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SUMMARY

The N-3 Revolute-Prismatic-Spherical (N-3RPS) manipulator is a kind of serial—parallel manipulator
and has higher stiffness and accuracy compared with serial mechanisms, and a larger workspace
compared with parallel mechanisms. The locking mechanism in each joint allows the manipulator to
be controlled by only three wires. Modeling the dynamics of this manipulator presents an inherent
complexity due to its closed-loop structure and kinematic constraints. In the first part of this paper,
the inverse kinematics of the manipulator, which consists of position, velocity, and acceleration,
is studied. In the second part, the inverse and forward dynamics of the manipulator is formulated
based on the principle of virtual work and link Jacobian matrices. Finally, the numerical example is
presented for some trajectories.
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Abbreviations and Nomenclature

a; = Position vector of the revolute joint (A;)

b; = Position vector of the ball joint (B;)

CAD = Computer-Aided Design

d; = Length of limbs

AiF;, 4F,; = Resultant load on cylinder and piston

Jes Mo = External force and moment on upper platform

F, = Resultant load on upper platform

HRM = Hybrid Redundant Manipulator

AL, AL = Moment of inertia of cylinder and piston of the ith limb in its frame
o1, = Moment of inertia of upper platform

Alg.. AL,  =Link Jacobian matrices

Jp = Manipulator Jacobian matrix

m, = Mass of upper platform

p = Position vector of point P

q = Vector of limb length

R{! =[*R{" YRS RS ]Trotation matrix from the base frame to the limb frame
R = rotation matrix from frame 1 to the base frame

RPS = Revolute-Prismatic-Spherical

Fup = Vector points from the center of the upper platform of the nth link to the end-effector
F'down = Position vector of the lower platform of the nth link

reG = Position vector of the center of mass of moving parts

S = [six Siy Siz ]Tunit vector along the limbs
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SPM = Serial—Parallel Manipulator

SPR = Spherical-Prismatic-Revolute

SPS = Spherical-Prismatic-Spherical

T = Input force of actuator

u, v, w, = First, second, and third column of R? rotation matrix
v, = Linear velocity of the center of mass of upper platform
Upi =[ vy v v ]Tvelocity of the ball joint (B;)

Al gy, = Angular velocity of the ith limb in its frame

wp = Angular velocity of upper platform

Xp = [ v, Wp ]Tvelocity of the end-effector

1. Introduction

Kinematically redundant manipulators have more degrees of freedom (DOF) than required for
determining the position and orientation of an end-effector.! Due to their high flexibility, they have
a great potential to work in fully constrained, complex, and hazardous environments such as nuclear
reactors and space stations.? They can also be used for surgery, exploration, and rescue operations.

This section is divided into two parts. The first part focuses on the researches that attempt to
mechanically resolve the redundancy of hyper-redundant manipulators. The second part reviews the
studies that address the kinematic and dynamic analysis of SPMs.

In the past two decades, many redundant manipulators with various structures and different
actuation types have been proposed. Ning and Worgotte® have built a new 3D modular HRM. All
the joints of this manipulator are passive, state-controllable, and share common input introduced by
wire-driven control. Meghdari et al.*> proposed a re-configurable manipulator with two arms. The
arms normally operate redundantly, but when needed, they can lock into each other at certain joints
to achieve a higher stiffness while losing some degrees of freedom.

Recently, new type of redundant manipulator in the sense of structure has been introduced, which
is called SPM. SPMs have several modules with parallel structure that are connected serially. SPMs
have the advantages of both serial manipulators (SMs) and parallel manipulators (PMs). This kind of
manipulator has higher stiffness and accuracy compared with SM, and a larger workspace compared
with PM.® Hu et al.® presented a novel 3RPS—3SPR SPM and solved inverse kinematics and active
forces. The workspace of this SPM is constructed using the CAD variation geometry approach.
Gallardo et al.” addressed the kinematic analysis, including position, velocity, and acceleration, of
a modular spatial hyper-redundant manipulator built with a variable number of serially connected
mechanical modules. They used the Screw theory and the principle of virtual work. Tanev'® solved
the forward and inverse position problem of a hybrid 2(SPS) manipulator. This paper addresses the
kinematic and dynamic analysis of an SPM presented in Honarvar.!!

In 2009, a novel tendon-actuated hyper-redundant manipulator was introduced by Honarvar.'!.
Figure 1(a) shows the four-link manipulator fabricated at Sharif University of Technology. The
novelty of this tendon-actuated manipulator is the use of a locking mechanism at its joints, which
makes it possible to be controlled with only three cables. Therefore, by releasing and locking the
links in an arbitrary sequence and by stretching the cables, the configuration of the manipulator
will change. This manipulator has serial—parallel structure and each link consists of a 3RPS parallel
mechanism. The links are arranged serially to construct the manipulator. It should be noted that the
term “serial—parallel manipulator” usually refers to arobot obtained by serially connecting two parallel
manipulators. Detailed description of the manipulator is presented in Section 2. This paper addresses
the systematic analysis of kinematics and dynamics of the manipulator introduced by Honarvar.'!
Dynamics modeling is essential for design specifications and advanced control of robots.'?> The
dynamics of this manipulator presents an inherent complexity due to its closed-loop structure and
kinematic constraints.

