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Abstract—In this article, we present a new procedure for the
derivation of the linearized kinematics and dynamics of a flexible
industrial robotic manipulator. We introduce the Lie groups of dual
rotation and dual homogeneous transformation matrices, which
are the basis for the derivation of dual twists. In addition, dual
screws and dual screw transformation matrices are introduced,
which are used for the development of a general and systematic
linearization procedure for both kinematics and dynamics. This
leads to expressions that are linearized in all the states associated
with the elastic motion. The dynamic modeling procedure is based
on Kane’s method, where the partial velocities and partial angular
velocities are given as dual screws arranged as columns of dual
projection matrices. The elasticity of the links is modeled by the
assumed mode method. The presented procedure is implemented
numerically for a 4-degrees of freedom manipulator and the simu-
lation results are given.

Index  Terms—Dynamics, flexible robots, Kkinematics,

linearization, screw theory.
1. INTRODUCTION

OBOTIC manipulators are widely used in industrial ap-

plications. In some applications manipulators need to be
lightweight and need to have large configuration space. Such
long-reach lightweight manipulators may have significant elas-
ticity, which has to be accounted for in the derivation of manip-
ulator kinematics and dynamics. Modeling the elasticity of links
leads to more complex expressions with additional higher order
terms, which have little contribution to the dynamical simulation
results. Often it is reasonable to partly linearize the dynamics
by removing those higher order terms, which are the products of
elastic displacements and velocities. In this article, we present
the systematic procedure for derivation of linearized kinematics
and dynamics of flexible robotic manipulators.

Dynamic behavior of flexible manipulators has been investi-
gated by many researchers in the recent decades. Flexible links
of manipulators posses an infinite number of degrees of free-
dom (DOFs) and are governed by partial differential equations.
The equations are normally solved by discretization, where the
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assumed mode method (AMM), finite-element method (FEM),
or lumped parameter method [1] are normally used [2].

Modeling flexibility of manipulators by FEM can lead to
accurate results, however large number of finite elements and
DOFs may be needed. The advantage of FEM is the ability
of modeling complex systems with nonuniform link geometry
[3]. Alternatively, using AMM for modeling the flexibility may
result in a smaller number of DOFs. In [4], the authors compare
AMM and FEM formulations for a flexible manipulator and
conclude that for manipulators with uniform cross-sectional area
of the links AMM leads to a system with fewer equations and
is a preferred option. However, the problem of choosing the
proper mode shapes might be complex for manipulators with
several links and variable cross-sections. In [5], the authors
discussed the two main alternatives for mode shapes in terms
of boundary conditions, that is pinned-free (or pinned-mass)
and clamped-free (or clamped-mass) modes. It was found that
clamped boundary condition at the controlled end of a link leads
to significant simplifications in the design of the controlled.
Similarly in [6], it was concluded that a clamped boundary
condition at the controlled end of a link leads to more accurate
predictions of closed-loop behavior. In [4], [7], the authors
suggested that eigenmodes of a clamped-free Euler—Bernoulli
beam are often used for flexible serial manipulators with high
hub-to-link mass ratio, however, it was highlighted that using
clamped-mass boundary conditions is more correct. AMM can
also be applied for modeling flexible robotic manipulators with
telescopic joints [8].

The assumption of small deformations is often adopted in
flexible manipulator models, which leads to the elimination of
high-order terms related to elastic displacements and velocities.
The dynamic equation of motion linearized in the terms associ-
ated with elastic motion for a multilink planar manipulator was
presented in [7], [9], and [10], where the Euler-Lagrange formu-
lation and AMM was used. In most of the reviewed references,
the small deformation assumption was adopted, however no
explicit discussion on the linearization procedure was presented.

Kane’s equation of motion (or Kane’s method) [11] is a
variation of the Newton—Euler formulation, where a minimal
set of ODE’s (ordinary differential equations) is obtained by
elimination of workless constraint forces. The constraint forces
are eliminated by d’ Alembert’s principle and principle of virtual
work. In practice it is done by premultiplication of the equations
of motion with the partial velocities, which serve as projection
operators mapping the forces on the directions of generalized
speeds. Kane’s method was formulated for flexible systems
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[12]-[14], and a particular example of a flexible beams on a
moving base was given in [15], where the authors also included
the effect of geometric stiffening. Additionally, the authors pro-
posed a simplified method for linearization of dynamic equations
of motion in all elastic displacements and velocities.

Lie group theory [16] for modeling of robot kinematics is a
well-established field [17]-[19]. This includes the application of
the Lie algebra se(3) to describe the differential kinematics and
dynamics of multibody systems, where derivations of differen-
tial kinematics rely on the fact that the vector representation of
se(3) is a twist, which can be transformed by an adjoint map
AdSE(S). This was used for rigid mechanisms in [20], [21],
and [22], and for flexible systems in [23] and [24]. The fact
that a twist is a screw given in Pliicker coordinates allows for
an alternative formulation in terms of screw theory [25], [26],
where the geometrical interpretation of the derivations may be
more evident.

The review articles [2] and [27] reveal the amount of research
done in the field of modeling of flexible manipulators and
flexible multibody systems. It is generally accepted that the
equations of motion are highly nonlinear due to the coupling
between the DOFs of the system. In this article, we propose
a method for linearization of equations of motion of flexible
manipulators by eliminating higher order terms formed by the
products of elastic deflections and velocities. The kinematic
framework of the method is based on the Lie groups of dual
rotation and dual homogeneous transformation matrices, which
are the basis for the derivation of dual twists. The method is an
extension of the previous work [25], [28], [29] and is based on the
linearization procedure proposedin [12] and [15]. The advantage
of the proposed method is that we propose to use screw theory
and dual linear algebra for the derivations, which is easier to
implement computationally than the original formulation in
[12] and [15] where coordinate-free vectors and dyadics were
used. This advantage becomes more apparent for large systems
with many links. Another advantage of the proposed method
is that the expressions are linearized at each step of derivation.
The method does not require a readily derived fully nonlinear
model before the linearization is performed [30], which is a
quite common approach. The method can also be used for the
derivation of models which are partly nonlinear in some elastic
states or velocities.

In the end of this article, we present a numerical example,
where the method is implemented for a four-link manipulator
with two flexible and two rigid links.

II. PRELIMINARIES
A. Dual Numbers, Dual Vectors, and Dual Matrices

A dual number [31], [32]is givenby & = "2 + ¢ dy, where " x
and %z are real numbers, and the dual unit ¢ satisfies & # (0 and
£2 = 0. A dual vector of dimension n is givenby v = "v + ¢ %v,
where "v and %v are vectors of dimension n. In the same way, a
dual n x n matrix is defined by D = "D + ¢ D, where "D and
9D are n x n matrices. Calculations on dual numbers, vectors
and matrices are done by treating the expressions as polynomials

in €, and using 2 =0.
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Duality can be applied in linearization. In this article, we will
in particular use this by defining dual matrices, where the real
part is a zero-order term and the dual part is a first-order term.
Then, the product of two dual matrices will have a real part
which is of order zero, and a dual part which is of order one.

In this article, we define elastic coordinates and velocities
as dual parts. Then, the products of elastic coordinates and
velocities vanish from the equations, after each multiplication
operation during the model derivation. For example, let p; =
r1 + cej and Ps = ro + £e, be some position vectors given in
the dual from, where r; is the rigid displacement, and e; is the
elastic deformation. Then, the product of those two terms is
found as p1ps = rirs + £(r1ez + ejrs), which is linear in e;
as the term £2e; es is vanished.

B. Matrix Lie Groups

Consider amatrix Lie group G C GL(n, R), where GL(n, R)
isthe linear group of invertible n x n matrices with real elements
[16], [33]. Then, if G, G € G, it follows that GG € G, and
there is an inverse G~ € G so that GG™! =1 € G, where I
is the identity matrix of the appropriate dimension. Let U be
an element of the associated Lie algebra g C M(n, R), where
M(n, R) is the algebra of n x n matrices with real elements. Let
U € g be the logarithm of G, which means that G = exp(U).
The logarithmic map is the inverse map of the exponential map,
and gives U = log(G). The logarithm U can be represented by
the vector u € R™. The conversion between U € gandu € R”
is done with the notation U = [u]" and u = [U]" .

Let A, B be elements of the Lie algebra g, and let a = [A]",
b = [B]Y be the vector representations. Then, the adjoint map
Ad(G) is defined by [Ad(G)b]" = GBG™'. The adjoint
operator ad(a) is defined by [ad(a)b]" = [A, B], where [A, B|
is the Lie bracket.

The time derivative of a Lie group element G € G is given
by G= V,G = GV,, where V; € g is the left velocity [33],
which is also called the spatial velocity [18], and V,. € g is the
right velocity, which is also called the body velocity. The corre-
sponding velocity vectors v; = [V;]¥ € R" and v, = [V, ]V €
R™ are v; = ¥;(ad(u))u and v, = ¥,.(ad(u))n, where ¥, is
the left Jacobian and V.. is the right Jacobian of G [34].

The well-established matrix Lie groups used in robotics are
SO(3) and SE(3), which are discussed in, e.g., [16], [19], and
[34].

