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Abstract. A flexure-based three-degree of freedom (two rotations and one trans-
lation) is studied in this paper for application in an antenna pointing mechanism
(APM). The antenna is rigidly connected to the moving platform of the manipu-
lator. The platform is supported by three symmetrically arranged legs, and each
leg has a revolute(R)-prismatic(P)-spherical(S) joint configuration. The inverse
kinematics (IK) of the three legs in the 3-RPS parallel manipulator is used to
compute the angles in the passive R and S joints and the translation at the pris-
matic P joints for a desired rotation of the antenna about two axes. These results
are then used to design flexure hinges, which replace the revolute and spherical
joints without any loss of orientation capability of the moving platform. The de-
sign parameters of the manipulator and flexure hinge are verified by the analysis,
and numerical results are provided.
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1 Introduction

Antenna pointing is the process of adjusting an antenna's azimuth, elevation, and po-
larizing angles for transmitting or receiving electromagnetic signals. There are several
different types of antennas, and in this work, we consider a commonly used reflector
type of antenna that requires an antenna pointing mechanism (APM) for pointing the
antenna in a desired direction. If the antenna pointing vector is not in the line of sight,
it is called a pointing error, and a pointing error leads to degradation of the performance
of the antenna. An antenna can be mounted in different configurations depending on
the tracking requirements; a few among them are azimuth over elevation mount, X-Y
axes mount, and polar mount.

In azimuth over elevation configuration, the antenna is mounted along two axes where
the supporting structure element is perpendicular to rotating the rotating axis. The ar-
rangement can be thought of as a serial chain with two revolute (R) joints in series --
the rotation of one of the R joints changes the azimuthal angle, whereas rotation along
the other R joint changes the elevation angle. This type of mount covers almost all
regions in space except the space directly overhead of the azimuth axis. The main
source of errors in the azimuth over-elevation mounting arrangement are the errors in
the joints, and since it is a serial arrangement, the final pointing error is the sum of the



errors at the joints. It is well known that in a parallel manipulator, the maximum error
in the moving platform is the maximum error in the chain connecting the moving plat-
form to the fixed base. Thus, the error is expected to be less than in a serial arrangement.
However, in a parallel configuration, there may be more than one passive joint, and the
passive joints’ errors will affect the pointing accuracy.

Gough was the first to introduce a six-degree of freedom (DOF) parallel manipulator
for tire testing applications, and later, it was used for motion simulators by Stewart.
However, 6 DOF are not required for antenna pointing, and in this work, we propose a
3 DOF parallel manipulator for this application.

Although parallel manipulator has many advantages, one of the main issues is the pres-
ence of passive joints. Eliminating errors at passive joints due to joint clearances, fric-
tion, and unmodeled dynamics is challenging due to the low repeatability and random-
ness of errors [1]. Since the major source of error in parallel manipulators is joint
clearance, it becomes necessary to eliminate these for high-accuracy pointing applica-
tions. These errors can be avoided by replacing clearance-affected joints with flexure-
based joints [2]. A flexure joint has many advantages, such as high repeatability, no
backlash, no lubrication requirement, and no hysteresis. Parallel manipulators with
flexure joints have been studied by various researchers for high-accuracy micro-manip-
ulations [3], [4], [5]. In flexure-based parallel manipulators, the passive joints are re-
placed with compliant hinges; this avoids the problem encountered in conventional
joints. Once the geometric configuration of flexure hinges is finalized, the relation be-
tween load and displacement is used for the kinematic modeling of the mechanism.

Ryu et al. [6] studied the kinematics of flexure hinge-based parallel manipulators using
the stiffness model. The manipulator under consideration had a maximum rotation
range of 322.8 arcsecs and movement of 41.5 and 47.8 micrometers along the X and Y
axes. Yu etal. [7] studied the 3-RRPR flexure-based parallel manipulator for bioen-
gineering applications with a translational range of 71.28 and 71.02 micrometers along
the X and Y axes. The flexure hinge is designed for minimum generated stress over
working ranges for the maximum number of working cycles. This limits the use of
hinges for manipulators with large strokes or heavy-duty working cycles.

The flexure hinges are either optimally designed or assembled in group configurations
to overcome these constraints. For large strokes, flexible hinges can be designed by
increasing the extension of the deformable material. However, this results in a signifi-
cant drift of the axis of rotation. Designing the flexure hinge with high rotation accuracy
for large deflections is challenging. Many novel approaches were carried out to design
for this objective. Robert et al. [8] designed a large displacement monolithic compliant
rotation hinge for rotation up to 90°. Pengbu et al. [9] proposed a helix-based revolute
flexure hinge with the large stroke of £ 150° with zero axis drift. Naves et al. [10]
proposed a large stroke three DOF spherical flexure joint with a capacity up to 30°.
These existing works give us motivation and confidence in using compliant hinges for



higher stroke applications. A literature survey on complaint hinge-based parallel ma-
nipulators (CHBPM) reveals that there is very little research on CHBPM for larger
platform rotation and actuation. In this work, we attempt to study the CHBPM pointing
application for a rotation range of + 10° of the platform along the X and Y axes.