Several approaches have been proposed for the analysis of dynamics of the 3-RPS mechanism,
including the Newton—Euler formulation,'? the Lagrangian formulation,'® and the principle of virtual
work.!3717 Other approaches have also been suggested.'® A comparison study of inverse dynamics
of manipulators with closed-loop geometry can be found in the work of Lin and Song.'” Khalil
solved kinematics and dynamics of 3-RPS mechanism by customized Newton—Euler algorithm.'> In
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Fig. 1. (a) A 4-link manipulator with lockable joints designed and fabricated in Sharif University of Technology.
(b) A link of a fabricated manipulator.

addition, Song studied a force-compensating device based on this mechanism.'® Khalil and Ibrahim'?
presented a general method to calculate the inverse and direct model of dynamics of parallel robots.
The models were expressed in a closed form by a single equation. Staicu®® presented compact
matrix dynamics equations, and the power requirement of each actuator in two different actuation
schemes. Li et al.?' formulated a semi-analytic stiffness model of 3RPS modules by taking into
account the component compliances associated with actuations and constraints. Staicu®>2? developed
a recursive matrix approach in kinematics and dynamics modeling of parallel mechanisms. Here a
full dynamic analysis of the 3RPS mechanism by the principle of virtual work and link Jacobian
matrices is introduced. The analysis includes mass and inertia of piston and cylinder of each limb.
Some illustrative examples are also included.

In the next section a detailed description of the manipulator is presented. In Section 3, the inverse
and forward dynamic analysis of the 3RPS manipulator is presented. In Section 4, the kinematic and
dynamic analyses of N-3RPS with lockable joints are described. The numerical example is presented
in Section 5. Finally, the paper is concluded in Section 6.

2. Manipulator Description

In order to have a deep understanding of manipulator, it is essential to have its extended description.
Each link of the manipulator consists of three hydraulic jacks (these are also called limbs), which are
arranged in a parallel configuration (3RPS). The lengths of these jacks are rather fixed (locked) or
varying (unlocked) due to solenoids states. The solenoid valves are the main components of locking
mechanism and are put in a hydraulic circuit as shown in Fig. 2. Once they are chosen to be unlocked,
the length of jacks is controlled by wires.

The upper ports of jacks are connected to each other via tiny pipes. It means that the sum of
oil flow above pistons and inside cylinders is constant. Similarly, lower ports are connected to each
other, while three solenoid valves are put in the way to block oil flow at any desired time. In our
application, all solenoid valves are opened or closed simultaneously. Although it is possible to open
two solenoids, this is not considered in this paper.

Imagine the jacks to be in their equilibrium position and all solenoids are closed as shown in Fig. 2
(left). In this state, all jacks are locked. Now the solenoid valves are opened as shown in Fig. 2 (right)
and the first and second jacks are moved d meters downwards. Consequently, the oil under the piston
of the first and second jacks will flow to the third cylinder and result in the upward displacement of
2d meters in the third jack. In order to perform this scenario practically, the first and second wires

https://doi.org/10.1017/50263574714002355 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574714002355

1386 Inverse and forward dynamics of N-3RPS manipulator with lockable joints

Jack

~Ei| Bl

-

l

L <—| L <—| 9
Solenoid | ‘ l
I

Fig. 2. The hydraulic circuit of locking system in each link.
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Fig. 3. Schematic of a manipulator with 3RPS mechanism. Cables are passed through C; points.

are drawn and pushed to the corresponding jacks downwards and the third jack is force-controlled to
keep the wire stretched.

Therefore, there is a constraint between jacks’ length since the amount of oil on the top and the
bottom of pistons is constant. The constraint equation is

dy + dy + d3 = const, €))

where dy, d,, ds are the lengths of jacks. The 3RPS mechanism has 3 DOF (Fig. 3). The constraint of
the locking mechanism reduces 1 DOF when all solenoid valves are open. Therefore, each link has 2
DOF.

The hydraulic circuit shown in Fig. 2 also imposes a constraint equation on external forces. The
equation of motion of each leg can be written as

Fext — pressure — mC.I,;,', i=1,2,3, ()
where Fpressure 1S the force generated by the oil pressure and is equal to PyA| — P,A,, where Py, P,
are the oil pressure on the bottom and the top of piston respectively and A;, A, are the cross section

areas of piston respectively. Now three equations expressed in (2) are summed as

Fextt + Fexp + Fexis — 3Fpressure =m (dl + d.2 + dS) . (3)
[ —
0
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Note that d; 4 d» + d3 = 0 according to Eq. (1). Finally, we have

F pressure — Fextl * F;th i Fextl . (4)

Therefore, there is a constraint equation between the external forces applied on the jacks. This
equation will be used in the inverse dynamic analysis.