C. Twists and Screw Transformations

The displacement of Frame b relative to Frame a is described
by the homogeneous transformation matrix T§ € SE(3) [17].
The time derivative of the homogeneous transformation matrix
is given by Tj = [t " T} = Tg[tgb/b]A, where [tgb/a]A €
se(3) is the left velocity, and [t7, / b/ € se(3)is the right velocity.
The transformation from the right to the left velocity is given by
[te,.)" = T§ [tgb/b]A(Tg)’l. The left and right velocities can
be represented by the twist vectors t¢, /o € RS and th /b € RS
from a to b, which transform according to th = Ad(Ty )th It
where Ad(T§) is a matrix representation of the adjoint map in
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SE(3). A twist vector is in general given by [34]

. wi
_ b 6
ab)r = ;7 ER (1)
Vab/r
where wj, is the angular velocity of b relative to a, and v, is
the velocity of b relative to a referenced to 7. The superscript ¢
indicated that the vectors are given in the coordinates of Frame
7.
The twist vector is a screw [32], [34], which satisfies the screw
transformation
D i
tanr = Vit s @)
with the screw transformation matrix V7, = R%U7. This trans-
formation involves a change of coordinates, which is due to

i R, 0

R: = RZ c |R6><6 (3)
JJ

/ 0

and a change of the reference point, which is due to

I O

pl; 1

Uis _ c [RGXG (4)

where p?_ is a vector from 7 to s given in the coordinates of
Frame j. It is straightforward to verify that the twists of the
composite displacement T¢ = T¢T? can be added according
to [25]

i

i
ac/r

= tflb/’!‘ + t?)c/r (&)

under the condition that the twists are referenced to the same
point r, and are given in the coordinates of the same Frame .

D. Wrenches

A wrench is a screw representation of forces and torques
acting on a rigid body [32], [35]. The wrench with a line of
action through the origin of Frame j, referenced to j and given
in the coordinates of j is given as

, £ .
i |
Wii= | €R (6)
Jli

where f; is a force acting at the origin of Frame j and ni /i
is a torque acting on Link 7, both given in the coordinates
of j. A wrench is a screw and it satisfies screw transforma-
tions. The wrench (6) can be referenced to the COG (center
of gravity) of link ¢ and expressed in the coordinates of i as
i _vhi J
Wi/ = Ve iWi /50
E. Projection Matrices for Rigid Manipulators

Consider two Frames 7 — 1 and j that are fixed in two robotic
links connected by a 1-DOF revolute joint. Let the direction
vector of the joint be the unit vector a; through the origin of
Frame j. Then, the line through the joint axis referenced to the
originof Frame j willbeL) - = [(a})" 0"]", where the moment
is zero since the line passes through the reference point. The twist
of the link displacement Ti-*l can be given in terms of L;. /; s

t?_w. /= Li g where u; = ¢; is the generalized speed of the
rotation in Joint j [25], [26].
The line Lz. /; can be referenced to the COG of any subse-

quent Link ¢ and expressed in the coordinates of ¢ as L;. Jmi =

Vf;i g L§ .. Then, the twist of Link 7 relative to the inertial frame,
referenced to the COG of Link ¢ and expressed in the coordinates
of i canbe given as ), , = Pju, where u = [u; ... u,|" isa
vector of generalized speeds [11] and the projection matrix [25],
[26], [28] is given by

P, = |Li

1/m; L;/mz 06><(n7i):| . (7)

The projection matrix (7) have two main functions in the deriva-
tion of the equations of motion. First, it serves as a geometric
Jacobian [34], which maps the robot joint space velocities into
Cartesian velocities of the point m; and angular velocities of
Link . Second, it serves as an operator for projecting the external
and inertial wrenches on the direction of the joint lines. In
the following sections of this article, we will introduce the
Jacobian form and the projecting form of projection matrices,
which are different in the case of linearized dynamics of flexible
manipulators.

III. LINEARIZED KINEMATICS OF FLEXIBLE MANIPULATORS
IN TERMS OF DUAL SCREWS

In this section, we present a novel derivation procedure for
linearized kinematics of flexible manipulators, where the equa-
tions include only the first-order effects of elastic deflections and
velocities. This includes the introduction of two Lie Groups: the
group of dual rotation matrices and the group of dual homo-
geneous transformations matrices. The group velocity for the
group of dual homogeneous transformation matrices is derived
as a dual twist, which can be given in terms of dual screws.

The development of this section starts with the introduction
of the Lie groups. At this stage, the Lie groups are given as
mathematical objects without any particular reference to flexible
manipulators. Then, the concepts of dual rotation and dual ho-
mogeneous transformation matrices with application to flexible
manipulators are first introduced in the dual matrix form. Later
it is demonstrate that dual rotation and dual homogeneous trans-
formation matrices can alternatively be represented as members
of the proposed Lie groups, that is matrices in the dual form
are represented by real matrices which allows using basic linear
algebra for the derivations. In addition, Lie algebras associated
with the proposed Lie groups are derived in both vector and
matrix forms, which are also used in the derivations.

We consider serial link manipulators with elastic links. The
elastic links are described as Euler—Bernoulli beams with the as-
sumed mode approach, where elastic deformations are modeled
by a set of eigenmodes for a constrained beam with clamped-free
or clamped-mass boundary conditions [7].
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A. Definition of the Matrix Lie Group G

Consider the matrix Lie group G;, where the group element

is given as
A 0
X - [

c |R6><6 8
A A ®

where A € SO(3) and 8* € R>*? is skew-symmetric. The no-
tation X = (A,0°A) € Gy will also be used for the group
element in (8). Let X1 = (A1,07 A1) and X5 = (A5, 05 As)
be elements of Gp. The group operation is matrix multipli-
cation and the product is given by X;Xs = (A1As, (67 +
A105AT)A1Ay) € Gy. The inverse of a group element
is X1 = (AT, ~(ATO*A)AT) € G; and X; =X"'X =
(I,0) € Gy is the identity element of the group, which means
that XX ; = X;X = X. The derivative of (8) with respect to
time is given by

X = X[@] ©)
where the right velocity
w” 0

. c [R6><6
(AT w~

@] = XX = [ (10)

is in Lie algebra g1, w* = ATA and (AT)* = ATO A,
From (10), it is seen that a vector representation of [@]" is

w

> = .| € RS. 11
w [ATG) (11)
From

A
Xt Aw Aw*AT 0
w = . = .
6 Aw + 6 (07 Aw]* + 6" Aw*AT

and (a*b)” = a*b* — b*a* itis then straightforward to verify
that [X&]" = X[@]"X 1, and it follows that the adjoint map on
G1 is
[Adg, (X)@]" = X[@]'X™
where Adg, (X) = X.
Consider the two matrices

X X
A ay 0 foA by O
= e s b = S
&) [ag af} g1, [b] [b; bf] &1

12)

and let a = [a] al]” € RS and b = [b] bI]T € R be the
corresponding vectors. The following property is verified by
direct computation

13)

[é]AB[B]Aé[ arby ]

ai(bg + a2xb1

As well-established Lie groups used in robotics (SO(3) and
SE(3)), the group G has the exponential and logarithmic maps.
Although these maps are not directly used in this article, they
are still derived for the sake of generality in Appendix A.

It is noted that the Lie group G; has the same structure as the
adjoint representation of SE(3). The difference will however
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become more apparent later in this article, where the group will
be used as a dual rotation matrix for coordinate transformation
of dual vectors. Then, the vector 6 is a rotation angle between
two frames, rather than a distance vector in SE(3). Then, the
derivations and expressions in this chapter obtain a new kine-
matic interpretation and, therefore, are presented. Equivalent
derivations for the adjoint representation of SE(3) are given in
[34]. Tt is also noted that the R**4 representation of Gy cannot
be interpreted as the Euclidean transformation since the vector
0 is an angle.

B. Definition of the Matrix Lie Group Go

Consider the matrix Lie group Go, where the group element
is given as

e R™7 (14)

X v
Y =
[OT 1

where X € G; and ¥ € RS, The notation Y = (X,¥) €
Go will also be used. Let Y; = (X1,V1) € G2 and Yo =
(X3,V2) € Go be elements of Gsy. Then, the product is
given by Y1Ys2 = (X;X5, ¥ + X1V2) € Go. The inverse is
Y !1=(X1-X19)eGyand Y'Y = (X;,0) =Y €
G4, where Y is the identity element of the group, which satisfies
YY;=Y;Y=Y.
The time derivative of the group element (14) is given by

Y = Y[ (15)
where the right velocity is [t} = Y'Y, which gives
A | XTIX XY @] X%
i = = eR™T (16
g [ oy ] K (16)

which is in the Lie algebra go. A vector representation of the
right velocity is
=] @
X1y

where the notation [[}"] = t will also be used. The adjoint map
Adg, (YY), which satisfies

e R? (17)

[Ade, (V)" = Y'Y (18)
is given by
X 0
Adg,(Y) = c R#¥12, 19
This is verified from
- X&
Adg, (Y)t= 20
c:(Y) lmAxw +% (20)
and
. X[o]N X1 X[@N X%
Y[t]/\Y—l — [ [w]T [w] vV+v (21)
0 0
in combination with (12) and [¥]"X& = —[X®]"¥, which
follows from (13).
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Fig. 1. Two flexible robotic links connected by a 1-DOF rotational joint:
undeformed shapes is shown in grey and deformed - in black.

