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Abstract Screw and Lie group theory allows for user-friendly modeling of multibody sys-
tems (MBS), and at the same they give rise to computationally efficient recursive algo-
rithms. The inherent frame invariance of such formulations allows to use arbitrary reference
frames within the kinematics modeling (rather than obeying modeling conventions such as
the Denavit-Hartenberg convention) and to avoid introduction of joint frames. The com-
putational efficiency is owed to a representation of twists, accelerations, and wrenches that
minimizes the computational effort. This can be directly carried over to dynamics formula-
tions. In this paper, recursive O (n) Newton—Euler algorithms are derived for the four most
frequently used representations of twists, and their specific features are discussed. These for-
mulations are related to the corresponding algorithms that were presented in the literature.
Two forms of MBS motion equations are derived in closed form using the Lie group formu-
lation: the so-called Euler—Jourdain or “projection” equations, of which Kane’s equations
are a special case, and the Lagrange equations. The recursive kinematics formulations are
readily extended to higher orders in order to compute derivatives of the motions equations.
To this end, recursive formulations for the acceleration and jerk are derived. It is briefly
discussed how this can be employed for derivation of the linearized motion equations and
their time derivatives. The geometric modeling allows for direct application of Lie group
integration methods, which is briefly discussed.
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220 A. Miiller

1 Introduction

The core task in computational multibody system (MBS) dynamics is to either construct the
equations of motion (EOM) explicitly that can be written for an unconstrained tree-topology
MBS in the form

M(g)q +C(q, 909 =Q(q.q.1) ey

in a way that is easy to pursue, or to evaluate them for given (q, ¢, q) and ¢, respectively to
solve them, in a computationally efficient way for q(#). In continuation of [60], the aim of
this paper is to present established O (n) formulations in a common geometric setting and to
show that this setting allows for a flexible and user-friendly MBS modeling.

Screw and Lie group theory provides a geometric framework that allows for achieving
optimal computational performance and at the same time allows for an intuitive and flexible
modeling. In particular, it gives rise to a formulation of the MBS kinematics that does not
involve body-fixed joint frames. The kinematics modeling is indeed reflected in the formula-
tion used to evaluate the EOM. A central concept is the representation of velocities (twists)
as screws. Four different variants were recalled in [60]. In this paper, their application to
dynamics modeling is reviewed. A well-known approach, which exploits the fact that rigid-
body twists are screws, is the so-called “spatial vector” formulation introduced in [26, 29],
respectively the so-called “spatial operator algebra”, which was formalized in [73]. The lat-
ter is the basis for the O (n) forward dynamics algorithms introduced in [30, 37, 38, 44, 72,
74]. The fundamental operation underlying these formulations is the frame transformations
of screws, that is, twists and wrenches. The fact that the latter can be expressed in terms of
compact matrix operations gave rise to a matrix formulation for the MBS kinematic and dy-
namics [5, 42, 43, 83] using screw algebra. While these formulations make merely use of the
algebraic properties of screws (e.g. velocities, accelerations, wrenches), several algorithms
for generating the EOM of MBS with tree topology were reported, which also exploit the
fact that finite rigid body motions constitute the Lie group SE(3) whose Lie algebra se(3) is
isomorphic to the algebra of screws [15, 23, 24, 32, 33]. The central relation is the product of
exponentials (POE) introduced in [15]. The important feature of such a geometric Lie group
formulation is the frame invariance, which makes it independent from any modeling con-
vention like the Denavit—-Hartenberg convention. This allows for direct processing of CAD
data and gives further rise to numerically advantageous Lie group time integration methods.
Yet there is no established Lie group algorithm for the generation respectively evaluation of
the EOM that takes full advantage of the freedom to chose different motion representations
enabled by the frame invariance.

This paper is organized as follows. Recursive relations for the acceleration and jerk, and
thus for the time derivatives of the Jacobians, are first derived in Sect. 2. The Newton—Euler
equations for the four different representations of twists introduced in [60] are then recalled
in Sect. 3. The corresponding recursive O (n) inverse dynamics algorithm for evaluating the
EOM are presented in Sect. 4. The body-fixed algorithm is similar to that in [2, 7, 30, 34,
35,44, 45, 67, 68,70, 71, 76], the hybrid formulation to that in [1, 6, 37, 38, 73, 74], and the
spatial formulation to that in [29]. Two versions of the EOM in closed form are presented
in Sect. 5. In Sect. 5.1, the Euler—Jourdain respectively “projection” equations [14, 84] are
presented that, together with the screw formulation of MBS kinematics, allow for an effi-
cient MBS modeling in terms of readily available geometric data. In Sect. 5.2, a closed form
of the Lagrangian EOM is presented using the Lie group approach. It should be noticed that
the presented formulations allow for modeling MBS without introduction of joint frames
while applying the recursive kinematics and dynamics algorithm that is deemed best suited.
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Screw theory in MBS dynamics 221

The significance of the Lie group formulation for the linearization of the EOM and the de-
termination of derivative of the EOM with respect to geometric design parameters and time
derivatives is discussed in Sect. 6. Finally, in Sect. 7 the application of Lie group integration
methods is briefly discussed. The kinematic relations presented in [60] are summarized in
Appendix A. The basic Lie group background can be found in [47, 63, 75].

2 Acceleration, jerk, and partial derivatives of Jacobians

Besides the compact description of finite and instantaneous motions of a system of artic-
ulated bodies, a prominent feature of the screw theoretical approach is that it allows for
expressing the partial derivatives explicitly in terms geometric objects. Moreover, the an-
alytic formulation of the kinematics using the POE gives rise to compact expressions for
higher derivatives of the instantaneous joint screws, that is, of the Jacobian, which may be
relevant for sensitivity analysis and linearization of motion equations. In this section, re-
sults for the acceleration and jerk of a kinematic chain are presented for the body-fixed,
spatial, and hybrid representation. The corresponding relations for the mixed representation
are readily found from either one of these using the relations in Table 3 of [60].