Actuators are three cables that pass through joints all along the arm as shown in Fig. 1(b). The
solenoid valves, jacks, and wires are shown clearly in this figure. The wire ends are knotted on most
of the top points of manipulator. When a link is locked, the position and orientation of that link remain
unchanged. In this paper, a parallel mechanism, and its corresponding locking system, is called a
link. At any time, all links of a manipulator are locked except one. Whenever the cables are moved
by winch and motors, the manipulator will tilt to its new position, while all locked joints move as a
rigid body. It is worth mentioning that the hydraulic jacks are not actuated by hydraulic pump and
servo valves but are actuated by wires indirectly. Using the lockable joints will decrease the number
of motors and reduce the total weight and cost. An 8-DOF prototype has been designed and made in
Sharif University of Technology for practical experiments (Fig. 1). The manipulator has inner-loop
force control that keeps wires tension always positive.

Generally, parallel manipulators inherently have high stiffness and limited workspace. These have
their industrial applications in spite of their limitations. In this paper, the effective mobility of a
3-RPS manipulator is increased by connecting 3-RPS mechanism serially. Shafahi has optimized and
utilized the manipulator in 2011.%* Although the structure of the manipulator is simplified by this
novel idea, the path planning and control problem are complicated enormously. Taherifar et al.?
studied the path planning of this manipulator using particle swarm optimization.

3. Kinematics of 3RPS Manipulator

The first step in the analysis of N-3RPS manipulator is the kinematic analysis of a single 3RPS
mechanism. Figure 3 illustrates the 3RPS mechanism. A fixed coordinate frame (XYZ) is attached
to the lower platform and a moving coordinate frame (uvw) is attached to the upper platform. The
origin of (uvw) frame is located at the point P, the center of volume of the upper platform. Here we
focus on the inverse kinematics of the mechanism since it is essential in dynamic analysis of the
manipulator. In the 3RPS mechanism the orientation of the upper platform is related to the position
of the platform by some constraint equations, which cause some difficulties in the dynamic analysis
of the manipulator. In other words, the moving platform has simultaneously six mixed motions (three
translations coupled with three relative concurrent rotations about its center), but the motion in general
translation and orientation degrees of freedom is interconnected, as three of the six position variables
represent three parasitic parameters given by some geometric constraint relations. The kinematics of
the mechanism is analyzed using the link Jacobian concept similar to the one given inTsai.'*

3.1. Inverse kinematics

By definition, the inverse kinematic analysis is the calculation of lengths of limbs when the position
of the upper platform is known priorly. Here the x- and y-component of the position of upper platform
are known and the z-component is constrained since Eq. (1) reduces the mechanism to 2 DOF. The
first step in the inverse kinematic analysis of the 3RPS mechanism is the calculation of the orientation
of the upper platform. The orientation is defined by the rotation matrix between upper and lower
platforms. The positions of the end points of limbs (B;) in a fixed coordinate frame are

By =p+by,
B, = p+ b, (5)
B3 = p + b3,
T
by :R?[§ = 0],
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T
B
by = R [o z o] ,
T
-B B
by = R? [7 3 0:| ,

R(l) == uy vy w_y ) (6)

where p is the position vector of point P and RY is the rotation matrix from the moving coordinate
frame to the fixed one. B is the side of the upper triangle as shown in Fig. 3. The positions of points
B;, B, B; can be written as

px+%B”x_ﬁ§BUx Px + lj/l% px—%Bux—ﬁngx
B,
By = P}""%B”y_ﬁngy , By = p)"“% , By = Py_%B"‘y_ﬁgBUy . (D
pz""%B”z_ﬁsz pz“‘% pz_%Buz_%sz

Since the revolute joints do not let any motion out of the revolute axis, the following constraints
must be included in analysis:

Bix = —/3By,,
BZX = 05
Bi, = v/3Bs,. (8)
Substituting Eq. (7) into (8) yields
Buv,
Px +— = 07
V3
Uy = Uy,
B
Py = —=(v, —uy), ©)

23/3

which represent just three constraint relations giving three parasitic parameters. The definition of the
rotation matrix will impose the following equations:
u)zc + ui + u? =1,
v+ vi + vf =1,
2 2 2 _
wy +wy +w; = 1,
UyVx + uyvy +uv, =0,
uwy + uywy +uw, =0,
vewy, +vyw, +v,w, =0. (10)
The orientation of the moving platform is completely described by the general rotation matrix R?.
The Euler representation can be adopted to describe the absolute moving platform posture, which
comprises three successive relative rotations, namely: the first rotation of angle o, around the w’-axis,
followed by the second rotation of angle o, around the rotated v ’-axis, and finally followed by the third
rotation of angle o, around the u-axis of the moving frame (uvw) attached to the moving platform. With

respect to the fixed global coordinate system (XYZ), the general rotation matrix can be expressed by a
multiplication of three known basic rotation matrices as R(l) = R(o', az)R(V", ay)R(u, oy ). Referring
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Fig. 4. Euler angles of a limb.

to Fig. 3, the kinematic loop can be written as

a; +disi = p+b;,
si=(p+b; —a)/d;,
di=|lp+b —all, (11)

where s; is the unit vector along the ith limb, and d; is the length of the limb. Since each link has 2
DOF due to the constraint Eq. (1), the inputs of inverse kinematics are Py, P,. It must be noted that
P, is calculated by inverse kinematic equations. So the nonlinear Egs. (1), (9), and (10) are solved
together. The solution of these 12 equations will give the limbs’ length (d;, d»), P,, and nine elements
of the rotation matrix (R?).