Similarly as for Gy, the group Gg has the exponential and
logarithmic maps, which are not directly used in this article,
they are also derived for the sake of generality in Appendix A.

C. Linearized Dual Rotation Matrices

Consider an elastic robotic link given in Fig. 1. Define the
orthogonal rotation matrix R, € SO(3) from the body-fixed
Frame j attached at the controlled end of Link j to the body-fixed
Frame j’ attached to the distal end of Link j. The rotation matrix
given in terms of the angle-axis parameters (6, k;,) is [17]

R, = I +sin(0;)k%" + (1 — cos(0;)k k. (22)
It is assumed that the elastic deformations are small 6; — 0,
and therefore a first-order approximation of the rotation matrix
will be used. This leads to sin(f;) — 0, cos(f;) — 1, and
linearization of (22) gives Rj =140, k . Assume that this
linear rotation matrix is glven asa product of three consecutive
linearized rotations about the x;, y;, and z; axes as

RJ/:(I—’_e(E]’X )(I+9yjyj)(1+azj J)
_I+9mj,x +9y],yj+9’jrz +h0t

:I+%?+hot (23)
where 0?, = [0z 045 0.5]"
is Og,x € s0(3). A similar approximation of the rotation matrix
was given in [36]. The higher order terms (h.o.t) in (23) can be
omitted, and the linearized rotation matrix can be formulated as
a dual matrix

and the skew-symmetric form

RS, = 14267 (24)

where the zero-order term I € SO(3) is the real part, the first-
order term O;f is the dual part. The inverse of the rotation matrix

will have the angle-axis parameters (—6;/, kg,), and it follows

that the first-order approximation of the inverse is
RJ -1 _ Jx _ (RINT
(Rj,) =1-¢0; = (Rj,)
It is noted that
J % 3x\2 _
(I+<67)(I - (67°)? =1.

The time derivative of the rotation matrix and its first-order
approximation is given by

(25)

€6l ) =12’ (26)

2 J : . j L .
_ J X Jx Jx Jx
R =(1+¢c6}")e0; =eb; =cw, 27
where 0 = w’ . The first-order vector Ew ; canbe expressed
in the coordlnates of j' as
J' — (T — ~@I* I syl
ew! j, = R 5w = (I —¢e0) )ew] ; = ew) (28)
which leads to the first-order approximation w? = =’ i . Sim-

ilarly, the first-order vector 6951 can be expressed in the coordi-
nates of j' as
7 _RI eI _ (T_ ~pi* V"
6, = R} c0), = (1 - £07/)c0’, = <0, (29)
which leads to another first-order approximation 0§:X = 0§,X.
This elastic deflection can be combined with rigid motion
described with the second dual rotation matrix R} = R} from
4’ to 7, where 7 is a frame fixed at the controlled end of Link
1, which is attached to Link j through a single-DOF rotational
joint. The dual rotation matrix from j to ¢ is then given as

R/ =R)R/ =R/ +c07 R/ (30)

where (29) is used and O;ZjXR{ € T,y SO(3).

D. Linearized Dual Rotation Matrices as Elements of Gy

The dual composite rotation matrix f{f can be given as
j/
R/ 0

3 4 -/ 6 Gl.
J XRJ J
¢R] R]

R]] = [R/][R]] = [ 31)

It is noted that R~ # [R]]T and for a general dual rota-
tion matrix R/ € G, the following holds [R?]! = [f{;] The
inverse of (31) is given as
P (RIHT 0
R]] = [ j’zT J'x FN\T (32)
—(R;) 6" (R})

and the time derivative of (31) is given as

2 J Rz’ 0
[R’L] = 'j/>< -/ 34 o o ./ .

(33)
0, R/ +0,R] R

The right velocity (10) for the dual rotation matrix (31) is found

as
ad A N1 “’j"xz‘ 0
[wji} = [Rz] R,] = i ix 34
“ig o @i
The right velocity (34) can be given in a vector form as
@l = l%] (33)
“j.g
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which corresponds to the dual form c.?);l = wé/ i T swé I where
the real term is of order zero and the dual term is of order one

S . . .
in 67, or 0,. Denote the real term as "w®. = w?, . and the dual
J J Ji 7'y

term as dwéi = w; ;7» then (35) can alternatively be written
&, = [ e (36)
w'
Jr

E. Coordinate Transformation of Dual Vectors

Consider the dual vector from the origin of Frame ¢ to some
point a; fixed in Link ¢ given in the coordinates of 7 as éﬁ,a,; =
r; , +ed; , . Thereal termr} , is of order zero and the dual
term d; , is of order one in d , . The term d} , describes the
displacement due to elastic deformations, which are assumed to
be small. The dual vector &; , can be given in R® as

Al ré,ai 6
a; ,. = q ‘| eR (37)
1,4
and can be given in a matrix form as
rix 0
"= e | een (38)
dila; Tia,
The vector (37) can be expressed in the coordinates of j as
. N Rj,rz:
éj e [:I.:{]}éz e -/ -7 .l b . (39)
b ’ ne eglsz rz,ai + RZ dz,(li

where RZ is given by (31). The real term of (39) is of order

zero and the dual term is of order one in either 0;, ord; , .Itis
straightforward to verify that the inverse transformation is

aj, = R} al,, (40)
where [R7]"! is given by (32). Alternatively, the dual skew-
symmetric matrix (38) can be expressed in the coordinates of j

as

Ral, ] = [Ri]al,, @1

i,ai

PRI
which follows from (12) since [R7] € G, and [&; ,,1" € e

F. Linearized Dual Homogeneous Transformation Matrices

Let T = (R, p) € SE(3) be the pose of an undeformed elas-
tic link which has a body-fixed frame. Suppose that the link
has an elastic deflection, such that the elastic displacement and
rotation of the frame is described by the vector § = [@T,d™|T,
so that the deflected pose is

Ts = exp([8]")T. (42)

If a first-order approximation of the elastic deflection is used,

then T5 € SE(3) is approximated by Ts = (I + [§]") T, which

is formulated in a dual form as

R r R 60 r+d
T +e

0" 1

T=T+ e[6]"T = o7 0

(43)
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where the real part T € SE(3) is a homogeneous transformation
matrix, which is the rigid pose, and the dual part is the linearized
elastic deflection [6]"T € TrSE(3). The matrix T will be
referred to as a dual homogeneous transformation matrix in the
following. Let Ty = T + £[61]" Ty and Ty = T + £[82]" T
be two dual homogeneous transformation matrices. Then, the
composite dual homogeneous transformation matrix will be

TiTy = TiTy +¢ ([01)" + T1[02) ' T1) Ti T2, (44)

Consider the dual homogeneous transformation matrix T?, from
j to j' given as
J

“ I ..
TJ — [
J |})T {

where (29) is used and the reference for the notations is made
: - J :

to Fig. 1. The dual vector p;; = r7; + ed;; can alternatively be

expressed by a dual coordinate transformation

+e (45)

J' % J
05" dj
ot o0

f)?i = R;:,f)gi = ril + 5(0§,Xr§i + d?z) (46)
then (45) can be written as
Ny . 07" 7%yl 4 dl
T, — Jil ye | Vi Ji 47
J ot 1 o 0 “n

The dual homogeneous transformation matrix Tz from j' to i

1S
.. R o
T = | 2 )

Then, the dual homogeneous transformation matrix Tf is found
from (45) and (48) to be

(48)

RS 0 RY &
J J J () 7 ( 7
=T = | v Vel g 5] . (49)

G. Linearized Dual Homogeneous Transformation Matrices
as Elements of G

Consider the dual homogeneous transformation matrix T? in
(49) given as [T}]] € Go

R{I 0 rgz
[T4) = [TJ)[T/] = |¢/"R R] d/;| €Ga.  (50)
ot ot 1
The inverse of (50) is found to be
- ®R)T 0
T3 = |-(R])T6." (R])"
OT OT
BT
(RI)70)"r), — (RO, [ GO
1
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and the time derivative is

4 RZ/ 0 V'Jj, i/i
XJ v - - o ! o .
— I XRJI J X1RJ J J
[Ti] = |wj R J;Oj/ R R%‘ Vig/i (52)
0 0 0

where the identity wz'; = é;:,x is used, see (27) and (28). The

A7 A 2J

Lie algebra [t;; ;] = [T]7'[T,] € g2 is then

7% 7
; wii 0 Vi
T AN X 2 %
[t]Z/’L] - ij‘I wj’7i Vj,]’/l € g2 (53)

ot of 0

where the following dual coordinate transformation p' =
[R7]71p7 is used

) INT<,J
[Vq 1/2] _ [ T J’(f{zj) er7i/i T ] . (54)
Vi (R )05 v+ (R )TV s

The Lie algebra (53) is alternatively written as

Totx 0 vl ) .
. gi . gifi @) Vi
Bl = |ttt ] = [ o o]
oT oT 0

which can be given in a vector form as a dual twist

{;i/i = [A&:ﬂ} € R2 (56)
Viifi
where @} = [("wi)T  (%wi)T]T and ¥, =
[(Tvéi/i)T (dvéi/i)T]T

IV. LINEARIZED DIFFERENTIAL KINEMATICS

In this section, we propose a method where dual screws and
dual screw transformations are used to describe the differential
kinematics of flexible manipulators. All dual matrices in this
section are given in a matrix form, and A notation will for

simplicity be used instead of [A] notation as in previous sections.

