yaw
2
—$—‘x1 Shoulder roll
R,
*  x  k X5
op_| * * * Y5 | _op (1p !
=\, . . o l= r(P.) . (22)
0 0 0 1
Thus, the coordinate of Point Os = [xs, ys, 25]T can be

obtained from Eq. (22). The symbol “*” denotes the
omitted elements, which are not required in the
calculation step.

2) Step 2: The range of z4 is calculated. In accordance
with the HRM configuration, the following expressions
are derived:

{24(q2) = apcosqp +dzsingy +dj, (23)
Z4 € [Z5 —da4, Z5 +a4] .
Then, the following is defined:
Z4low = maX[ argmin = z4(q2), z5 — a4],
42min<q2<g2max (24)

argmax
92 min G292 max

3) Step 3: For a specified z4 bounded by Eq. (24), the
joint angles g;—q4 can be solved on the basis of the
following expressions:

z4(q2), z5 + a4

Zqupp = min[

X4
qi1 = —atany—4 € [ql min» 611max] > (25)

z4—d

. az
g2 = arcsin - atan% € [q2min’ q2max] s (26)

2.2
a2+d3
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—_—
0304 - 0405

g4 = arccos € [g4min> qamax]> 27)
ol
. X5C0Sq] +Yyssing;
g3 = arcsin NI e [ qamins G3man]- (28)

a4sinq4

4) Step 4: When the position and orientation of

Point O4 are determined, the joint angles ¢s—g7; are

calculated. The transformation matrix ‘7‘T for the wrist is
given by

an  apx a3
T = (ET)_10P5(7PC)_1 =| an axn ax
a1 azx  as3
s * COSg5COS g6
= * * singscosgg |. (29)
—C0SgeCOSqg7 COSgeSingy —singg
The joint angles ¢s—g7 can then be calculated by
g6 = —arcsinass, (30)
gs = atan2 (a3, ai3), (1)
q7 = —atan2(azy, asy). (32)

In summary, the seven joint angles of the HRM are
determined in sequence if a specified position and
orientation of the endpoint are given.
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4 Case study and validation

4.1 Prototype of the manipulator

The manipulator prototype shown in Fig.6 was
developed. It was equipped with a compact grasp
structure to implement dexterous tasks in rescue or other
hazardous applications. The hydraulic servo valves were
installed on the manipulator to improve the natural
frequency of the hydraulic joint. Hydraulic rotary
couplings were utilized to import the pressurized oil from
the anterior joint. Absolute optical encoders were used to
capture the joint angles. The maximum payload and the
maximum reach radius of the manipulator were 500 kg
and 1.976 m, respectively. The strength of the structural
frame was also checked successfully under the maximum
load by using finite element analysis.

The DH parameters are provided in Table 1. The
geometrical parameters of the spherical wrist were
selected as follows: x4 = -0.41 m, y4 =-0.07m, z4 =z =
zg =—-0.052m, xc =-0.411m, zc =0.07 m, lp, = 0.343 m,
loy =0.35m, x, € [0, 0.134 m], xy € [0, 0.126 m], [c =0.741
m, and b=d = f=0.1 m. On the basis of Eq. (9), pitch
range was calculated as [—42.09°, 42.05°]. The yaw
angles under different positions of the pitch and the yaw
cylinders are shown in Fig. 7. The limitations of the yaw
angles under different pitch angles are calculated as

\

Position 1

W v
W

o |

s
RN

Encoders

Roll
cylinder 4

Fig. 6 Prototype of the spherical wrist and manipulator.
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Table 1 DH parameters of the manipulator
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4i/(°) ai/m

Joint angle range/(° )

—_

q1—-90
q2—-90
q3 0
g4 —90 0.360
qs 0
46 +90 0
a1 0

—0.055
0.225

N O L R W

[—45, 45]
[-80, 42]
[-45, 45]
[0, 124]
Given in Fig. 8
Given in Fig. 8
[-135, 135]

~ 140

120

601 _—

0.15

0.10 >
-+ iy @
5% 005

0.00 >

Fig. 7 Yaw angles under different pitch/yaw cylinder displacements.

60
(0,40.51)
40T (4209, 56.02) (42.05, 55.98)
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—A0r (0, —37.68)
6ol LT T N
(—42.09, —65.54) (42.05, —65.38)
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shown in Fig. 8. The yaw motion range was smaller when
the pitch angle was near zero. The minimum yaw range
was [—37.68°, 40.51°] at 6=0° while the maximum
range was [—65.54°, 56.02°] at 8 = —42.09°. In addition,
the roll angle was controlled separately by the roll
cylinder. The first singularity condition of the wrist that
satisfies Eq. (14) is depicted in Fig. 9(a). Two singular
configurations occurred when Point B was located at B
or B;. As illustrated in Fig. 9(b), two more singular
configurations were observed when Point D was located

at Dy or D,, for which Eq. (15) was satisfied. Figure 9(c)
shows the singular yaw angles under different pitch
angles in this case. Considering the motion range of the
wrist, singular configurations cannot be achieved.
Moreover, the condition number « € [1,00), which is
defined as the ratio of the maximum and minimum
singular values of the Jacobian matrix [30], was
introduced to evaluate the dexterity performance of the
wrist mechanism. The Jacobian matrix was then
calculated as the motion at the end effector with respect
to the wrist center on the basis of the motion range. The
calculated result is presented in Fig. 10, and it falls within
the range of [1.24, 3.58]. Good dexterity performance can
be obtained within the wrist’s workspace. Thereafter,
numerical simulation and experimental tests were
conducted to verify the kinematic analysis of the physical
prototype.