Another coordinate frame A;(x;, y;, z;) is attached to each limb as shown in Fig. 3. The z;-axis
points from A; to B;, and the y;-axis coincides with the axis of revolute joint at A;. If the base
coordinate frame is rotated by ¢; about the z-axis, frame A;(x;, y/, z\) is created as shown in Fig. 4.
Then this frame is rotated by 6; about y! to result in A;(x;, y;, z;) coordinate frame, which is called
the ith limb frame. The rotation matrix from the A;(x;, y;, z;) frame to the base frame (XYZ) is

cpict  —s¢i  cpis;
Rgiz s¢icO;  cpi spiso; | . (12)
—SQi 0 C@,’

The unit vector along the limbs (s;) in the base frame is

cp;so;
si= | s¢isO; |, (13)
CG,’

where ¢; is a constant and 6; can be obtained by the following equation in radians,

0; = tan”' (/s + 57, /5i2) , (0 < 6 < m),

¢p=[-n/6 mw/2 Tn/6]. (14)
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Fig. 5. Geometrical parameter of a limb.

Figure 5 shows limb’s geometrical parameter. The following relations formulate the position of
mass center of piston and cylinder,

ri = a; +eys;,

ri = a; + (d; — e2)s;. (15
The derivative of the right-hand side of Eq. (11) is taken to obtain the velocity of B,
Upi = Vp +wp, X by = v, + 5(b))w,,, (16)

where s(.) is the skew-symmetric matrix defined by

0 m,  —my
s(m)=| —m;, 0 my; |. (17)
my  —my 0

The velocity of point B; is transformed to the ith limb frame by multiplying the rotation matrix
Aivb,‘ = Ré‘"vbi. (18)

The rotation matrix Rg“ is the transpose of R%i as defined in Eq. (12). For further formulation,
it is better to parameterize the rotation matrix as R{* = [*Ry YR “R; 1T, where *Rg is the

first row of R{" and so on. Once again the constraint equation imposed by revolute joints must be
considered. Since the point B; does not have velocity in the revolute axis direction, we have:

Ay =0. (19)
Substituting Egs. (16) to (18), the constraint Eq. (19) can be written as

YRY v, + VR s(b) 0, =0,

~—— — —
(%) —C]
_ 1 _
wp = €| CVp = CVp. (20)

Equation (20) formulates a constraint relation between the linear and angular velocities of upper
platform, where c, ¢, and ¢; are 3 x 3 matrices. The linear \./eloci.ty of .ith piston is d; = A’vgi. The
derivative of Eq. (1) constrains the linear speed of limbs (d; + d» + d3 = 0). So one can use the

following equation for the rate of every limb’s longitudinal motion:

di =i =R} v, + TR} s(bi)ev,. 2D
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Equations (1) and (21) are solved together to obtain di,d>, and v pz-
On the other hand, the derivative of the left-hand side of Eq. (11) is taken and expressed in the ith
limb coordinate frame,

Ai Ai Ai 5 A
"vpr = diM i x Vs +disy, (22)

where 4is; = R(/)‘isi. Considering the fact that the jack does not rotate about its longitudinal axis
(a)iT s; = 0) and cross-multiplying both side of Eq. (22) by “4s; yields the angular velocity of the limb

Ai A

L4 i
w; = —s; x Moy, (23)

d;
where 4s; = [0 0 1]7. Taking the derivative of Eq. (15) and performing some simplification,

Ai Ai
Vi, =€ w; X 8,

vy = (d; — e)Mw; x As; +diMs;. (24)

In order to perform acceleration analysis, the derivative of Eq. (20) is taken to derive the relation
between the linear and angular accelerations of upper platform,

Cld)p + élwp = Czi)p,

@p = cb, — ¢y '¢rev,, (25)
. ) DAL

¢ =R x (s(b)wp).

The acceleration of point B; is obtained by taking the derivative of Eqgs. (16) and (18),

i)bi = vp+d)p xbi—{—a)l, X ((,z)p Xbi),
Ay = R vy, (26)

where 419, is the acceleration of B, in the ith limb coordinate frame. On the other hand, the linear
acceleration of the piston and the angular acceleration of the jack can be determined from the
derivative of Eq. (22) and considering that @; = 0,

di — All')lz;AlSi +diAla)i2’

Ai - Ai Ai - L Ai
;= — i ;= — ;. D7
w i §; X TV ,- w ( )

The derivative of Eq. (1) constrains the linear acceleration of limbs (d] + éiz + d} = 0). So Egs.
(1), (26), and (27) are solved together to find dy, d», and v,,..