A. Dual Twists of Rotary Joints and Dual
Screw Transformations

Consider the system given in Fig. 2 where the adjacent elastic
Links 7 — 1 and j are connected with Joint j, and Links j and
7 + 1 are connected with Joint j + 1. Link 5 + 1 is referred to
as Link ¢ and Joint 7 + 1 is referred to as Joint ¢ to simplify the
notation. The rotary Joint j is a rotation from Frame (j — 1)’
fixed in the distal end of Link j — 1 to Frame j fixed in the
controlled end of Link j. The rotary Joint 7 is a rotation from
Frame ;' fixed in the distal end of Link j to Frame ¢ fixed in the
controlled end of Link ¢. The dual twist of the rigid motion due
to rotation in Joint j is found as in the rigid case given in [25]
to be
; (57)

t =
G-1).3/3 = i/t

Fig. 2. Elastic links j — 1, j, and 7 + 1 (where j + 1 is referred to as ¢ for
simplicity) connected with rotary joints. The undeformed links j and ¢ are shown
in gray, while the deformed links are shown in black.

where u; is the generalized speed of Joint j and the dual line of
Joint 7 is

7 & 12
L/ = rhjj e R~ (58)
JlJ
The real parts of the dual line are " ; =[001" andrmg/j =0,

which are also the axis and the moment of the real line L? /i
as given in Section II-E, while the dual parts are da?- =0
and dmj. /= 0. The dual line (58) can be transformed to be
referenced to the origin of Frame j' by

j T
Ly = U?",j L/ (59)
where
- Isxs 0
U, = € R2x12 (60)
" [[pi',j]A Toxo

is a dual screw reference transformation matrix, which moves
the point of reference from j to j', and [p, ;] is a matrix form

(38) of the dual vector f);:,_ > which is given as

rJd

pl, = | Pii
33 dpq )
J'J

€ RS, (61)

Here, Tpg, j is a vector from j' to j when the link is undeformed,

and dp?,y j is a vector from ;' in the deformed state to j' in the
undeformed state. This means that the total distance from j’ to
j in the deformed state is pJ, ; = "p7, ; + dp;,’j.

The dual line (59) can be expressed in the coordinates of

Frame ;' by

' 27
Liy =Ry Ly 62)
where
i [RY o
; _ l 2 "j"| c R12%12 (63)
0 R;
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is the dual screw coordinate transformation matrix, and fi?
is the dual rotation matrix. The dual line (62) can be further
transformed as

-

’ A1 ~ql i

i j i P
Liji =Ryl Ly, = Ui ik

Le,

G

(64)
which gives a the dual line of Frame j, referenced to the origin
of Frame 7. and expressed in the coordinates of Frame i. The
dual transformations (59), (62), and (64) can be generalized by
the dual screw transformation matrix

L/Zp ==

i g N
! i.0 (65)

ie,d —3/J
where

N PP AN LN
(Y & 1 J J 66
V.7, =0 R U R UG (66)
Then, the dual twist of Frame j relative to Frame (j — 1)/, refer-
ence to the origin of Frame ¢, and expressed in the coordinates
, =

of ¢ can be given as fzj—l)’,j/ie =L,/ uj.

B. Dual Twists Due to Elastic Deformation

The dual twist of Frame ;' relative to Frame j due to elastic
deformation, referenced to j’ and expressed in the coordinates
of j is given as

Aj A

., =S bj
tJ:J'/J' =S;,u

33 (67)

where u% = [u?j coould |T is the vector of generalized speeds
associated with elastic motion of Link 7, and
& W,
S5 = Ej/;¥s (68)
is the dual screw matrix, which is given as a product of the dual
screw basis
A ] o ,\j
Ej; =N|L

N ¥
;0 Ly, m L m N,

oJ ¥
Nyj/jn sz/jn (69)

and the matrix of assumed mode shape functions ¥ ;: evaluated
at the origin of Frame j'. The dimensions of n =[1 ... 1] in
(69) depend on the number of assumed modes as given by ¥ ;..
The auxiliary matrix N interchanges the real and dual parts of
the vectors in a screw, and it is defined as

No |10 , = 01 € R%*6 (70)
0 II I 0

where it is noted that N2 = I. For an elastic link, where only
flexural and torsional elasticity is taken into account, ¥ ;» can be
given as

0 0 P (L)
o 0 P, (Ly) 0
Vi = 0 "o 0 7n
0 ¢Jy(L]) 0
L 0 0 "/)jz (LJ)_
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where (-)' notation refers to a partial derivative with respect to the
spatial coordinate, 1, (L;) = diag[ty;. 1(L;) ... ¥ n(Lj)],
where n is a number of assumed modes. The dual lines I:?/j

and dual screws NJ/ ; in (69) have zero dual parts

5 '
L= 100 0ug 00 0 01
~j r 1T
L,,;=10 1 0 0us 00 0 0.
- j r 1T
L ;=10 01 0.3 000 0
. - 1T
N;=10 00 0bs 1 0 0 01
- r 1T
N, ;=10 00 0. 01 0 015
~ ] T
NL, =10 00 005 00 1 0] . (72

Itis noted that assigning the coordinate axes directions to the real
parts in (72) is a convention we use for the given notation. In fact,
velocities associated with the elastic deformations should be
defined as dual parts in (68). Therefore, N matrix is introduced
in (69) to interchange the real and dual parts. Since all columns
of (69) are dual screws, and W are scalar values of functions
evaluated at the defined point, it follows that the columns of
the dual screw matrix SJ., /; are dual screws, which means that
the matrix satisfies dual screw transformations. The dual screw
matrix (68) can be transformed to be referenced to the origin of
Frame 7. and expressed in the coordinates of ¢ as

St =Vil.8

QJ
itie = VieiSjyy (73)

then the dual twist of Frame j' relative to Frame j, reference to
the origin of Frame i. and expressed in the coordinates of ¢ can

. 7
be given as t; ;i /;_

_ & bj
= Sj, 0
. . g . .
Consider the dual twist t; ;) ; ,; of Frame i, relative to
Frame (j — 1)/, referenced to the origin of Frame ¢, and given
in the coordinates of 4. This will include the rigid motion due
to rotation in Joints j and ¢, given by the twists izjfl)’,j/ic and

t;-,’z- /i, Which are referenced to the origin of Frame 7. and given
in the coordinates of 4. In addition, this will include the elastic

and the

elastic motion between Frames i and 7., described by fm»e /i,»both
referenced to the origin of Frame 7. and given in the coordinates

motion between Frames j and j' described by f; i

of 7. Then, the dual twist izjfl)’,ie/ie can be found as a sum

tiovyicsie = Wy gsie T Ggie T T Y,
o &i bj (¢ &i bi
=L uj + 85,07 + L, ui +8; ;0
| © 74
where L ;_is given by (65), §%,, is given by (73), L, ;_can

be found in a similar manner as L

) . .
j/i.» and Sie/ie is given as

SHIES o8 (75)
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where the dual basis E; , 18 defined as (69). The matrix of
assumed mode functions of Link ¢ ¥;_ is defined as in (71)
and the assumed mode functions are evaluated at the origin of
Frame .. It is straightforward to extend this procedure for a

case of t, ; ,; , which is a dual twist of Frame . fixed in Link
i relative to the inertial frame, reference to i, and given in the
coordinates of 7. This will be done in the next section.

C. Derivatives of Dual Lines and Dual Screws

The time derivative of a dual line is given as an extension of the
time derivative of a real line [25]. The geometric differentiation
procedure given in this section is more computationally efficient
for symbolic expressions than using the build-in differentiation
commands in Matlab and the chain rule. The comparison of the
calculation times is given in Section VI. The time derivative of
the dual line of Joint j referenced to the point a; on Link ¢ and
expressed in the coordinates of 7 (see Fig. 3) can be expressed
in terms of the dual line as

;/ai = [aéi]ﬁj/ai (76)
where
i [‘:’“A 0 12x12
[d;] = l . i eER (77
! —[0, ;1" @i"

will be referred to as the dual differentiation operator, and 'DZ j
will be referred to as the auxiliary dual velocity vector, which is
given as

~d .
arj = Via;, fori=j
i—j
N i ARG - ~ i Ani
Vo, 5 = [wz]} Pa, i T Vig, T [[w(ik)’,j] pi—k+1,(i—k)’:|
k=1
+‘A’;,j/7 fOrZ:j+1
i—j—1
i (i A i ~ i Ani
wig = @51 Pa, i T Via + Z |:[wzk]] Pl ky,i-k
k=

—

im
+ ‘A/;—k,(i—k)’} + Z [[‘:’fik)f,j]Af’E—kH,(i—k)f
k=1
+ ¥, fori>j+2.
(78)
It is noted that if Link ¢ is rigid, then d)ﬁ = ij o which means
that the rotation of the frames at the start and the end of the link
is the same.
The derivative of the dual screw matrix with respect to time
can be expressed in terms of the dual screw matrix as
(79)

S/L'//ai

j - [d;z}s";//aq

In this case, the dual differentiation operator [d;,] is given by
(77) with the term \?; J in (78) being equal to zero.