4.2 Simulation verification of the kinematic analysis

First, four ideal boundary trajectories of the endpoint on
different XOZ planes were calculated using the Monte
Carlo method, as shown in Fig. 11. Then, 1000 sampling
points were selected to verify the analytical inverse
kinematic solution through numerical simulation. Position
errors between the 1000 calculated and selected points are
shown in Fig. 12 from the ideal boundary trajectories.
The position errors along the X, Y, and Z axes were all
smaller than 1.0x10"! mm. Such finding was generally
caused by floating-point computation. Moreover, the
inverse kinematic computation time was nearly 28.5 ms
per thousand times (computer configuration: AMD Ryzen
7 4700U@2.0 GHz and 16 GB RAM). Thus, the
proposed inverse computational method exhibits the
advantages of high position efficiency and fast calculation
time. It can be utilized in the real-time master—slave
operation of a hydraulic manipulator in actual
applications.

4.3 Experimental verification of the kinematic analysis

A total of 100 points were randomly selected from the
ideal boundary trajectories in Fig. 11 to verify the
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forward/inverse kinematic computation. Figure 13 shows
a laser tracker (API Radian) and a measuring target ball
installed on the end effector of the prototype to validate
the kinematic analysis. The 100 ideal selected and
measurement points that were actually reached by the end
effector are presented in Fig. 13, and these points were
consistent with one another. As depicted in Fig. 14, the
position errors between the ideal and measurement points
were smaller than 10 mm along different axes. In addition

to computational errors, position errors consist of measure-
ment, machining, and assembly errors. Measurement
errors are caused by the calibration system, particularly
position drift due to cylinder/valve leakage. In contrast
with those of high-accuracy industrial robots, the machi-
ning and assembly of heavy-duty large-scale mechanical
components exhibit relatively low accuracy. The opera-
tion of hydraulic manipulators in unstructured environ-
ments is human in the loop, and thus, the errors between
the selected and measurement points shown in Fig. 14 are
considered within the reasonable range.

5 Conclusions

In the current study, a 7-DOF redundant anthropomorphic
hydraulic manipulator is developed for an intuitive
kinematic operation in unstructured environments. This
work is summarized as follows.

1) A hydraulic spherical RPY wrist structure designed
as a revolute—universal chain by using a hybrid
series—parallel mechanism is proposed. The 2-DOF
pitch/yaw motion is achieved by two parallel cylinders
with a IRPRRR-1SPU mechanism. The roll motion is
driven serially and separately by a hydraulic rotary
cylinder. Compared with the RPR wrist, the proposed
wrist can better resemble human wrist motion to achieve
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intuitive human-like operation. In addition, two rotary
cylinders with high cost (vane type) or high friction
(helical gear type) are replaced with linear servo cylinders
to realize 2-DOF pitch/yaw motion.

2) On the basis of the spherical wrist, an
anthropomorphic configuration of an HRM is designed,
in which the third joint axis goes through the wrist center.
An analytical inverse kinematic solution is derived via
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2 2
g £
0 0
-1 -1
-2 -1 0 1 2 -2 -1 0 1 2
X/m X/m
3 Y=14m 3 Y=12m
2 2
g £
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Fig. 11 Ideal boundary trajectories on different XOZ planes.
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self-motion manifolds to describe redundancy uniquely.
The forward and inverse kinematic computation methods
are verified via numerical simulations and actual tests
with a physical prototype.

The work is beneficial for designing hydraulic
redundant manipulators with different motion workspaces
or load-carrying capacities. Such manipulators can be
used for rescue response, nuclear handling, or other
applications in hazardous environments that require
human real-time operations.
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Nomenclature

Abbreviations

DH Denavit—Hartenberg

DOF Degree of freedom

HRM Hydraulic robotic manipulator

RPR Roll-pitch-roll

RPY Roll-pitch—yaw

SRS Sphere-rotation—sphere

Variables

a;(i=1,2,...,7) Link length between two adjacent joints

b Length of the vector BE

d Length of the vector oD

di(i=12,...,7) Link offset of the joint

S Length of the vector W’

=129 DOF of wrist joints

g Number of wrist joints

G Intermediate matrix of the joint angles

Jx Intermediate matrix of the cylinder displacements

lop Minimum pitch cylinder length

loy Minimum yaw cylinder length

le Distance from the wrist center to the endpoint of
the manipulator

M DOF of the equivalent mechanism

n Number of links

0;:(i=1,2,...,7 Center point of the ith joint

P. Position of the manipulator endpoint
P;(i=4,B,...F)
qi(i=1,2,...,7)

Positions of Points A—F

Joint angle of the manipulator
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$i; Motion screw of the ith joint in the jth limb

$,r-j Reciprocal screw of the ith joint in the jth limb

Hri=1,2,..,7 Transformation matrices

Xd> Vs Z4 Coordinate of Point 4 along the x-, y-, and z-axis,
respectively

X, Ve, Z¢ Coordinate of Point C along the x-, y-, and z-axis,
respectively

Xe, Ve» Ze Coordinate of the manipulator endpoint along the

x-, y-, and z-axis, respectively
X, ¥iozi (i=1,2,...,7) Coordinate of the center point of the ith joint along

the x-, y-, and z-axis, respectively

Xp Pitch cylinder displacement
Xy Yaw cylinder displacement
Z4lows Zdupp Lower and upper bounds of the z-coordinate of the

elbow joint R4, respectively

o (i=1,2,...,7) Link wrist angle between two adjacent joints

0 Pitch angle of the spherical wrist
Pl Number of common constraint

v Number of redundancy constraint
[ Roll angle of the spherical wrist

Yaw angle of the spherical wrist
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