Similarly, the accelerations of the center of mass of piston and cylinder are calculated by the
following formulation:
o =eMaor x Vs + e Moy x Moy x sy,

Aii)z,‘ = diAiSi + (dl - €2)Aid)[ X AiS,' + (d, — eg)Aiwi X (Aiw; X AiS,') + 2dt-Aiw; X AiS,'. (28)

3.2. Jacobian matrices
The link Jacobian is introduced to simplify the derivation of equation of motion of manipulator.
Equation (16) can be written in the matrix form as

Upi = Jbix]n
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1 00 0 b -b
Ji=0 1 0 —=bf 0 —b'|, (29)
00 1 —b —b 0

where X, =[v, ®,]" =[v, cv,]". Substituting Eq. (29) in Eq. (18) yields
Mg = Y Jpix p, (30)

where 47 J,; = R{ J;. Since the linear (longitudinal) velocity of the piston is d; = 47v3; (the third
row of Avy;), we have d; = 41 J} %, so

q = Jpxp,
M
5= %205 | (31)
A3JZ
b3

where ¢ = [di d» d5]", and J » is known as the manipulator Jacobian matrix. Similarly, the
velocity of point C;, as shown on Fig. 3 (the cable passes through this point), can be written as

Uei = Jcixpa
1 00 ¢ —¢

Ji=0 1 0 —cf 0 —ci . (32)
0 0 1 —Cl.y —cF 0

Similarly, transforming the velocity of point C; to a new frame and sorting the third row of velocity
in the matrix form will result in

Qz = thxpa
Mg
o= | 2205 |, (33)
A3JZ
c3

where J,,; is known as the cable Jacobian matrix. Similarly, combining Eqs. (23) and (24), writing
the linear and angular velocity of piston and cylinder, we have

Ais Ay s
"X =M Jxp,
Ais Aig s
Xy = X,
el l.l[fl (dl —62) l‘]bi
Ai Y Ai gy
er™ Jp; (di — e2) /e
A gz
Ay l O1x6 A l d; ‘]bi 34)
Vg Ay |0 TR T g _Ai Y ’
i bi i bi
Al 1x Ai 1x
S Sy
L Oix6 _ L O1x6 i

where 4 J;; and 4/ J,; are called the link Jacobian matrices.
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4. Dynamics of 3RPS Manipulator

The inverse dynamics modeling is important for the high performance control algorithms of robots,
and the direct dynamics model is required for the simulation.'#. In the next part, the inverse dynamics
is formulated.

4.1. Inverse dynamics
In the inverse dynamics problem, the desired trajectory of upper platform is given and the required
forces of linear actuators are to be determined. The principle of virtual work is used to drive the
equation of motion and the required forces. The angular velocity of upper platform is related to linear
velocity by Eq. (24).

When the external force and torque on the center of volume of upper platform are denoted by f,
and n, respectively, the resultant load, including the inertial forces on the upper platform will be

sz[f"}z[ Je & mpg = mpby } (35)

ne — Lo, —w, x I,

where °7 » 1s the moment of inertia of upper platform in the fixed coordinate frame and m, is the
mass of the aforementioned platform. Similarly, the resultant load on the cylinder and piston of the
ith limb in its frame can be written as

Ai i
AR fii mi;Ry'g —my; ™ oy
i = = o . o ,
ni; Ao — Yo x (MM ey)

Mg = fai _ ‘ mziR(?ig'—mziA’:i)zi | ’ G6)
i —Ahia; = Yo x (M LM oy)

where 4/ 1}; and 47 I,; are the moment of inertia of cylinder and piston of the ith limb in the attached
coordinate frame respectively. Here my; and my; are respectively the mass of cylinder and piston of
the ith limb.

By the principle of virtual work, the equation of motion can be stated as

6
8q/ Fi+3q" T +8x) Fy+ ) (Vo1 Py + Y855 Fay) = 08, (37)
i=1

where F; is the cable tension and 7 is the limb force. Considering the Jacobian relations formulated
in Egs. (31), (33), and (34), one have 8q = J,6x,, 8q; = Jp8x,, A18x1; = 4 J1;8x,, and 48xy; =
Ai]g,-(Sxp. On the other hand, the variation of position and orientation can be expressed as dx, =
[8p ¢8p]T. Consequently, Eq. (37) might be rewritten as

6
sp" |:J1,TtFt + I Tyt Yy M+ A"Jz,-*"‘Fz,»)]
row=1,2,3

i=1
6
+ cop” |:JthFz+JPTT+Fp+Z(A'J1iA1F1i+A’J25AZF2i):| =0. (38)
row=4,5,6

i=1
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Since 8pT is an independent variable, Eq. (38) takes its final form as

E; Ey

T T T T
r (7] 7]
<|:th:|r0W:l,2.3 te [J])t]row:4.5,6) 1+ ( Jp row=1,2,3 te Jp row=4,5.6 t

6 6
+ (|:Fp+Z(AijliAiFli+Ai-]2iAiF2i):| +C|:F;>+Z(Ai11iAiF1f+AiJ2fAiF2i):| ) =0. (39
row=1,2,3 row=4,5.6

i=1 i=1

E3

Equation (39) states the equation of motion of a cable-driven 3RPS manipulator in the presence of
a constraint equation. In the inverse dynamics problem, the desired trajectory is given and the cables
tension must be determined. The limbs force (7) is determined according to Eq. (4). Equation (4)
states that the limbs force is equal to the average of the external forces exerted on all limbs. Besides,
the external forces on the limbs are due to the tension forces and other dynamic terms. Using Eq.
(39), the limbs force is determined as follows:

E\F,+ Ext+E;3 =0,
T =—ME; " (E\F, + E3),

1

Mi,j = g Vlv j? (40)

where M is a 3 x 3 square matrix with all elements equal to 1/3, multiplying this matrix to a vector
will give the average of the elements of that vector. So the cables tension can be determined by

(E\ — E;ME; "E\)F, + (E; — E;ME; 'E3) =0,
F, = (E| — EEME;"E))"(E3 — E;ME; 'E3). (41)

Since the coefficient of F; in Eq. (41) will be singular in numerical computation, there are infinite
number of solutions for cables tension. The null space of the coefficient is [1 1 1], which means that
the tension of all cables can be equally increased or decreased without deviating Eq. (39). So all
cables can be initially stretched to a certain amount so that they do not have a negative tension during
motion. In other words, since each link has 2 DOF and there are three wires to be controlled, there
are infinite number of positive solutions for wires tension. For example, one can simply increase the
average of tension and produce the same desired motion.

4.2. Forward dynamics

In the forward dynamics the input forces of actuators are given and the desired trajectory of the
upper platform is to be determined. As described earlier, the 3RPS mechanism has 3 DOF, and the
orientation of the manipulator is not an independent variable. So six state variables describing the
position and linear velocity of the upper platform are defined as

z=[”]. (42)

The goal of the forward dynamic analysis is to derive six ordinary differential equations. Equation
(39) can be parameterized as

Hyv, + Hy = 0. 43)

The state equations are as follows:

7\ = Zy,
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Zy = Zs,

73 = Zs,
7
Zs | = —H;'H,, (44)
Zg

where H; and H, are 3 x 3 matrices. Now the problem is to find H; and H, using Egs. (35) and
(36). The resultant loads on cylinder and piston are rewritten as

Ai flifcoefvp + fli—cons
Fi =

Ai . Ai
. = Fli—coefvp + * Fli—conss
N1i—coefUp + 1 1i—cons

Ai f2ifcoefi}p + f2ifcons
Fi =

Ai . Ai
. =Y Fai_coetVp + ' F2i—cons- (45)
N2i—coetVp + n2i —cons

The coefficient of v, in Eq. (35) might be extracted in the same way. It should be noted that ),
is a function of v, and v, according to Eq. (25). H; is the collection of v, coefficients, while H,
includes the terms that do not have v, terms,

6
Hi = —mplx; — lyc + |:Z (T Fii—coe + AiJZiAiFZi—coef)j|
row=1,2,3

i=1

6
Ai 7 Ai APy Ai
+C|:§ (" 1™ Flicoet + 7' o FZicoef)i| ,
row=4,5,6

i=1

6
HZ = fe + mp8 + C(ne - Olpcl_lélcvp) + |:JIZT + Z(AijliAiFlifcons + Al JZiAiFZicons):|
i=1 row=1,2,3

6
+c |:JFTT + Z (AiJliAiFli—cons + AiJZiAiF2i—cons):| —wp X (Olpwp)- (46)
i=1 row=4,5,6
Finally, the trajectory of upper platform can be determined by solving the six ordinary differential
equations in (44).

S. The N-3RPS Kinematics and Dynamics

The N-3RPS with lockable joint is an SPM described in Section 2. Figure 6 shows the schematic of
the manipulator. Suppose that the nth link is unlocked and other links are locked as shown in Fig. 6.
The coordinate frames are also shown in this figure. The first n—1 links are rigid and the vector rgown
is the position vector of lower platform of the nth link and is stated in the base coordinate frame. °r,
points from the center of the upper platform of the nth link to the end-effector and is also presented
in the base coordinate frame. The kinematic and dynamic equations derived in Sections 3 and 4 can
be used for the unlocked link with some modification.

Determination of the rotation matrix between the upper and lower platforms of unlocked link is
the first step in the kinematic analysis. Second, the position vector of the upper platform must be
calculated according to Eq. (11). Here the first and second steps are combined. The vector loop can
be written as

0 0 0 0
P = TYda — Fdown — Tup, (47)

https://doi.org/10.1017/50263574714002355 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574714002355

1396 Inverse and forward dynamics of N-3RPS manipulator with lockable joints

Fig. 6. Schematic of the cable-actuated hyper-redundant manipulator. The nth link is unlocked and others are
locked. The coordinate frames are also shown.

where %r, is the desired trajectory of end-effector. Equation (47) can be written in the form of
RY_\"'p =" — "rgown — RY_ | RI "1y, (48)
Note that "~! p can be extracted from Eq. (48) as

—1 —-1,0 0 —1

" P = Rg ( rqg — rdown) - RZ ”rup- (49)
e
unknown

Since %r, is given before and 7oy, is known from the previous configuration of manipulator, the
only unknown terms in the last equation are "~! p and R,’l'_l. In order to find R”~! and "1 p, Egs. (1),
(9), (10), and (49) should be solved together. The remaining formulations are the same except some
mass and inertia properties.