Fig.3. Frame numbering convention for calculation of the dual line derivative.

D. Dual Wrenches

A dual wrench is a dual screw representation of forces and
torques, which is an extension of (6). Consider a dual wrench

» il
N
Wi = |ad (80)
i/
which can alternatively be given as
w;); = I;?/jp'f 1)

where the matrix L;, /i is a dual screw basis, which is given as

_ [LJ |:j |:j Nj Nj Nj }

rJj
L e/i Lo Lo Nays Ny N

/i
and p,. is a vector of magnitudes of forces and torques given as

T
pTZ[Pfl Pf2  Pf3  Pml  Pm2 pmg} (83)

The dual lines and screws corresponding to the directions of
coordinate frame axes in (82) are given by (72).
The dual screw basis (82) can be transformed to be referenced
to the point a,; on Link ¢ and expressed in the coordinates of ¢ as
fi o xrid 1
ia = VL, (84)
where the dual screw transformation matrix is defined in a
similar manner as in (66). The dual wrench W;- Jai referenced
to the point a; and expressed in the coordinates of ¢ can then be
given as
<

WJ/‘M (85)

_Ti
=L j/a; Pr-
In this article, application of dual screw transformations on dual
wrenches is limited to coordinate transformations only.

V. LINEARIZED DYNAMICS

In this section, we use the proposed kinematic formulation to
derive the linearized equations of motion for a flexible robotic
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manipulator. This is based on Kane’s method [11] where dual
projection matrices are used to represent the partial velocities.
The model is based on linear elastic kinematics, where the linear
Euler—Bernoulli beam model and engineering theory of torsion
is used. The final equations of motion are derived such that they
include the terms up to the order.

D O(llgellllgrHllgel). OClgellllgr[llldr
the mass matrix.

2) O(llgellllar Mdz1). OCllar lldrllllge ). which stem from
the Coriolis and centrifugal force matrix, and n is any
power of a rigid coordinate.

3) O(Jlgellllg]]), which stem from the vector of gravity
forces.

4) O(||gel|), which stem from the stiffness matrix.

In this definition of the order, we have used symbolic notation
of g, for rigid DOF and ¢, for elastic DOF. It is noted the order
above is defined for the final terms obtained by multiplication
of the system matrices with the vectors of generalized accelera-
tions, speeds, or coordinates.

The discussion on the necessity of inclusion of the higher
order terms in a model based on linear elastic kinematics will
be addressed in Section VI.

The model is similar to the standard models used in majority
of dynamic codes and software [37]. Such models can give
sufficiently accurate simulation results for flexible manipulators
with slower actuation and smaller end-effector load. In the case
when a manipulator is exposed to high velocities, accelerations
or end-effector loads, the so-called effect of dynamic stiffening
needs to be introduced to the equations of motion [36], [37].
In this article, we consider slower manipulators where dynamic
stiffening effects can be neglected.

Often the dynamical models presented in the literature are
linearized to a certain order. A good discussion on type of
nonlinearities was given in [36]. However, what is common for
linearized models is that: first, the nonlinear model is derived
and, then, linearized to a desired order [30]. Some methods
suggest that linearization can be done in several steps during
the derivation, e.g., [15]. In this article, we propose a procedure,
where both kinematic and dynamic expressions are linear to a
given above order at each step of derivation.

), which stem from

A. Dual Projection Matrices

Consider an open-chain robotic manipulator consisting of n,,
links, where some of the links are assumed to be rigid, and
some are assumed to be elastic. The configuration space of the
manipulator is defined by the vector of generalized coordinates

T
a=|q I, (@F)T  (gPF)T } (86)
where ¢; are rigid rotations in the joints, g°* = [¢?* ... ¢®% T

are the elastic coordinates of elastic Link &k (which is the first
elastic link in the chain), and ny, is the number of assumed modes
for Link k. The corresponding vector of generalized speeds is
given as

bR)T  (gbsk+1)T (87)

u=|u; ... u, (u
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where u; = ¢;. The dual line of Joint j referenced to the point
a; on Link ¢ and expressed in the coordinates of ¢ is

=V L (88)

i
Lj /ai
The dual screw matrix of Frame ;' referenced to the point a; on
Link ¢ and expressed in the coordinates of ¢ is
i i &
7/ = Val,iSip
The dual twist of Link 7 relative to the inertial frame, referenced
to the point a; on Link ¢ and expressed in the coordinates of 4
can be given as a sum

(89)

. 4 i i—1
f&-/mi = Z L;/miuj + Z Sé"/m,- u®’, if Link i is rigid
Jj=1 Jj=1

1 7—1
i N W bi & bi
toisi, = D Lijiowg + )85 u +8; ; u”
j=1 =1

if Link ¢ is elastic
(90)
where u” = [u% ... u%.]T. The dual twist (90) can be alter-
natively given in terms of the Jacobian form of the projection
matrix IE’Z as

t;/0, = Piu o1)

where a; is the COG point m; for a rigid link and the origin of

Frame ¢, for an elastic link. The projection matrix P, for Link
7 is defined as

Py = L1, - Ly, Oty S, -

Sy 1y/m, Ot | if Link i is rigid,

P; = [I:j/ic

~i ~

|_z‘/i(3 012><(an¢) Sli’/ie

Si i om..} . if Link i is elastic  (92)

where 7, is a number of links.

In addition to the Jacobian form of the dual projection ma-
trix (92), we define the projecting form of the dual projection
matrix, which serves as a projection operator of wrenches on
the directions of generalized speeds. The projecting form of the
dual projection matrix for Link ¢ is defined as

Pi = |:|A_1/,"Li “e e I:i/’rni 012><(7’Lq7i) é’i,/mL “ee

Sy, om___] , if Link 7 is rigid

) ) 93)
P;= |:L1/ie -+ Ligi, Or2x(ng—i) Sty -+
gﬁe/ie 012x..,] , if Link 7 is elastic
where
i i §i
Siic = Vil iSiyy (94)
and
& _ S i
Sjp =85, %5, Si i =B Wi (95)



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

CIBICIK AND EGELAND: KINEMATICS AND DYNAMICS OF FLEXIBLE ROBOTIC MANIPULATORS USING DUAL SCREWS 11

The dual screw basis matrix in this case is E i = NE! J;» Where
]:3; /i is given by (69) and N is given by (70).
The derivative of the twist (91) is given as
)0, = Pt + Pou (96)

where the time derivative of the projection matrix is found by
the time differentiation of the dual lines and screws contained in

it, while the time derivation procedure for dual lines and screws
is discussed in Section IV-C.

B. Dynamics

1) Rigid Links: The equation of motion of a rigid Link 7 can
be derived using the Newton—Euler approach
M@y, + wi Miwh; — 30, nék/mi

i(g)

~F.=0
m; [VO’L/’ml + wOi VOi/nLJ - fmz

o7)

where véi Jms is the linear velocity of the COG of Link : relative

to the inertial frame, w}), is the angular velocity of Link i relative

to the inertial frame, and M; is the inertia tensor of Link 7. The

external gravity force fi,&? ) is applied at the COG, and external

control torque nék Jimi is applied at the point b; on Link ¢ and
referenced to the COG of Link 7. The vector F, is a vector
of constraint forces and torques. All terms are given in the
coordinates of Frame 7. Consider an alternative formulation of
the equation of motion (97), where the dual terms are used

M, + [@h] A Miwh, — 3, iIAlék/mi P —o
(98)
where
N M M . I 1I
M; = ¢ “, I= (99)
M; O I 0
and
) w dwzx
[@0i], = [ . 0’] (100)
0 “)01‘

which satisfies the identity I[@]" = [@],I. The equation of
motion (98) contains linearized form of equations (97) and, in
addition, the equations formed by only real parts of the terms.
The advantage of this formulation will become evident when
the linearized equation of motion of the whole system will be
derived.

The equation of motion (98) can alternatively be formulated
using the dual screw notations as

D”ité)i/mqv + WMDTitOi/mi

rrLL/’m, +Zwbk/m +Z ck/rn‘| (101)

where
R M . I
D,;, = v OA = 9 (102)
0 miI I 0
and
. @b 0
W, = l[ ol € 1 (103)
0 [@yla

i(g)

The dual screw W /s is the dual gravity wrench, Wzk Jm, 18

the dual control input wrench and W (C/)m
constraint forces.
2) Elastic Links: The equation of motion of an elastic Link

1 is derived using the Newton—Euler approach

Pi /
o |Ai [VOie/ie + wp; VOie/ie]

L; 0
=S 8z — py)nt . .
+/ |: Zb (x Opb)nbale/le] dx +FK - Fc =0
0

(104)
where véi /i is the linear velocity of the origin of Frame i,

_is the dual wrench of

7 X 7
J; “’01 +J; “Jozwm Jr“’0 Jiwh,.

_ Azf i(9)

relative to the inertial frame, wfm is the angular velocity of
Frame i, relative to the inertial frame. The terms A; and J ;
are the area and the matrix of second moments of area of the
cross-section at 7.. The term f i9) 4 is the normalized external
gravity force, nb io /i is the control torque b applied at the point
pp. All terms are given in the coordinates of Frame 7. The density
pi of Link ¢ material is assumed to be constant. The term §(z)
is the Dirac delta function. The forces associated with potential
strain energy are denoted F -, and F'. are the forces and torques
of constraint. Consider again an alternative formulation of the
equation of motion (104), where the dual terms are used
Fidog,, + Filah,) @b, + (@b, InTiwp,,

L;
pi/o A iAz ‘ i ~i 1A —A*ifi(g)
il Voi. fi. T (@] VOie/ie] itl;,

L .
i [ ox — Lo . A
+/ |: Zb ((ﬂ Opb)nb,ze/ze] de +Fx —F.=0.
0

(105)
The equation of motion (105) can be formulated using the dual
screw notations as

Li[ . o o
/ {Deitzm/ip + Deiw}aitéz’p/iy + W.I;Deitou/ifl dx
0 e /e e

L; .
+Fg z/ II [wg/ +ZWZ” Jie +Z Az(f /Ze}
0

(106)
where

LR P L (107)
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xrl [(‘:)ZO'L]/\ 0 ' va 1 [(‘:)676]/\ 0
A4 ._l o [agi]ﬁl’ Wei_[ . 0]. (108)

3) Linearized Equation of Motion for the Whole System: In
further derivations of equations of motion (101) and (106), it
should be taken into account that product of two dual terms
4(.)4(.) is equal to zero due to €2 = 0. This property again
leads to cancellation of all higher order terms associated with
the elastic displacements and velocities.