2 Modeling of 3-RPS parallel manipulator

In this work, we propose to use the well-known 3-RPS parallel manipulator — R, P, and
S denote a rotary, prismatic, and spherical joint, respectively. A schematic of the 3-RPS
parallel manipulator is shown in Fig. 1 where Ai, A2, and Az are the S joints, B1, B,
and Bs are the R joints, and the translation at the P joints are denoted by L; (i €1,2,3).
The 3-RPS parallel manipulator has three degrees of freedom — it can rotate about two
axes, namely X and Y, and translate along the third Z-axis [11]. In this work, we keep
the Z motion constant and use the two rotations about X and Y axis for antenna pointing
— similar to the work described in Ashith et al. [12].

The (top) moving platform is supported by three legs which are 120° apart from each
other. Each leg is of RPS configuration. The revolute joint is connected to the base
(bottom platform), and the spherical is connected to the moving platform.

Fig. 1. Schematic of a 3-RPS Manipulator



To study the spherical joint more conveniently, we model a spherical joint as three
revolute joints mutually perpendicular and intersecting at a point [13]. Four consecutive
Euler rotations, Z-Y-X (or 321) of the rotary joint while moving from leg to platform
gives the equivalent movement as that of a spherical joint. The equivalent Denavit -
Hartenberg (D-H) table for a spherical joint is given below.

Table 1. DH Parameters for a spherical joint.

i Q-1 ai-1 di Oi

1 0 0 0 0s1

2 - /2 0 0 052 + /2
3 - /2 0 0 Os3+ /2
4 a2 0 0 a2

The location of Bijand A (i €1,2,3). with respect to their reference to the frame can be
written as

Ai=[acos(p)  asin(p) 0]"

Bi=[bcos(¢)  bsin() 0]"

where ¢ is the orientation angle of the leg with respect to leg-1, b is the radius of the
triangular circumscribed base circle, and a is the radius of the triangular circumscribed
platform circle.

The position of spherical joints, A; with respect to the frame XYZ, can be expressed by
1=l TG =m 5] e
[1 =lg ¥5] =mT] =123

The homogeneous transformation [T ] matrix relates the moving coordinate frame Op-
xyz with the fixed coordinate frame Og-XYZ given by

CBCy —CBSy SB xr
[T] = SaSBCy + CaSy —SaSBSy + CaCy —SaCB yr
CaSBCy + CaCy CaSBSy + SaCy  CaCB  zp
0 0 0 1
where the position vector of origin (center of platform) of the frame xyz is given by

[*r Yr 2zr]T = p with respect to fixed coordinate frame XYZ. The Euler angles
(ZY X type) of moving platform are a, 8, & y,.Where Sa, SB, Sy, Ca, CB, Cy, indicate
Sina, Sin B, Sin y, Cos a, Cos 8 and Cos y, respectively. The mechanism consists of
three parallel loops. Each loop forms a vector chain of links as shown in Fig 1. The
equation in vector form can be written as

Li=a+p— b; 1)



where L; (i € 1,2,3) is the position vector for each leg.

The inverse kinematic analysis, performed using eq. (1), is done to measure the ac-
tuation for a given platform posture [14]. A numerical study was carried out for a plat-
form configuration of the b =20 cm, a = 10cm and platform height (zt) =31cm. Once
the position and orientation of the moving platform are prescribed, the actuations, L;
=1,2,3 (see Fig. 1) can be found, and the angles at the S and R passive joints can be
calculated by using D-H parameters for each leg [15]. The rotations at the R and S joint
for £ 10° along X and Y axis for the moving platform are shown in Table 2.

Table 2. Joint angles in a 3-RPS manipulator from IK.

Joint AXis Range of angle (degrees) Total angle (degrees)

Yaw Otol 1

S1 Pitch -10.25 to 10.09 20.34
Roll -9.90 to 10.01 19.91
Yaw Otol4 1.4

S, Pitch -10.5t0 10.90 21.40
Roll -11.99 to 10.30 22.29
Yaw 01t00.92 0.92

S3 Pitch -9.41t09.5 18.9
Roll -10.31t09.90 20.20

R Yaw -1t00.5 15

R> Yaw -1.90t0 0.5 2.4

Rs Yaw -0.18t0 0.8 0.98

where L;= 30.5t034.9cm , L= 30.39t034.9cm and L;= 31.8t033.5¢cm

3 Design of 3-RPS parallel manipulator for APM

The design was carried out in three steps. First, the best possible configuration of a
parallel manipulator for the lowest possible passive joint rotation was selected. Second,
the compliant flexure hinge is designed for an observed range of angles and deflections.
Third, the passive joints are replaced with designed flexure hinges, and multi-body sim-
ulation analysis is carried out for validation.