2.1 Body fixed representation

Starting from (102), the body-fixed acceleration is V? = J°q + J°q or, explicitly in terms of
the body-fixed instantaneous screw coordinates,

ZJ:/WFZZE) kJ?/qu" 2
Jj<i J<i k<i

Using the matrix form of (104), the partial derivatives of the instantaneous screw coordinates
are

a 0
—J° .= —(C;'C))A;'Y,A;C'C; + € CA'YA (C 'C)).
gy " Aqu
This can be evaluated with help of the POE formula (94) as

0 —1
3—%(9 C))

o, - -
= 7(Ai "exp(—=Yigi) - exp(=Y j11q;41)A ;)

k
=—A; " exp(—=Yigi) - exp(—Yir1qis 1) Yeexp(=Yiqe) - exp(—=Y 11,4 DA,
=—C'CA; YA IC = —C ' CAL 'Y AC GGG
=-P.C'C;, j<k<i, “)

and in the same way, it follows that

c'c)=Cc'cI., j<k<i 5
Fo(C]C) = C IO, k=i )
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222 A. Miiller

Insertion into (3) yields % —:f? k/jf?,j, and noting (114), the final expression is

L= ] j<k<i. (6)

3%

Hence the partial derivative of the instantaneous joint screw J E ; with respect to gy is simply
the screw product (115) of Jib_ ; and JE «- The final expression for the acceleration attains a

very compact form
ZJI_]‘q.j Z INE ,k quk @)

Jj<i Jj<k<i

Indeed, the same result would be obtained using (104) in terms of Y;. This expression has
been derived, using different notations, for instance, in [15, 50, 63, 67].
Equation (7) can be summarized for all bodies i = 1, ..., n using the system twist (112)

and system Jacobian (113). To this end, the derivative (6) is rewritten as
a7 b ; i
% = [ i,joJi k] AdCt k [Jk Jj’ ] = _Adci,kadkxk']kvj’ J < k =i (8)

so that
j?,j = Z [Jg./v-]}),k]élk == Z AdCi,kadeleE,.f‘?k'

j<k<i Jj<k<i

Noticing that adkx, J,E’ « = 0, the time derivative of the body-fixed system Jacobian factors as

I(q.4) = -A*(@a" (@A (@X" = —A"(@a’ (@J" (@) ©)
with AP defined in (24) of [60] and with
a’(q) :=diag(g1adix , ..., gyadnx,). (10)
Hence the system acceleration is given in compact matrix form as
VP = Jbq — APabJPq = J°g — APaPVP. (1)

Remark 1 (Overall inverse kinematics solution) Relation (11) gives rise to a solution of the
inverse kinematics problem on acceleration level, that is, the generalized accelerations for
given configurations, twists, and accelerations of the bodies. The unique solution is

= ()" %) (0¢)" (1 D)7 +-a'v) (12)

which is indeed the time derivative of (26) in [60]. In components, this gives the acceleration
of the individual joints as §; = iXiT (VP —Adc,, VP + 4 X, VED/IPX; |12

A further time derivative of the twist yields the jerk of a body, which requires a fur-
ther partial derivative of the J acobian. Starting from (6) and using the Jacobi identity (117)
and the bilinearity 33 [Jb iid ] =[-2J° J ], the nonzero second partial

i J e+ [J:’,, 3ar
derivative is found as
9%J?; _ (I} J0 00, j<k<r<i, a3
0q9q, [[J, ,,J?,],Jf{k], j<r<k<i.
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Screw theory in MBS dynamics 223

This gives rise to an explicit form for the body-fixed jerk:

=ZJ q +ZZ i,j° 1k q]qk

Jj<i j<k<i

+ Y[ dddc 2 Y (98030030, Jdided (14)

Jj<k<i Jj<k<r<i

Thus only computationally simple nested screw products are required to compute the terms
that are quadratic and cubic in §;, gx. The same applies to higher derivatives (which, for
instance, are required for motion planning). The explicit form of the vth-order partial deriva-
tive was presented in [55]:

ava . .
m =[98 8 s ] B ] B ] g ) T <Bi=Prs- =B =i,

15)
where 8; < B, < --- < B, is the ordered sequence of the indices «;, ..., «,. Clearly, the
closed-form expressions become very involved. Their explicit determination can be avoided
by recursive evaluation [55].

2.2 Spatial representation

Proceeding in the same way as for (3), the partial derivative of the spatial Jacobian is ob-
tained as

JS

G =) k< (16)

Since the spatial representation J i is intrinsic to the joint j, rather than related to a body as
is (104), the time derivative can be expressed as

3= [ 516" [ZJk,JS]qk V3. 1] (17)

k<j k<j

This relation reconfirms the special properties of spatial twists that are advantageous for
recursive implementations. It may be considered as an extension of Euler’s formula for the
time derivative of vectors resolved in moving frames to screws. For this reason, Feather-
stone [27, 29] termed the Lie bracket the “spatial cross product”. The spatial acceleration is
therewith

r=Y B+ Y B Bldiac=> (3d + [V 35 ]a)). (18)

Jj<i k<j<i Jj<i

In matrix form the overall spatial acceleration can be summarized as
VS =05 + Lb*JSq = J°q + Lb*V® (19)
with
b*(V*) := diag(adys, ..., ady;) (20)

and L being the lower triangular block identity matrix. A solution for ¢ similar to (11) exists.
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224 A. Miiller

The second partial derivative of the spatial Jacobian is

258 3351 k< j<id,
8Jl:{[k[ N k<j<i o

dqea; | B0 j <k <i.

Therewith the spatial representation of the jerk of body i is found as

V= Z(J*q +2[V5, 1] q,+2 [Bdie B 1d” + [V + V5 = V5, [Vj,Jj-]]cb)

J=i k<j
(22)
= Z(J; q;+ [[V;’J;]’ 2VS la; + [Zquk +|V ]‘}jsJ;]%
J<i k<j
+ 2[V§’J§]'q'/>~ (23)

The instantaneous joint screws (105) and thus their derivatives (16) and (21) are independent
of a particular body. The closed form of the vth-order partial derivative has been reported in
[54]:
L — e G O L0 o 10 || R Y TRy )
aqal BQaz . 8qav B’ Bu—1 Bv—2 b1 1 - - -
=ady ady, ady, ---adp Ji, By <fi << fi<i,

i 8\}71J§
a [ " 0qp dqp, - dqp, ]

IBV = ,81)71 < i7 (24)

where again g, < 8,1 <--- < B is the ordered sequence of the indices ¢y, ..., «,. The last
form in (24) allows for a recursive determination. Moreover, a recursive formulation for the
time derivative of spatial twists has been reported in [56]. Together with the very concise
form (17), this makes the spatial representation computationally very attractive.