The linearized vector of generalized forces is formulated as
the following sum:

T = Z PTII |W :,(Lq/m + szk/mi]

L; R
+ Z/O PIII
J

where the wrenches of constraint are cancelled from the equa-
tion of motion due to D’Alembert’s principle. The linearized
equation of motion for the entire system is formulated as

DS Wi,je/je] dr  (109)
b

Z Py |:D7”it0i/mi + WTiDTitOi/mi:|

T [ <J ~ ~q o
: {Deﬂwe/g‘e +De;Weitos, /5.

L
+3 [P
J

+ Wg.f)ejif;je/je] de +Kq = 7. (110)

Substitution of (91) and (96) into (110) leads to the following
matrix formulation of the equation of motion:

Mau+Cu+Kq=r1 (111)

where the mass matrix M, the centrifugal and Coriolis force
matrix C, and the stiffness matrix K are defined as

L;
L o e
M = ZPi DTiPi+Z/() PTD,.P;dx
i J

C= Zfﬂ [D,P; + W,.D,.P;]
+Z/ PT DeJP +D,;WLP; + WILD,,P;| do

K:Z/O (G1.;(0),)" 0, + E;1,;(©),)" ),

+ E;1.;(05)70) 5] da (112)
where ©; . = (0} ,,)/0q.

The proposed modeling procedure is summed up in
Algorithm 1.

IEEE TRANSACTIONS ON ROBOTICS

Algorithm 1: Modeling Procedure.
Define the vectors of generalized coordinates q (86)
and generalized speeds u (87)

2: Define geometric and mechanical parameters: link
lengths L;, COG distances d;, link masses m;,
cross-section areas A;, second moments of area I;,
modulus of elasticity E; and material density p;
Define assumed deformation modes for elastic links
and define the matrices W and ¥;_ (71)

4: Calculate the dual joint lines A; /i, (05) for all
mampulator links as well as the dual screw matrices

] i (73) and Sz (75) for elastic links
Calculate derlvatlves of the dual lines and dual screw
(76) and Si,/a (79)
Formulate the dual projection matrices f’i (92), f’i

matrices L7

a

(93) and their time derivatives 151
Calculate the local dual inertia matrices D, (102) and
D.; (107)
8: Calculate the auxiliary dual velocity matrices W,
(103), WL, and WL (108)
9: Formulate the system matrices M, C and K (112)
10: Define the dual wrenches of gravity, actuation and,
eventually, other external forces (85). See also the
wrench definitions in Section VI-A
11: Calculate the vector of generalized forces 7 (109)
12:  Formulate the equations of motion (111)

~

VI. IMPLEMENTATION EXAMPLE: 4-DOF MANIPULATOR

The goal of this section is to give a reader more details on how
the proposed method can be implemented. The discussion on
the best practices how the assumed modes and mass distribution
have to be selected is outside the scope of this work.

A. Modeling

Consider arobotic arm system given in Fig. 4. The open-chain
system consists of 4 links. Link 1 is modeled as a rigid body,
Link 2 and Link 3 are modeled as elastic bodies, and Links 4
is modeled as a rigid body. The joints between the links are
assumed to be rigid. Each Link ¢ has a body-fixed Frame i at-
tached in the controlled end of the link. Elastic links additionally
have a body-fixed Frame 7’ attached at the distal end of the link
and a body-fixed Frame 7. attached at the point located at a
distance = from ¢ along x; axis. The elasticity is modeled by
the Euler—Bernoulli beam model and the AMM, where elastic
axial elongation is neglected. Two modes are considered for
each type of vibrations, where the modes are derived using the
clamped-mass boundary conditions [7] for flexural modes and
clamped-free for torsional modes.

The vector of generalized coordinates (86) is given as

T
a=[q ... qad®... ... ] (113)

where g; is a rigid-body rotation in Joint 7, ¢ for i = 1,2 are
the generalized coordinates for torsional oscillations, ql for



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

CIBICIK AND EGELAND: KINEMATICS AND DYNAMICS OF FLEXIBLE ROBOTIC MANIPULATORS USING DUAL SCREWS 13

y2e
Z2
o
~
~
mi
21 20
xT1 Y1 x&o

Fig.4. Frame notations for a 4-DOF robotic manipulator, where Links 1,4 are
rigid and Links 2,3 are elastic.

1 = 3,4 are the generalized coordinates for flexural oscillations
in 2y plane and ¢¥” for i = 5, 6 are the generalized coordinates
for flexural oscillations in xz plane. The corresponding vector
of generalized speeds (87) is defined accordingly.

Consider that the dual rotation matrix

G [Rl 0 ]
R: Ry

can be alternatively represented as R = (Rq1,R2), then the
coordinate transformations between the frames are defined by
the following dual rotation matrices. The dual rotation matrix
from Frame 0 to Frame 1 is RY = (R.(q1), 0), where ¢y is the
rotation angle about the z; axis. The dual rotation matrix from
Frame 1 to Frame 2is R} = (R, (—7/2)R..(—7/2)R.(¢2),0),
where ¢- is the rotation angle about the 25 axis. The dual rotation
matrix from Frame 2 to Frame 2’ is R2 = (I,0%*), where
0%; = [01.2 022 032]" is a vector of rotation angles due to
elastic deformations about x5, y5 and 25 axes. The dual rotation
matrix from Frame 2 to Frame 3 is R = (R.(g3), 0), where
g3 is the rotation angle about the z3 axis. The dual rotation
matrix from Frame 3 to Frame 3’ is Rg, = (I,ng), where
0%: = [01,3 023 033]" is a vector of rotation angles due to
elastic deformations about x3, y3 and 23 axes. The dual rotation
matrix from Frame 3’ to Frame 4 is R’ = (R.(¢4), 0), where
q4 1s the rotation angle about the z4 axis.

The dual line of Joint j referenced to j and expressed in the
coordinates of j for j = 1,2, 3,4 is defined as

(114)

L= ' 115
=100 100 0 01 (115)

The dual line (115) can be expressed in the coordinates of Frame
1 and referenced to the COG of Link ¢ for¢ = 1, 4, or to the origin

of Frame i, for 7 = 2, 3 by the dual screw transformations

L

N RS Y
i/me = Vo ;L L, = V7L (116)

mi,j —3/3’ 33

The dual screw matrix for elastic motion of Frame j' can be
expressed in the coordinates of Frame ¢ and referenced to the
COG of Link i for rigid links, or to the origin of Frame ¢, for
elastic links by the dual screw transformations

Qi _vhi &J Qi _vhi Qi

S% jm, = Vmi’j,Sj,/j,, i = Vil a8k (117)
while the projecting form is defined as

S i & & NI &

Sj’/mi - thj’sj//j” S.i’/ie - Vz‘e,j’ 3/ (118)

The Jacobian form of the dual projection matrix for the rigid
Link 1 is given as

- 1

Pr= L1y Oizias] - (119)
The Jacobian form of the dual projection matrix for the elastic
Link 2 is given as

N ) .9 A
P2:{L1/25 Lyja,  O12x2 Sic/zc 012><6}- (120)

The Jacobian form of the dual projection matrix for the elastic
Link 3 is given as

. .3 .3 3 A o

P, = {Ll s Los Lys O 3, S5 /36} .
(121)

The Jacobian form of the dual projection matrix for the rigid

Link 4 is given as

- 4 4 4 4 N N
Pi= L, Doy L Loy Shjy 3]

(122)
The projecting form of the projection matrix P, is obtained as in
(93) by using the dual screw matrices of projecting form (118)
instead of corresponding dual screw matrices of Jacobian form
117).

The derivatives of the projection matrices are formulated by
differentiating the dual lines and screws contained in the matrix.

The derivatives are found by (76) and (79). An example of

calculation of the dual line derivative for the case of IA_‘l1 Jma is
givenin Algorithm 2. Itis noted that the calculation of derivatives

of all dual projection matrices P, fori=1...4as symbolic
expressions using the procedure given in Section I'V-C took in
total 11 s of the CPU time using MATLAB. The calculation of
the same matrices using diff command and the chain rule took
181 s.