The observed angles at spherical joints are similar to platform rotations of + 10°,
while angles observed for revolute joints are small of the order of a few degrees. Hence,
an attempt was made to design the flexure hinge, which can rotate + 10° along X and
Y axis and replaces the passive joints of the manipulator with the designed flexure
hinges.

Flexure-based spherical joint uses folded leaf springs as a flexible connecting mem-
ber to obtain the required degrees of motion. In these joints folded springs are con-
nected between two ends of a joint in different topologies to get the required stiffness
and rotation. Serial stacked folded leaf spring-based joint is selected as it has benign
translational errors. One end of leaf springs is connected to one end of the joint and
another to the middle ring. A schematic of the flexure hinge for a spherical joint is
shown in Fig. 2.



Fig. 2. Serial stacked spherical flexure hinge joint

The desigh methodology was validated by creating a 3D model of the 3-RPS manip-
ulator in SolidWorks and ADAMS. The motion at the joints was obtained from the
ADAMS and SolidWorks model for the required + 10° rotations of the platform about
two axes. The spherical and revolute joint angles calculated using the inverse kinematic
(see Table 2) and from ADAMS are found to be consistent. These results give us con-
fidence in the 3D SolidWorks model and for selecting and designing flexure hinges.
The series of leaf hinges in a special configuration are chosen to replace the spherical
joint, while the monolithic hinges replace the revolute joint. The arrangement of stacked
leaf spring can be called as spherical flexure hinge (SFH). The dynamic analysis of
SFH was carried out using ADAMS Flex for the deformations and stresses. Further, a
complete dynamic analysis of compliant hinge based parallel manipulator (CHBPM)
was carried out to obtain motion and forces experienced by the manipulator. This work
is continuing.

4 Results

The motion analysis of the manipulator using ADAMS provided the range of angles
turned by each joint in yaw, pitch, and roll directions for the platform rotation + 10°
motion along two axis. The maximum range of angle is observed at the spherical joint
S2 and is about 22.71° along one axis and 21.22° along another. The height of the
platform is kept constant and the actuation observed at prismatic joints is about 5 cm.
These results match with observed outputs from DH method (Table-2).



Fig. 3. ADAMS model of a 3-RPS manipulator

Table 3. Joint angles (ADAMS) observed in a 3-RPS manipulator.

Joint AXis Range of angle (degrees) Total angle (degrees)

Yaw Otol 1

S; Pitch -10.17 t0 10.17 20.34
Roll -10.17 t0 10.17 20.34
Yaw Otol.2 1.2

S, Pitch -10.2 t0 11.02 21.22
Roll -12.04 to 10.67 22.71
Yaw 010 0.97 0.97

Ss Pitch -9.9t09.7 19.6
Roll -10.6 t0 10.2 20.80

R Yaw -1.2t00.6 1.8

R> Yaw -2.10t0 0.6 2.7

R3 Yaw -0.16t0 0.6 0.22

where L;= 30.9t034.3cm , L= 30.4t035.0cm and Ls= 31.9t033.1cm

The 3D modeling of hinge was carried out in SolidWorks and then imported to
ADAMS. The leaf springs of SFH were converted into flexible elements using ADAMS
Flex. The dynamic analysis of the SFH was carried out for a load of 50N acting down-
ward, and for the motion of 23° range (+ 11.5°) along two axes to the upper side of SFH
keeping lower side fixed. The stresses observed in individual folded leaf springs are in
the order of 600MPa, except few nodes due to stress localization at the constraints given
between mating components. This is half of the yield stress for chosen material for the
leaf spring and this gives us confidence on the possible replacement of passive joints
with these SFHs.
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Fig. 4. Dynamic results of flexure based joint

5 Conclusion

This work deals with the modeling and design of a three-degree-of-freedom parallel
manipulator, namely the 3-RPS parallel manipulator, for an antenna pointing mecha-
nism. The antenna pointing mechanism is designed for £ 10° motion about two axes.
To reduce the friction, backlash and other non-linear effects in kinematic (R and S)
joint and to reduce unpredictable errors, flexible hinges are proposed used. The flexible
hinges in the 3-RPS manipulator are designed to achieve the required rotations obtained
from kinematic analysis. The designed flexural hinges are analyzed in multi-body soft-
ware to ensure that the stresses are well within limits thus ensuring that they will not
fail due to fatigue. This work is continuing and efforts are being made to refine the
design, fabricate the antenna pointing mechanism and validate the design experimen-
tally.
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