2.3 Hybrid form

The results in Sect 2.1 can be carried over to the hybrid twist using relation (107). As in
(119), denote by J ', and J ' the screw coordinate vectors comprising respectlvely the linear

and angular parts of the column of the hybrid Jacobian, so that J}, = J? s J i - Then

I, 9Ady, ., 3y ;
b = g Yt Ad G, = ady Adu Tl +Ady 7). ]
= [0 3]+ [0 3] = [0 3 - 30, (25)
and thus
A1 . .
%_[,J’J o] = —ady, J,.j, J=ksi. (26)
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Screw theory in MBS dynamics 225

The similarity to (6) is apparent. The difference is that the convective term due to the angular

motion is missing, which is why only J appears. The time derivative of the hybrid Jacobian
can thus be expressed as

X= Z (305 Jielae = (3, AVE_ ], 27
k<j
where AVY | :=VI — Ad,,, , V% _, is the relative hybrid twist of body j — 1 and i as

observed in the BFR on body i. A simpler relation is obtained by directly differentiating
(106):
J

J?] = (adi‘i‘ -+ Adl‘,‘y_,‘,l ad(a); )OXj

= Ad,,, ,(ad  +ad,)'X] = Ad,, ,  (adys —ad;,)"X]. (28)

T j—1

This yields the following explicit expressions for the hybrid acceleration:

VE=D 0G4 Y [0 Jdiae =D (G + [0 AV d) 29)

J<i J<k<i Jj<i
=Y (Bd, + (adi, , + Ad,, ;ady2)’X] ;). (30)
J<i

For the second derivative, it is simplest to start from (28), and a straightforward calculation
yields

it = (ads,, + 2ads, ad,s + Ad

T j

(adgy, + ad,sad,))"X]. 31

T j

The jerk in hybrid representation can thus be written as

Vi=) (354, +2ad;, ;; + (ady, ; + 2ady, ;ad,s)d, (32)
J<i
+Ady, ; (2adys g + (adis + adys ades )g J)°X%). (33)

These are the core relations in the so-called “spatial vector” formulation (i.e. using the hybrid
representation of twists) [30, 37, 38, 44, 72, 74]. In this context the Lie bracket, respectively
screw product (115) has been termed the “spatial cross product” [27, 29].

2.4 Mixed representation

With (101), employing the results for the mixed representation yields
: RT 0). . R7 0), - RT 0) ¢
m __ i h m __ i h m __ i h
Jif_(O I)Jif’ A\ _<0 I)V“ V: _<0 I)Vi' (34)

3 Newton—Euler equations in various representations
3.1 Spatial representation

Consider a rigid body with body-fixed BFR F, = {£2; €y 1, €2, €3} located at an arbitrary
point £2. Denote the inertia matrix with respect to this BFR by MP; see (41). The configu-
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226 A. Miiller

ration of the BFR 7, is described by C = (R, r). The spatial inertia matrix expressed in the
IFR is then

M = Ad."MPAd;'. (35)

The spatial canonical momentum coscrew IT° = (L%, P*)T € se*(3), conjugate to the spatial
twist, is thus

I° = M'V® = Ad."MPAd,'V* = Ad TT°. (36)

The momentum balance yields the Newton—Euler (NE) equations in spatial representation,
which attains the simple form

I =W, (37)

where W* = (t*, )7 is the applied wrench with spatial torque t° = °t° and force £ = °f, both
measured and resolved in the IFR. The momentum balance equation (37) is the simplest
form possible, which is achieved by using the spatial representation of twist, wrench, and
momentum. Firstly, it does not involve any vectorial operation, for example, cross products.
Secondly, it is also numerically advantageous: any numerical discretization of the ODE (37)
easily preserves the spatial momentum in the absence of external wrenches. This has been
discussed already by Borri [12]. In this context the spatial formulation is called the fixed pole
equation. In a recent paper [31] the advantages of this form are exploited for geometrically
exact modeling of beams.

An explicit and compact form in terms of the spatial twist is found, introducing (36) and
using

M = —adl, M’ — M'ady: (38)

along with adysV® =0, as

WS =M*V® — adi,M*V*. (39

Remark 2 Writing (39) as W* = MSVS + CSVS (with C* := —ad\T,SMS) shows that M® —
2C° = ad\T,SMs — MPadys is skew symmetric. This property is called the skew symmetry of
the motion equations [63].

3.2 Body-fixed representation

Let F. = {C; €1, €c2, €c.3} be a body-fixed frame located at the COM. Its configuration
is described by C. = (R., r.). The body-fixed twist of the COM frame is denoted VE =
(@?, )T with & = RTR,, v° = R7f.. The inertia matrix with respect to this COM frame

is denoted
b __ @c 0
M. = ( 0 ml (40)

with the body mass m and the inertia tensor @ expressed in the body-fixed COM frame F..
Let Spe = (Rye, die) € SE(3) be the transformation from the COM frame F, to the BFR 7.
Here Pdy. is the position vector from the BFR to the COM resolved in the BFR. Then the
configuration of F¢ is given in terms of that of the BFR by C. = CSy.. The inertia matrix
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Screw theory in MBS dynamics 227

with respect to the general BFR Fy, is
M" = Adg” MPAdg!
i~
_ ( @b m dbc ) ( 41 )

—mbabc ml

with @, = Ry, O R], — maﬁc (which is the parallel axes theorem).

The momentum coscrew represented in the body-fixed RFR F, is ITI° = MPV®. The
frame transformation of (39) to the BFR 7, yields the body-fixed momentum balance rep-
resented in Fy, in the concise form:

WP =T’ —adl, I
=M"V® — ad! M"V® 42)

with the applied wrench W = (t°, f)7 in body-fixed representation. Equations (42) are for-
mally identical to the spatial equations (39). Written separately, this yields the NE equations
expressed in an arbitrary body-fixed BFR

040" + 3°OL0° + MOy (V0 + &) = t°, (43)
m(V° 4+ @V + (& + 3°@P) doe) = . (44)

When using the COM frame as special case, the momentum represented in the body-fixed
COM frame is TT? = M°V®, and the momentum balance yields

W =MV? — ad/, MOV?. (45)

Written in components, this yields the NE equations represented in the COM frame:
0.0 +3°0.0° =1t (46)
m(V0 +@>vP) = . (47)

Noticeably, the angular and translational momentum equations are coupled even though the
COM is used as reference. This is due to using body-fixed twists.