The gravitational dual wrench of Link ¢ expressed in the
coordinates of ¢, applied at the COG of Link ¢ for ¢ = 1,4 and
at the origin of Frame i, fori = 2,3 is

W@ 0 {0

Wi 0 3009

ie/ie Geyic Vi /ie

(123)

where the dual screw transformation VZO = R6 is, in fact,
only transforming the coordinates of the dual wrench. The dual
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Algorithm 2: Derivative of a Dual Line: IA_‘l1 Jma Case.

1: wﬁi
R2w12 R%":’g,zl - Rg‘:’g’,s - ﬁ%‘;’g,g' - “7’%',4

2: w3'1 = *R2‘4’12 Rg@% 2~ R%‘:’g/ Rgd’g,i‘)’
3 @3 = —RieT, - szz 2 R3°'-’2’

4: a;‘,l = R2w12 R2w2 o

50 @y = ch«.vl2

6: Viy = 33"33'

7: V3, = R3VE,

8: Ph,a=—DPlm,

9: Pys = B%ﬁ%g/
10: - p3, = —R3P3,
11: pyy =0
12: psy =0

13: 'Ui}f@ = [@5]" Pm4 4t [w31} Phs + (@3] Pho +
@3/1]%’43/ + [w2,1] P32/ + V33/ + V22/

14: (_14 is formulated by (77)
15: L%/Tn d14L1/m
wrenches W%f/)m and W, (7; are defined as
T
W@ — [0 0 —pidig Oneol 124
ic/ie pPiAig 1x9 ( )

where g = 9.81 m/s? is the acceleration of gravity.
The dual wrenches of the input torques of Link 1 expressed
in the coordinates of 1 and referenced to the COG of Link 1 are

~1 T
Wbl/m1:[01><6 0 0 Ty 01><3:|

R T

Wl;/m1 =R} {le@' 0 0 Ty 01><3} (125)

where the point b; stands for the origin of Frame 1 and the point

bs is the distal end of Link 1. The dual wrench of the input torques

of Link 4 expressed in the coordinates of 4 and referenced to the
COG of Link 4 is

~ 4 T

Wi, fmy = [leﬁ 0 0 Ty Opx3 (126)

where the point b; stands for the origin of Frame 4. The dual

wrenches of the input torques of Link ¢ for = 2, 3 expressed in

the coordinates of ¢ and referenced to the origin of Frame ¢, are

~1

T
Wi ;. /5, = 0(z) [01x6 0 0 T; 01><3]

, T
Wy, i =0(x — Ly) [OIXG 0 0 —Tipy leS} (127)

where T is the magnitude of the input torque of Joint <.
Once the external dual wrenches (123) and (125)—(127) are
defined, the vector of generalized external forces 7 can be

IEEE TRANSACTIONS ON ROBOTICS

TABLE I
SYSTEM PARAMETERS USED IN SIMULATION

Term Value Term Value
Ly 0.26 m As 707 mm?
Lo 2.00 m Az 707 mm?
L3 1.80 m I3 18586 kg-mm?
Ly 0.24 m 141 1533 kg-mm?

dy 0.131 m 142
dy 0.124 m 143

17386 kg-mm?
17035 kg-mm?

ay 0.00 m Iy 362265 mm*
az 0.00 m Ioo, In3 181132 mm*
my 15.5 kg I3 362265 mm*
my 3.56 kg | Is2,Is3 181132 mm*
E 210 GPa | po, p3 7850 kg/m?3
G 80.8 GPa

Fig.5. Manoeuvre of the manipulator used in the simulation. Dashed gray lines
show the initial configuration, solid gray lines—the intermediate configuration
and black lines—the final configuration.

formulated by (109). The rest of the modeling procedure is given
in Section V.

B. Simulation

In this section, the simulation of the proposed manipulator is
carried out. To highlight the advantage of the linearized model,
we have implemented the same model without any linearization
and compared the simulation results and the simulation times.
In addition, to demonstrate the effect of linearization for the
symbolic expressions, we have presented the explicit nonlinear
expression for the velocities 7 2, and U 3, and their linearized
versions in Appendix B. These specific velocities were selected
as an example.

The geometrical and mechanical constants of the manipulator
which were used in the simulation are given in Table I. The
numerical simulation was performed in the following order,
see Fig. 5. The manipulator was initiated at (¢1, g2, q3,q4) =
(0,7/6,2m/3,7/6)rad, whileg; = Ofori = 5...16and¢; = 0
fori =1...16. The implemented PD (proportional derivative)
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Fig. 6. Values of generalized coordinates and generalized speeds associated Time, [s]
with rigid motion during the simulation. The results of linearized model are
shown with solid lines, the results of nonlinear model—with dashed lines. The Fig. 8. Values of generalized coordinates and generalized speeds associated

dashed lines are not visible as the results are superimposed.
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Fig. 7. Values of generalized coordinates and generalized speeds associated
with elastic flexural motion in zy plane during the simulation. Only the first
3 s of simulation are presented as the values do not change afterwards. The
results of linearized model are shown with solid lines, the results of nonlinear
model—with dashed lines. The smaller plots show the zoomed-in parts of the
graphs marked with the black-dashed rectangles.

controller was commanded the desired position of ¢; for : =
1...4 equal to the initial value. The control of flexible manip-
ulators is not the aim of this work, therefore the details of the
controller are omitted. Then, at time £ = 0.5 s, the desired posi-
tionof ¢; fori = 2,3, 4 wassetto (¢2, g3, q4) = (7/3,7/3,7/3)
rad and the manipulator started the manoeuvre. In addition, at
time ¢ = 3 s, the desired position of ¢; was set to ¢; = /4
rad. The simulation was stopped at time ¢ = 6 s. The values of
generalized coordinates and generalized speeds throughout the
simulation are given in Fig. 6, where the units are converted to
deg and deg/s for convenience.

The manipulator was initiated in the underformed position,
and after time ¢ > 0 some osculations were initiated in local y;
direction of Link ¢ due to the force of gravity, see Fig. 7. After
time ¢ > 0.5 s, the manipulator started moving in Joints 2, 3,
and 4, which can be seen in Fig. 6. Since the slew motion was
absent, the manoeuvre was performed in xy planes of Links 2, 3,
and 4. Such motion additionally excited flexural oscillations in

with elastic torsional motion during the simulation. The results of linearized
model are shown with solid lines, the results of nonlinear model—with dashed
lines. The smaller plots show the zoomed-in parts of the graphs marked with the
black-dashed rectangles.

%10
oF \
JAS=—— as’
0 f T b2 ||
«104 Lo %%
T BJ20 b3 |
95
-12110 b3 ||
q
18+ 0 =
\ ! !
0 2 4 6

o
T
HANOON D
c
o
I

Time, [s]

Fig. 9. Values of generalized coordinates and generalized speeds associated
with elastic flexural motion in xz plane during the simulation. The results of
linearized model are shown with solid lines, the results of nonlinear model—with
dashed lines. The smaller plots show the zoomed-in parts of the graphs marked
with the black-dashed rectangles.

the local y; direction of Links 2 and 3, see Fig. 7, while torsional
osculations, as well as flexural oscillations in z; direction of Link
1 were equal to zero, see Figs. 8 and 9. After time ¢ > 3 s, the
slew motion started, which excited both torsional oscillations
of Link 2 and 3, as well as flexural oscillations in the local z;
direction of the same links, see Figs. 8 and 9. The control input
torques throughout the simulation are given in Fig. 10.

The results presented in Figs. 6-10 have shown that the
difference in simulation results between the nonlinear and lin-
earized models is small, while the linearized model is more
computationally efficient. For the comparison of computational
efficiency the CPU time of simulations was measured. Sim-
ulation of the nonlinear model took 3901 s of the CPU time
in Matlab/Simulink, while the same implementation of the lin-
earized model took 314 s to simulate. In addition, for the case
of the linearized model optimization of the code for symbolic
functions using matlabFunction allowed for the more compu-
tationally efficient implementation which took 14 s of the CPU
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Fig. 10.  Values of input torques during the simulation. Only the first 4 s of

simulation are presented as the values do not change afterwards. The results of
linearized model are shown with solid lines, the results of nonlinear model—with
dashed lines. The smaller plot shows the zoomed-in part of the graph marked
with the black-dashed rectangle.

time to simulate. An attempt of equivalent code optimization
of the symbolic functions for the nonlinear model was taking
impractically long time and was not possible to finalize with the
available personal computer.

VII. CONCLUSION

In this article, we presented a systematic and general method
for deriving kinematics and dynamics of flexible manipulators,
where the final equations are linearized in all elastic displace-
ments and velocities. To form the mathematical background of
the method we introduced dual rotation and dual homogeneous
transformation matrices, which were presented as matrix Lie
groups. The velocities and angular velocities of links were given
in terms of dual twists, which are the vector representation of Lie
algebra associated with the group of dual homogeneous trans-
formation matrices. Dual twists were conveniently transformed
using dual screw transformations, which led to a systematic
procedure. The dynamical formulation was based on Kane’s
equation of motion, where partial velocities and partial angular
velocities were given as dual screws, which were arranged as
columns of dual projection matrices. The proposed method can
also be used for open-chain multibody systems with both rigid
and elastic bodies, including the cases when the rotational inertia
of cross-sections in elastic links has to be accounted for. This was
demonstrated in the implementation example, where a 4-DOF
manipulator with two rigid and two elastic links was modeled.
The method provided significant simplification in model deriva-
tion process compared to the original formulation, which allows
for modeling of more complex systems.