As mentioned earlier, all links except the nth link are locked, and are consequently rigid. So the
(n+1)th to Nth links move together with the upper platform of the nth link. The mass and the moment
of inertia of moving parts must include the mass and inertia of all elements above the platform,

Mp_new = (N—n+ l)mp + 3(N — n)(m; + my),

N N
"Tpsew =Y REFIRE+3x Y Ri“Ii + " 1)RE, (50)
k=n k=n+1

where ¥I; and *I; are the moment of inertia of cylinder and piston of the (k+1)th link in the kth
coordinate frame respectively. In order to transform the moment of inertia to the nth frame, the rotation
matrix must be multiplied from both sides. Finally, the resultant moment of inertia is transformed
to the base frame by RS” I, _newRjy. Another point that should be noted is the moment produced by
gravitational force. Since the center of mass of the moving part does not coincide with the center of
volume, a moment is generated around the center of volume. The center of mass of the moving part
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Table I. The manipulator parameters.

Manipulator parameter ~ Value

A 0.1 m
B 0.08 m
mp, 126 gr
my 37 gr
my 4 gr

el 0.05 m
e 0.05m

[0.788 0 0

I, 0 0.788 0 x 107  kg.m?
0 0 1.573
2284 0 0

L 0 2.284 0 x 107 kg.m?

I 0 3.366 0 x 1076 kg.m?

is

N
reg = (Z RY (Crin +*rio 4+ Frizymy + Cran + Fran 4+ Fraz)ma + kpk+11inkmp)> /M p_new, (S1)
k=n

where *ry;, kry; are the position vector of the mass center of cylinder and piston of the ith limb of
the (k-+1)th link in the kth reference frame respectively, and ¥ p; | i is the position vector of upper
platform of the (k+1)th link presented in the kth frame. In this formula, the mass of each element
is multiplied by the position vector of that element in the kth frame. To revise the equation, a single
term is added to the second row of Eq. (35) and the new mass and moment of inertia are replaced
with the old ones,

Fp _ |:fp:| _ |: fe + mp_new8 — mpfnewi)p i| . (52)

0 . 0
np ne — Ipfnewa)p —wp X ( Ipfnewwp) +rcG X Mp_new8

6. Simulation

6.1. Kinematic simulation

In this section, three types of desired trajectories for the center of upper platform are examined and
the inverse kinematic results are presented. The desired trajectories are selected such that the system
expresses its nonlinearity. The circular trajectory is defined as follows:

Xxq = R sin(wt),

ya = Rcos(wt), (53)

where R =1 cm and w = 7 radians per second (Fig. 7(a)). The z-coordinate of upper platform
is calculated automatically according to the constraint. The small radius of circular path is due
to the limited workspace of mechanism. In kinematics simulation section, it is assumed that the
manipulator has one link. The manipulator parameters used in simulation almost coincide with the
fabricated manipulator shown in Fig. 1. The geometrical and inertial parameters are listed in Table 1.
Assumption I: There is no external load on the end-effector and the friction is negligible.
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Center of Platform Position vs Time Center of Platform Position vs Time Center of Platform Position vs Time

Y (m) -0.01 —0.01

a b C

Fig. 7. The desired position of the center of upper platform in (a) circular trajectory for R = 1 cm, (b) star
trajectory for k = 5, and (c) sinusoidal trajectory.

Length of Limbs vs Time Angular velocity vs Time 08 Time Euler Angles vs Time

1st Limb
----- 2nd Limb
=+=+=+3rd Limb

d (om)
Angular velocity (rad/s)
Euler Angles (deg)

-40

0 0.5 1 1.5 2
Time (s)

a b ¢ d

Fig. 8. (a) The length of limbs, (b) the angular velocity of upper platform, (c) the angle of each limb, and (d)
the Euler angle in the circular trajectory of upper platform.

Figure 8 presents the inverse kinematic results in circular trajectory. The length of limbs, the
angular velocity of upper platform, the angle of each limb (6;), and the Euler angle of upper platform
are shown in this figure. First, it can be observed that the length of limbs vary around 12 cm, which
is the length of each limb in the initial configuration of mechanism. Second, the sum of limb lengths
is constant as stated in Eq. (1). It is worth mentioning that at the beginning of the motion, where
xq =0and y; =1 cm, d; is nearly equal to its natural length, d, and d; have taken the opposite
direction to satisfy the constraint and make the upper platform move in the y-direction. It causes
quite a large Euler angle in y as shown in Fig. 8(d). Since the initial position coincides with the
direction of the second link, 6, is much smaller than 6, or 85 (Fig. 8(c)). The angular velocity of upper
platform in x, y, and z-directions are obtained from the constraint Eq. (20). It can be observed that the
z-component (yaw) of angular velocity is less than the other components since the circular trajectory
did not require the yaw angular velocity.

Several ways have been adopted to check the correctness of results. For example, the numerical
derivative of limb lengths must be equal to the d; obtained in Eq. (21), and the y-coordinate of velocity
and acceleration of b; must be zero as stated in Egs. (18) and (26). Equation (1), its derivative, and
also its second derivative must be satisfied.