3.3 Hybrid form

The hybrid twist V! = (*, f.)” of the COM frame is related to the body-fixed twist by
Adf{cI V'CJ (see (99)), where R, is the absolute rotation matrix of ¥, in C.. The hybrid mo-
mentum screw is thus TI" = M"V", where the hybrid representation of the inertia matrix
is

h
M = Ady/ MY Ady' = (‘?}c H?I), O"=R.0R’. (48)

The hybrid momentum balance with respect to the COM follows from l'[}c1 = W!. Using
M" = —ad’,M" — M"ad,; yields

Wi =M"V! + ad,M"V" (49)
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228 A. Miiller

with Vh (@*,0)7 (notice that adzs = ad,,s). Writing (49) separately for the angular and
linear momentum balance,

Olw’ +30e =t (50)

mic =10, (51)
shows that the hybrid NE equations with respect to the COM are indeed decoupled. Here
W = (th, )7 denotes the hybrid wrench measured in the COM frame and resolved in the
IFR.

Now consider the arbitrary body-fixed BFR F, with configuration C = (R, r). The hybrid
twist VI = (@, F)" measured at this RFR is V! = Ady,, V!, with the displacement vector d,
from BFR to COM resolved in the IFR. The hybrid mass matrix with respect to the BFR F;,

is found as

o" md, ~
—Ad-TMOAG-! — " be h_gh_ 2
=Ady MAd,; = (—mdbc ml ) , O'=0;—mdg. (52)
The momentum balance in hybrid representation with respect to an arbitrary BFR
=W (53)

is found, using A'd;hlC = —ad;ibC = Adgb'C ad,s — ad,s Ad o evaluate (53), as

Wh = MV 4 ad s MPVD. (54)

Separating the angular and translational part results in
0"%* +&°0"w* + mdyi = t", (55)
m(f + (& + @@ )dy) = " (56)

These are simpler than the body-fixed equations (43) and (44). Finally, notice that f' = f*.
3.4 Mixed form

The mixed twist V™ = (w?, )7 consist of the body-fixed angular velocity P, that is, mea-
sured and resolved in the BFR Fy, and the translational velocity r measured at the BFR F,
and resolved in the IFR. The NE equations for the mixed representation with respect to a
general BFR are directly found by combining (43) and (56) with ¥ = v° + @°v®

00" +3°0°w° + m dy R7F = t°, (57)
m(F + R(@" + @°@°) dye) = £ (58)
If a COM frame is used, then combining (46) and (51) yields
0.} +300.wh =1,
(59)

mi, =fh.
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3.5 Arbitrary representation

The NE equations of body i represented in an arbitrary frame F; are obtained by a frame
transformation of the spatial momentum balance (37) as

Adg IT; = Ad¢ W, (60)

The spatial twist in terms of the twist of body 7 represented in F; is V; = Adc,.f V;. Using
Vi =Adc,/V; + ady: V;, (39) yields

M ('Vi +ady ' V;) —ad]y MV, =W, (61)
with the inertia matrix of body i represented in frame j
M; := Ad¢ M7Adc;. (62)
The spatial and body-fixed representations are particular cases with i = j.
Even more generally, the NE equations can be resolved in yet another frame F;. This is
achieved by transforming the momentum balance (37) as
T T i — aql T
Ade,k Adc_,- II, = AdRJ__ kAdCJ_ Ww; (63)

where Ry ; is the rotation matrix from F; to F;. The final equations follow from (61) and
the relation /V; = Adg, V] + ad&)Z Adg, “V] as

M (V] + (ad,y/ + adkw)ka) - adkTV{ka"Vf = kW (64)

with the mass matrix of body i measured at frame F; and resolved in frame F;
‘M = Ady, /M;Adg, | = Ad} Ad{ M;Adc,Adg, . (65)

The spatial and body-fixed representations are particular cases with i = j =k, and the hy-
brid representation with i = j and k = 0. An alternative form of the NE equations in arbi-
trary reference frames was presented in [9].

4 Recursive evaluation of the motion equations for a kinematic chain

The model-based control of complex MBS and the computational MBS dynamics rely on
efficient recursive inverse and forward dynamics algorithms. The recursive Newton—Euler
method for tree-topology MBS was presented in an abstract, that is, coordinate-free, ap-
proach in [46]. However, the various recursive methods using different representations give
rise to algorithmically equivalent methods but with different computational costs. In the fol-
lowing, the various inverse dynamics algorithms are presented, and their computational ef-
fort is estimated. A detailed analysis and forward dynamics algorithms are beyond the scope
of this paper. The presented discussion is nevertheless indicative also for the corresponding
forward dynamics algorithms. Some results on the forward kinematics complexity can be
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230 A. Miiller

found in [65, 79, 85]. This, however, depends on the actual implementation. A comparative
study is still due and will be part of further research.

The inverse dynamics consists in evaluating the motion equations for given joint coordi-
nates ¢, joint rates ¢, accelerations ¢, and applied wrenches Wf‘pp and hence in determining
the joint forces Q = (Q1, ..., @,). The starting point of recursive algorithms for rigid body
MBS is the NE equations of the individual bodies. The MBS dynamics is indeed governed
by the Lagrange equations. Consequently, summarizing the recursive steps yields the La-
grangian motion equations in closed form. This will be shown in the following.

It is assumed for simplicity that the inertia properties, that is, the mass matrices M?,
are expressed in the body-fixed BFR of body i determining its configuration, rather than

introducing a second frame.
4.1 Body-fixed representation

Forward kinematics recursion Given the joint variables q, the configurations of the n
bodies are determined recursively by (93) or (94), and the twists by (109). Then also the ac-
celerations are found recursively. The expression C;_1;(g;) = B; exp(*X;q;) for the relative
configuration yields Adc,, , V| = [Adc,, , V}_, X;q;], and hence

ii—1

V? = Adcf.i—lv:')—l + [AdCqu?_p iXiéi] + iXiiji (66a)
=Adc,, VP, +[Adc,, V>, V] + X (66b)
= Adci.i—lv?—l + [V?’ ixiéi] + X, (66¢)

where (66b) and (66c) follow by replacing either argument in the Lie bracket using (109).