The application of the method is limited to open-chain ma-
nipulators, where linear elastic kinematics is used and geometric
stiffening effects are not taken into account. In the presented for-
mulation, elasticity can only be modeled by the AMM, however
modifications of the method for implementing FEM can be seen
as a part of the future work.

APPENDIX A
EXPONENTIAL AND LOGARITHMIC MAPS FOR G AND Go LIE
GROUPS

Recall an element of the Lie group G; given by (8) as

A 0
X:[ can

60°A A
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The logarithm [€2]" = log(X) € g; is written in the form

Q) = [U O] €

W U (128)

where U and W are skew-symmetric matrices, while u = [U]¥
and w = [W]V are the corresponding vector representations.
The expressions for U and W will be derived in the following
based on the derivation of the time derivative of the exponential
map in [16]. It can be verified by direct computation that the kth
power of (128) is given as

~ Uk 0
A
([ = [Z" kW U"’]’ fork > 1. (129)

Let the element (2,1) of the matrix (129) be denoted by VA

k-1 k-1
zF =Y UFTWU =Y L RTTW (130)
=0 =0

where LyW = UW and RyW = WU are the left and right
translation maps. From ad(U)W = UW — WU it follows
that:

L, = (Ry +ad(U

XJ: <> RJ “(ad(U)). (131

=0

= ()5

it follows that (130) can be written as

From the identity

(132)

k

VAR ) Ry (ad(U))'W (133)

which leads to

0 00 k—1
> %zk = (kz % > (l f 1) R’g”(ad(U))i> W

k=1

I
-~
M
==
=
<k
~—

= [¥;(ad(u))w)]" exp(U) (134)

where U;(ad(u)) is the left Jacobian in SO(3) [33] and [38].
The exponential of (128) is then given as

= 1
exp(| Z o [Zk Uk] (135)
which, given the result (134), leads to
A exp(U) 0
exp([Q") = . (136)
U= 1, (ad w)yw]" exp(0) exp(UJ
It can be concluded that the logarithm of (8) is given by
A 0 o} 0
1 = € 137
o ( lGXA AD ¥ (¢)6)" A g (137
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where ad(¢) = ¢ and ¢ = log(A), and the inverse of the
left Jacobian in SO(3) is given in [33].

The alternative derivation of the closed-form solutions for
exponential and logarithmic maps (136) and (137) for the case
of adjoint representation of SE(3) is given in [34].

Recall an element of the Lie group G given by (14) as

X v
Y = € Ga. 138
L’T || € (138)
The logarithm in Go is given by
: Q" ¥
T = [ € ga. 139
(Y] 0 0] g2 (139)
It is seen that the kth power of (139) is given as
R QM E QIME-15

The exponential representation is then found from the series
expansion to be

exp([Y]") = lzk Oklo([ﬁ] AN Dy (k+1())([ﬁ] k% 1
(") Wie, ([92))%

0 0

(141)
where

U6, () = (142)

i ([£2")"

!
2 (k4 1)!
is the left Jacobian of G1. The closed-form solution for (142) is

found in the same way as the closed-form solution for the left
Jacobian in SE(3) [39]

5 (o) 0
V6, (") = 143
w0 = |78 ww] (143)
where
Q:;,yx_;'_(b_;l;l((é)(d)x,yx +,7><¢><+¢><,y><¢><)
1- ¢ _
W@ AR AR A

¢! ¢°
. (¢X7X¢X¢X +¢X¢X7X¢X)

- 1(1(’5 — cos(9) _3¢sm<¢>¢§>
2

(144)
where v* = [, (¢*)0]* and ¢, 6 are given in (137)
This shows that if ()" = log(X) and Vo = ¥} G1 (1Q)v,
then
X v [ g, (1Y)
log<[0T 1] ) = ot LG 0 €go. (145)

APPENDIX B
LINEARIZATION OF VELOCITY

In this Appendix, the velocity of the origin of Frame 3. is
derived using coordinate-free vectors and then linearized as
given in Kane’s method [15]. This velocity is selected as an
example to demonstrate the reduction of symbolic expressions
due to linearization. It is noted, that the reduction of symbolic
expressions for the final equations is even more significant. The
used notations are given in Section VI.

The linear velocity of the COG of Link 1 relative to the inertial
frame is Uy, ,, = 0.

The velocity of the origin of Frame 2 relative to the inertial
frame is 7p,2 = 0. The distance from the origin of Frame 2 to the
origin of Frame 2, iS P o, = T2 + ro¥ja + rsZs, where ra(z, t)
and r3(z, t) are the elastic deformations along the y» and 25 axes.
Then the velocity of the origin of Frame 2. relative to the inertial
frame is

2 —
dpz,ze

Vo,2, = Vo,2 + + W2 X P22,

)

= Tl + 13Zs — uirsdy + ui(xse + 12¢2) %0

+ uo (xgg — 7“252) (146)
where Wy = w121 + usZs and ¢; = cos(q;), s; = sin(g;). The
velocity of the origin of Frame 2’ relative to the inertial frame is
found similarly to (146) as

Vo2 = T12Ya + T1325 — urrs@1 + ua (Lasa + ri2ce) 2s

+ ua(Laijy — ri2s) (147)
where b o = Lo@ + 129> + 11372 and ry; = 1;( Lo, t) are the
elastic deformations along the y, and 29 axes at the distal end
of Link 2.

The distance from the origin of Frame 2’ to the origin of Frame
3ispy 3 = 0, then the velocity of the origin of Frame 3 relative to
the inertial frame is ¥ip 3 = ¥p,2. The linearization of (147) gives
1:)’07 3 = Up,3, i.e., in this case, the linear and nonlinear velocities
are equal. The rotation from Frame 2 to Frame 2, due to elastic
deformation is described by three angles 6;, fori = 1, 2, 3 about
the x4, Y2, and zo axes, respectively.

The distance from the origin of Frame 3 to the origin of Frame
3cis P33, = a3 + kais + k325, then the velocity of the origin
of Frame 3, relative to inertial frame is

Sdps,3,
dt

— u1xr [83(003801 + 001802893) + 63(801803 - 601063802)] Z

V0,3, = V0,3 + + Wo3 X P33, = Vo,3 + ko¥z + k3Z3

+ uyx [e3(ca(co1503 + Co3501502) + Co2C0352)

+ s3(ca(co1cos — S01502503) — Co250352)] U1

+u1ka [s3(s91503 — co1Co3502) — c3(Co3801 + Co1502503)] T1
+ ui ks [cs(ca(coicos — Ss91502503) — Co256352)

— s3(ca(co1S03 + Co3501502) + Co2co352)] T
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— urkzcoicoalt + urks [sg2s2 — coasg1c2] U1

+ (us + 05)x [~ s3(corcos — so1502503) — c3(co1 503

+ co3501502)] T2 + (U2 + 03) [coacoscs — coasesss] B

+ (uz + 05)ks [s3(co1503 + cosso1502) — c3(corcon

— 591502503)] T2 + (u2 + 93)k2 [—coaco3s3 — cozs03C3] if2
+ (un + 03)k3coasor T + (uz + 03)k3s0292

+ u3xys — uzkaTs

— b [s3(co3s91 + co1502503) + c3(501503 — Co1C03502)] U2
+ 012 [s3(corcos — so1502503) + C3(Co1503 + Co3501502)] 2o
+ 01k [s3(se1503 — Co1Co3502) — C3(Cosso1 + Co1502503)] T2
+ b1 ks [c3(co1co3 — S91502503) — 53(Co1503 + Co3501502)] 22
— 01 kscorconiia — O1ksco2s017

+ by [s3(co3se1 + co1502503) + c3(Se1503 — Co1C03502)] T2
+ Oz [coa50353 — Coach3cs] 2o

+ O2ks [c3(co3s01 + Co1502503) — 53(S01503

— Co1C93592)] Ta + 02k [Corcosss + coasescs] 2

+ Oakscorcoas — Oakzsp22

— 032 [s3(co1co3 — So1502503) + c3(Co1503 + Co3591502)] T2
. ) (148)
where 11703 = (Ulzl + 'U/QZQ + Uggg + 01:1?2 + 02]?2 + 9352)
and cg; = cos(6;), sg; =sin(6;). Linearization of (148) in
terms of 6; and 6; leads to

—

o3, = V0,3 + koifs + ksZs + urz [—s301 + 3] T
+ w1 [c3(c2l3 + 52) + s3(c2 — O352)] 11
+urka [caca — s382] U1 — u1ks Ty
+ ugx [—83 — c303] To + usx [c3 — 0383] Yo
— ugkoc3 Ty — ugkassya + uzzrys — uzkads
+ 91z5332 - 92x0352 — 6"3:553:52 + 93@03372. (149)

The linearized expression (149) can be obtained using the proce-
dure proposed in this article directly, i.e., without the derivation
of the nonlinear expression (148) first.
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