In order to validate the inverse kinematic results, a special trajectory named as star is defined in
six stages as follows to simplify the interpretation of results:

klaict ayn]” 0<n<=<l
kl—aixt +ai,  —aiyh + aiy)” <n =<l
s vl = klax«ts az 131" O0<n=<I (54)
k[—axts + azy  —anyts + azy]” 0<tu =<1
klasxts asyts]” <t =1
k[—aaxts + asy  —aayte + asy]” 0<t =<1,
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Length of Limbs vs Time

6 vs Time
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Euler Angles vs Time

d (cm)

1st Limb

25

20

1st Limb
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Euler Angles (deg)

60

40

20

=)

L
=)

&

-60
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Time (s) Time (s) Time (s)
a b c

Fig. 9. (a) The length of limbs, (b) the angle of each limb, and (c) the Euler angle in the star trajectory of upper

platform.

Length of Limbs s Time

Angular velocity s Time

Euler Angles vs Time
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Euler Angles (deg)
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40
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3

-40

Time (s)
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Fig. 10. (a) The length of limbs, (b) the angular velocity of upper platform, (c) the

Euler angle in the sinusoidal trajectory of upper platform.

Time (s)

C

15

-60
0

angle of each limb, (d) the

where a is the position vector of lower platform whose length is 5.8 cm, and £ is a scaling factor.
The desired trajectory in which the size of star’s arm is 1.2 cm is shown in Fig. 7(b). Each stage lasts
for 1 s and the desired velocity is constant in each stage. The center of upper platform moves in the
direction of the symmetric axis of triangle from the center position, and then it moves back to the
center.

Figure 9 presents the inverse kinematic results of the star trajectory. It can be observed in Fig. 9(a)
that when upper platform moves from the center toward a certain limb, the length of that limb does
not vary as much as can be inferred qualitatively. Besides, angle 6; of that limb decreases and tends
to become vertical.

The third trajectory is a sinusoidal path in the x—y plane and is more complicated for this manipulator
than previous trajectories, and defined as

0.01r — 0.01,
—0.01 cos(100m x4).

Xd

(55)

Ya

The sinusoidal trajectory is shown in Fig. 7(c) and kinematic results are presented in Fig. 10. The
sum of limb length is constant, and is equal to 0.362 m.
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Cable Tension vs Time

Cable Tension vs Time
25— — : 22 : :
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Fig. 11. Force of actuators (cable) in circular trajectory when (a) the lowest link is unlocked, and (b) the link on
the top of the lowest link is unlocked.

6.2. Dynamics simulation

In this section, the manipulator is assumed to have four links. In each simulation, first the lowest link
is unlocked and the remaining links are locked, and second, the link on the top of the lowest link is
unlocked and the remaining links are locked to compare the cable tension.
Assumption 2: It is assumed that the manipulator is in the upright configuration and all upper
platforms are horizontal at the beginning. The height of manipulator in this configuration is 0.48 m.
Since the workspace of the manipulator with four links is large enough, the circular trajectory
defined in Eq. (53) is selected for R = 15 cm and w = 7. Figure 11 shows cable tension for both
stages of simulation. When the lowest link is unlocked, the range of motion of upper platform of that
link is too small (4 mm) and the maximum Euler angle of upper platform is 25°. When the link on the
top of the lowest link is unlocked, the range of motion becomes bigger (10 mm) and the maximum
Euler angle is of 40°. Although the range of motion and acceleration is smaller in the first stage, the
moving mass and moment of inertia of moving parts are bigger and cause larger cable tension. As
shown in this figure, the maximum range of cable tension in the first and second stage is 20.84 N and
16.45 N respectively.

The star trajectory with arm’s length of 11.6 cm is selected to increase the range of motion of
upper platform.

Figure 12 shows cable tension for both stages of simulation. As shown in this figure, the maximum
range of cable tension in the first and second stage is 11.27 N and 7.87 N respectively. It is worth
mentioning that the tension of second and third cables in the interval of [0, 2] s is larger than the
tension of the first cable since the upper platform is moving in the direction of the first limb and the
opposite cables must be pulled. This fact is true for remaining part of the trajectory.

7. Conclusions

The kinematic and dynamic analysis of a N-3RPS manipulator with lockable joints is presented in
this paper. In this manipulator all links have 3RPS mechanism, and are connected serially. In each
link, a hydraulic locking mechanism is installed. The locking mechanism reduces the complexity
of actuation system and decreases the weight of manipulator. Since the base mechanism of the
manipulator is 3RPS, the inverse and forward dynamics of this mechanism is introduced at the first
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Cable Tension vs Time
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Fig. 12. Force of actuators in star trajectory when (a) the lowest link is unlocked, and (b) the link on the top of

the lowest link is unlocked.

step. The dynamic analysis of the N-3RPS manipulator is presented in the next step. In the final step,
several trajectories are given and the input forces of a 3-3RPS manipulator (with three links) are

calculated. The simulations show the performance of analysis.
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