Remark 3 Notice that solving (109) for ¢; leads to the result in Remark 9 of [60]. Solv-
ing (66c) for g; yields (12). Using (66b), the latter can be expressed as ¢; = ’XiT (VE’ -
AdCi.i—IV?—l + [V?v AdCi,i—IV?—l])/”ixi ”2

Recursive Newton—Euler algorithm Once the configurations, twists, and accelerations
of the bodies are computed with the forward kinematics recursion, the Newton—Euler equa-
tions (42) for each individual body can be evaluated by an inverse dynamics backward re-
cursion. The momentum balance of body i then yields the resulting body-fixed wrench W?
acting on the body due to generalized joint forces and constraint reactions forces. Projecting
the resultant wrench onto the screw axis ‘X; of joint  yields the generalized force Q;. Sum-
marizing the forward and backward recursions yields the following recursive algorithm:

Forward Kinematics

- Input: q, q5 q

—Fori=1,...,n
Ci = Ci_iBiexp('Xiqi) =exp(Yiq1) - ... - exp(Yig)A; (67a)
VP =Adc,, Vi +'Xigi (67b)
VP =Adc,, VP, — giadix, VP +X;4; (67¢)

— Output: C;, V}?, V:’
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Screw theory in MBS dynamics 231

Inverse Dynamics
— Input: C;, V?, Vlf’, W?’app
— Fori=n-—1,...,1

b __ T b
Wi= Adci+1,iw

it T MYVy — ad\Tﬂ.’M?V? + W?’app (68a)

0;="X W (68b)

— Output: Q

The joint reaction wrench is omitted in (68a) since this is reciprocal to the joint screw
and does not contribute to (68b). Notice that, with (95), the body-fixed ‘X; and the spatial
representation Y; of joint screw coordinates can be used. This form of the recursive body-
fixed NE equations, using Lie group notation, has been reported in several publications [50,
67,70, 71].

Computational effort For the kinematic chain comprising n bodies connected by n 1-
DOF joints, in total, the twist recursion (67b) and acceleration recursion (67c) each requires
n — 1 frame transformations. The acceleration recursion (67c) further requires n — 1 Lie
brackets. The second argument of the Lie bracket can be reused from (67b). Hence the twist
and acceleration recursion need 2(n — 1) frame transformations and n — 1 Lie brackets. The
backward recursion (68a) needs n — 1 frame transformations and n Lie brackets. In total, the
NE algorithm needs 3(n — 1) frame transformations and 2n — 1 Lie brackets. The evaluation
of the Lie bracket in (67¢) can be simplified using (66b) since the screw vector ' X; expressed
in RFR is sparse and often only contains one non-zero entry.

Remark on forward dynamics Using the body-fixed representation, a recursive forward
dynamics algorithm, making explicit use of Lie group concepts, was presented in [67, 68,
70, 71, 76]. The kinematic forward recursion, together with the factorization in Sect. 3.1.3 of
[60], was used to derive O (n) forward dynamics algorithms in [30, 44], where the Lie group
concept is regarded as spatial operator algebra. Other O (n) forward dynamics algorithms
were presented in [2, 7, 34, 35]. The inverse dynamics formulation was also presented in
[29, 45] in the context of screw theory.

4.2 Spatial representation

Forward kinematics recursion Expressing the spatial twist in terms of the spatial Jaco-
bian, the expressions (105) lead immediately to

Vi=Vii+Jd. (69)

The recursive determination of spatial accelerations thus only requires the time derivative
(17) of the spatial Jacobian, so that

V; = \'7?71 +adv:J;q;: + J;Gi
= \'7157] +ady:_ | Vi +J;G;. (70)

The second form in (70) follows by inserting (69). This is a generalization of Euler’s the-
orem, for the derivative of vectors resolved in moving frames, to screw coordinate vectors.
Therefore the ad operator is occasionally called the “spatial cross product”.
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Recursive Newton—Euler algorithm The momentum balance expressed with the spatial
NE equations (39), together with (69), leads to the following algorithm:

Forward Kinematics

— Input: q,q, 4
— Fori=1,...,n
C, =C,_B; eXp(iXiCIi) =exp(Yiq1) - ... -exp(Y;g)A; (71a)
J: = AdciiXi = AdCiA-*] Y, = Adcjsjvjjilzj' (71b)
Vi= Vi, + Jd (71c)
V? = V?—l + qu, + advllV? (71d)
— Output: C;, V5, V3, I3
Inverse Dynamics
— Input: C;, V3, V5, J§, WP
e Fori=n—-1,...,1
M; = Ad MyAd(! (72a)
W =Wi, + MV} —ady MV} + W' (72b)
0,=(1)'wW (72¢)
— Output: Q

Computational effort In contrast to (67b), once the instantaneous screws (71b) and the
spatial mass matrix (35) are computed, recursions (71c), (71d), and (72b) do not require
frame transformations of twists. Instead, the spatial mass matrix is transformed according
to (72a), which is the frame transformation of a second-order tensor. Overall, the spatial
algorithm needs n frame transformations of screw coordinates, n frame transformation of a
second-order tensor, and 2n — 1 Lie brackets. Comparing body-fixed and spatial formulation,
it must be noticed that the frame transformation of the second-order inertia tensor has the
same complexity as two screw coordinate transformations (if just implemented in the form
(35)), and hence the computational complexity of both would be equivalent. This fact is to be
expected since body-fixed and spatial representations are related by frame transformations.
Nevertheless, the spatial version has some interesting features that should be emphasized:

1. The NE equations (39) form a nonlinear first-order ODE system on SE(3) x se(3). Since
a spatial reference is used, the momentum conservation of a rigid body can simply be
written as I1; = 0, where IT{ € se*(3) is the momentum coscrew. Using the spatial mo-
mentum balance (37) has potentially two advantages. Firstly, (37) is a linear ODE in IT
on the phase space SE(3) x se*(3). This implies that a numerical integration scheme can
easily preserve the momentum, as pointed out in [12]. Secondly, O (n) formulations us-
ing canonical momenta have been shown to be computationally advantageous. An O (n)
forward dynamics algorithm based on the canonical Hamilton equations was presented
in [64] that uses a hybrid form. It was shown to require less numerical operations than
O (n) algorithms based on the NE equations. It is also known that O (n) algorithms based
on the spatial representation can be computationally more efficient than those based on
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body-fixed or hybrid representations [29]. A further reduction of computational costs can
be expected from an algorithm using spatial momenta.

2. Itis interesting to notice that the hybrid as well as the spatial twists appear in the recursive
O (n) forward dynamics formulation in [6], where the first is called “Cartesian velocity”,
and the latter is called “velocity state”. In this formulation the spatial twist plays a central
role, and it was already remarked that the recursive relation of spatial twists (see (71c))
is simpler than that for hybrid twists (76c).

3. If a purely kinematic analysis is envisaged the forward recursion (71b)—(71d) is more
efficient than the body-fixed and the hybrid version (see the next section) [65] (disre-
garding possibly necessary transformations of the results to local reference frames). As
pointed out in Sect. 2.2, this advantage is retained for the higher-order kinematics (jerk,
jounce, etc.) [54].

Remark on forward dynamics The spatial formulation is rarely used for dynamics.
Featherstone [26, 29] derived a forward dynamics O (n) algorithm. He concluded that this
requires the lowest computational effort compared to other methods. But this does not take
into account the necessary transformations of twists and wrenches to local reference frames.
Moreover, it was shown in [79] that the O(n) forward dynamics algorithm in body-fixed
representation, using the body-fixed joint screw coordinates X; and RFR at the joint axis,
can be implemented in such a way that it requires less computational effort than the spa-
tial version. The key is that when the BFR of F; is located at and aligned with the axis
of joint i, then X; becomes sparse. From a user perspective this, however, is a restraining
presumption.

4.3 Hybrid form

Forward kinematics recursion The hybrid twists are determined recursively by (111)

with 0X§=AdRi"Xl-. For the acceleration recursion, note that A.drm,f1 =ad;,  =ad;_, —
ad;, since I, ;_ =1;_; — I;. This yields
VE=Ad,,, V', +°X;G; +ad;, V!, +ad,,"X;q;. (73)

Taking into account that ad;, (V! — X"g;) = ad;, V! (because there is no angular part in
ad;,) and ad;, + ad(.,§ = adyx, this can be transformed to

Vi =Ad,,, V", +°Xj +ad;,_ V' | —ad;, V! +adyi°X,q;. (74)

Another form follows by solving (111) for V?_l and inserting this into (73), noting that
ad;,, Ad;! =ad; _ as

Vi=Ady,, V! +X(G; +ady,,_ VP + (adys — ady,_,)'X(g;. (75)

Comparing these three different recursive relations (73), (74), and (75) for the hybrid accel-
eration from a computational perspective (73) is the most efficient.

Recursive Newton—Euler algorithm With the hybrid Newton—Euler equations (54), the
recursive NE algorithm is as follows:
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Forward Kinematics

— Input: q,q, q
—Fori=1,...,n
Ci = Cioi(@Biexp('Xiq;) = exp(Yiq1) - ... - exp(Yig) A, (76a)
X! = Adg,'X; =Ad_,,Y; = Adg,Ads,, ' Z; (76b)
V= Ad,, V', +°X g (76¢)
Vi=Ad,, V| +adi, VI, +ad,"X4: + X,di (76d)

— Output: C;, V?, V?7 OX;

Inverse Dynamics _
— Input: C;, VI, VI OX WP

— Fori=n—-1,...,1
M} = Adg M} Adg! (77a)
W= Ad) | W', +MIV? 4+ ad,, MIVE 4 W (77b)
Q = (X)W (770)

— Output: Q

Computational effort The hybrid representation is a compromise between using twists
and wrenches measured in body-fixed frames (as for the body-fixed representation, where
twists and wrenches are measured at the RFR origin) and those resolved in the IFR (as
for the spatial representation, where twists and wrenches are measured at the IFR origin).
It has therefore been used extensively for O(n) inverse and forward dynamics algorithms.
The essential difference between the forward recursion for kinematic evaluation in body-
fixed and hybrid formulation is that the body-fixed recursion (67a)—(67c) requires frame
transformations of screws involving rotations and translations, whereas the hybrid recursion
(76a)—(76d) only requires the change of reference point using position vectors resolved in
the IFR. The attitude transformation only appears in (76b) and in the computation of the hy-
brid inertia matrix (77a). In total, the forward kinematics needs » rotational transformations
and 2n — 2 translational transformations. Further, (76d) needs n — 1 cross products of the
form adfiviflV:.‘_l = (0, (r_; — ;) x w?_l)T and n Lie brackets adwﬁoX;. The inverse dy-
namics needs the n rotational transformations (77a) of the second-order inertia tensor, n — 1
translational transformations of wrenches, and n Lie brackets with @] in (77b). In total, the
hybrid NE algorithm needs 3n — 3 translational and » rotational transformations of screw
coordinates, n rotational transformations of the inertia tensor, and 3n — 1 Lie brackets. Al-
though the number of operations is equivalent to the body-fixed version, the particular form
of transformations is computationally very simple motivating its extensive use in O (n) for-
ward dynamics algorithms. Moreover, the hybrid NE equations are commonly expressed in
a body-fixed BFR at the COM, so that the hybrid NE equations simplify to (49) and (50),
(51), respectively.

Instead of transforming the joint screws ‘X; or Y; in the reference configuration, the
instantaneous hybrid joint screws can be determined using the defining expression (36) in
[60] with the current b;; and e;.
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Remark on forward dynamics The above inverse dynamics formulation was presented
in [37, 38, 73, 74] together with O (n) forward dynamics algorithms. An O(n) forward
dynamics method was presented in [1, 6]. These algorithms are deemed efficient taking
into account that the computation results do not have to be transformed to the body-fixed
reference points of interest, as in case of the spatial version. An O (n) forward dynamics al-
gorithm was developed in [64] using canonical Hamilton equations in hybrid representation,
that is, the momentum balance (53) in terms of the conjugate momenta l'[?, rather than the
NE equations. It was concluded that its performance is comparable to that of Featherstone’s
[29] method in terms of spatial twists.

4.4 Choice of body-fixed reference frames

The Lie group formulation involves geometric and inertia properties that are readily avail-
able, for example, from CAD data.

In [60] and in the preceding sections, two approaches to the description of MBS geometry
(with and without body-fixed joint frames) and three versions for representing velocities
and accelerations (body-fixed, spatial, hybrid) were presented, each having its merits. The
description of the geometry is independent from the representation of twists. For instance,
the geometry could be described in terms of joint screws expressed in the IFR, whereas
the kinematics and dynamics is modeled using body-fixed twists. This allows us to take
advantage of the low-complexity hybrid or spatial recursive NE equations while still having
the freedom to use or avoid body-fixed joint frames.

The standard approach to model an MBS is to introduce (1) an IFR, (2) body-fixed BFRs,
and (3) body-fixed JFRs. The latter is avoided using spatial joint screws Y;, as already pre-
sented. It still remains to introduce body-fixed BFRs kinematically representing the bodies.
However, even the explicit definition of RFRs can be avoided by properly placing them.
Their location is usually dictated by the definition of the inertia tensors, and it is customary
to relate the inertia data to the COM. If, instead, the body-fixed BFRs are assigned such
that they coincide in the reference configuration (q = 0) with the IFR, then no reference
configurations of bodies need to be determined (A; = I). This normally means that the RFR
is outside the physical extension of a body, that is, the inertia properties of all bodies are
determined in the assembly reference configuration with respect to the global IFR. In other
words, they are deduced from the design drawing (corresponding to q = 0) relative to a
single construction frame. This can be exploited when using CAD systems. The required
kinematic data then reduces to the direction and position vectors e; and y;in order to com-
pute Y; in (95). As a side effect, Y; = 'X;. This is an important result and does apply to any
of the discussed twist representations since the representation of twists has nothing to do
with the geometry description. Moreover, then the POE (94) and the Jacobian (104), (105),
and thus (107) simplify in terms of spatial screw coordinates. The only computational draw-
back is that the hybrid Newton and Euler equations are not decoupled since the spatial IFR,
to which the inertia data is related, is unlikely to coincide with the COM of the bodies in the
reference configuration. Details can be found in [53].

5 Motion equations in closed form
5.1 Euler-Jourdain equations

The body-fixed NE equations for the individual bodies within the MBS are
MV — adl, MEVD — WP — WP =0, (78)
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where W}"C is the constraint reaction wrench of joint i, and W:.”app represents the total wrench
applied to body i including the applied wrench in joint i. Jourdain’s principle of virtual
power, using the admissible variation §V® = J°8q of the system twist and noting that §V°
are reciprocal to the constraint wrenches (see Sect. B.2), yields the system of n motion
equations

M)V} — ady, MYV — Wi
@’ : =0. (79)
MV) — ad(, MEVE — W,

This form allows for a concise and computationally efficient construction of the motion
equations. The point of departure are the NE equations of the individual bodies. The body-
fixed system Jacobian (113) is determined by the (constant) joint screw coordinates in X"
and the screw transformations encoded in AP. The same applies to the other representations.
The accelerations are determined by (7), respectively (11). Explicit evaluation of (79) leads
to the recursive algorithm in Sect. 4.1. Inserting the twists and accelerations into (79) yields
Egs. (1) that determine the MBS dynamics on the tangent bundle 7V”" with state vector
(q,q) € TV". Alternatively, combining (79) with (112) yields a system of n 4+ 6n ODEs
in the state variables (q, V®) € V" x se(3)" that govern the dynamics on the state space
V" x se(3)". The advantage of this formulation is that it is a first-order ODE system and that
the system has block triangular structure. Yet another interesting formulation follows with
the NE equations (37) in terms of the conjugate momenta in spatial representation

I — Wi
)" : =0,

S

R (80)

MEq=1, i....n.

This is a system of n + 6n first-order ODEs in the phase space (q, IT®) € V" x se*(3)".
System (80) can be solved for the l'[lS and ¢; noting the block triangular structure of J* [60].
From a numerical point of view, the momentum formulation in phase space will allow for
momentum-preserving integration schemes.

Various versions of (79) have been published. Using the hybrid representation of twists,
basically the same equations were reported in [4]. There the system Jacobian is called the
“natural orthogonal complement”, motivated by the fact that the columns of J® are orthogo-
nal to the vectorial representations of constraint wrenches (although the former are screws,
whereas the latter are coscrews). In classical vector notation, they were reported in [39, 48]
and [14]. In [39] the equations (79) are called the Euler—Jourdain equations. In [48], empha-
sizing on the recursive evaluation of the body Jacobian, the instantaneous body-fixed joint
screws J:? are called “kinematic basic functions” since they are the intrinsic objects in MBS
kinematics. In [14] Egs. (79) are called “projection equations” since the NE equations of
the individual bodies are restricted to the feasible motion (although J° is not a projector).
Equations (79) in body-fixed representation are equivalent to Kane’s equations, where J}?
are called “partial velocities” [40]. The instantaneous joint screw coordinates, that is, the
columns J;’ of the geometric Jacobian, were also called “kinematic influence coefficients”
and their partial derivatives (6) the “second-order kinematic influence coefficients” [8, 82].

It should be finally remarked that, due to the block triangular form of J®, solving (79) and
using the inversion of A’ (see (25) in [60]) lead immediately to an O (n) forward dynamics
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algorithm. This is the common starting point for deriving forward dynamics algorithms that
applies to any twist representation.

5.2 Lagrange equations

The MBS motion equations can be derived as the Lagrange equations in terms of generalized
coordinates. For simplicity, potential forces are omitted, so that the Lagrangian is simply the
kinetic energy. Then the equations attain the form

d (aT\" [oT\" . o .
—\ =z —\=7) =M@q+C@Q,9q4=Q(q.q.1) (81)
dt \ 9q aq

with generalized mass matrix M, where C(q, q)q represent the Coriolis and centrifugal
forces. The vector Q stands for all other generalized forces, including potential, dissipa-
tive, and applied forces. Using body-fixed twists, the kinetic energy of body i is 7; =

2(V))TMV?. The kinetic energy of the MBS is T'(q, q) = >_, T; = 3(V*)"MPV" = 14" Mg
with the generalized mass matrix

M(q) = (J*)" PP (82)
and MP := diag(M®, ..., MP). The conjugate momentum vector is thus (%)T = ()T MPVP,

Its time derivative with (11) is given as % (%)T =M(q)§— (J*)T (MPAPaP)T +-MPAPaP)Jbq,

and a® is defined in (10). From (8) it follows that (%)T = (MPAPBPX™) T JP ¢ with

b”(V°) :=diag(adyp. ... adys). (83)
This admits identifying the generalized mass matrix (82) and the matrix
C(q, @) = — ()" ((MPAPa®)" 4+ MPA®a")J> — (MPAL"XP) g
= —(a0° 4+ °X®)" (A®) MPI® — (°) MPAPARI?. (84)

The first term on the right-hand side in (84) can be simplified so that

C(q, @) = —(J*)" (MPAPa> 4 (b°) " MP)P. (85)

The concise expressions (82) and (85) allow for construction of the Lagrange equations in
closed form. Similar expressions can be derived using the spatial and hybrid representation
of twists.

For analytic investigations of the MBS dynamics, it may be useful to write the Lagrange
equations in components as

D My @i+ Y (@4 g = 0i(q, 4, 1), (86)

j=1 Jok=1
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where the Christoffel symbols of first kind are defined as I} = %(381‘; ik 4 WM aM—fk) =

dax 94
I'ij. The recursive relations (6) give rise to the closed-form expressions

1 n
Lije = 2 Z((J?k)TMIadJ}’I-J?j + (JZ)TMladJ,b,.JRk + (J}”i)TMzadJlva}”,)
I=k ’ ' .
withi < j <korj<i <k, r=max(i, j), s =min(, j). (87)

This expression for the Christoffel symbols in Lie group notation was reported in [16, 50],
and already in [48] in tensor notation. This expression simplifies when Binet’s inertia
tensor #; = %tr(@,»)l — ©; is used in the mass matrix M;’. Then (40) is replaced by

M, = diag(®;, m;1), and (41) by M, = Adg M,,Adg . This leads to

1 & I~
L= 5;0}1 ) Miady, ),

withi < j<korj<i<k. (88)

Equations (87) were presented in [50, 67, 68, 70, 71], and (88) in [50]. Prior to these
publications, Eqgs. (87) and (88) have been reported in [48, 49] using tensor notation rather
than Lie group notation. Another publication that should be mentioned is [19] where the
Lagrange equations were derived using similar algebraic operations.

The above closed forms of EOM are derived using body-fixed twists. The potential ben-
efit of using spatial or hybrid twists remains to be explored.

6 Derivatives of motion equations

In various contexts the information about the sensitivity of the MBS kinematics and dy-
namics is required either with respect to joint angles, geometric parameters, or dynamic
parameters. Whereas it is known that the EOM of a rigid body MBS attains a form that is
linear in the dynamic parameters, they depend nonlinearly on the generalized coordinates
and geometry. The POE formulation provides a means to determine sensitivity with respect
to kinematic parameters.

6.1 Sensitivity of motion equations

Gradients with respect to generalized coordinates are required for the linearization of the
EOM (as basis for stability analysis and controller design) and for optimal control of MBS.
Since the second-order and higher derivatives (13) of the body-fixed Jacobian, (21) of the
spatial Jacobian, and (26) of the hybrid Jacobian are given as algebraic closed-form ex-
pressions in terms of screw products, the linearized EOM can be evaluated recursively and
expressed in closed form. Using the Lie group notation, this was reported in [76].

The same results were already presented in [49] using tensor notation. Comparing the
two formulations reveals once more that the matrix Lie group formulation provides a level
of abstraction leading to compact expressions. A closed form for partial derivatives of the
inverse mass matrix has been reported in [51], which is required for investigating the con-
trollability of MBS. Using the body-fixed representation of twists, recursive O(n) where
reported in [3, 35].
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6.2 Geometric sensitivity

Optimizing the design of an MBS requires information about the sensitivity with respect
to geometric parameters. A recursive algorithm was reported in [35] and its parallel imple-
mentation in [3], where the partial derivatives are computed on a case-by-case basis. The
Lie group formulation gives rise to a general closed-form expression. To this end, the POE
formula (93) is extended as follows.

The geometry of the two bodies i and i — 1 connected by joint i is encoded in
the constant part S;; and S;_;; in (92), respectively in B; in the formulation in (93).
These are frame transformations and hence can be parameterized in terms of screw co-
ordinates. If B; depends on A < 6 geometric parameters, it is expressed as B;(x;) =
Bioexp(U;imiy) - ... - exp(U;ym;y). The screw coordinates U;; and corresponding param-
eters 77;; account for the considered variations from the nominal geometry, represented by
B,y € SE(3). Thus the relative configuration due to joint i and the geometric variations is
Ci_1.i(q, ;) =B;(;) exp(‘X;q;). The key observation is that partial derivatives of B; (r;)
are available in closed form, as for the joint screw coordinates. Hence also the sensitivity
withe respect to the MBS geometry can be expressed in closed form [52]. This fact has been
applied to robot calibration [21, 22], where the POE accounts for geometric imperfections
to be identified.

6.3 Time derivatives of the EOM

The design of feedback-linearizing flatness-based controllers for robotic manipulators mod-
eled as rigid body MBS actuated by elastic actuators (so-called series elastic actuators) re-
quires the time derivatives of the inverse dynamics solution Q(z) [25, 66], that is, the first
and second time derivatives of the EOM are necessary. Extensions of the classical recursive
Newton—Euler inverse dynamics algorithms in body-fixed representations were presented
in [18]. As it can be expected, the relation are very complicated. Using the presented Lie
group formulation of the inverse dynamics algorithms gives rise to rather compact and thus
fail-safe algorithm. This was presented in [61] for the body-fixed and hybrid version.

7 Geometric integration

This paper focuses on the MBS modeling in terms of relative (joint) coordinates. Alterna-
tively, the MBS kinematics can be described in terms of absolute coordinates.

One of the issues addressed when modeling MBS in terms of absolute coordinates is the
kinematic reconstruction, that is, the determination of the motion of a rigid body, represented
by C(¢), from its velocity field V(¢). This amounts to solving one of the equations (see
Appendix A2 in [60])

V=c'¢, V=c¢c! (89)

together with the NE (42) or (39), respectively. Classically, the orientation is parameterized
with three parameters. The problem encountered is that there is no singularity-free global
parameterization of rotations with three parameters. Instead of local parameters (position
and rotation angles), the absolute configurations of the rigid bodies within the MBS can
be represented by C(7). Then a numerical integration step from time #_; to ty =1 + h
will determine the incremental configuration update AC; = C,;l 1Cr with C; = C(#) and
Ci_1 = C(#;—1). Equations (89) are ODEs on the Lie group SE(3). These can be replaced
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by ODE:s on the Lie algebra se(3). The motion increment from #,_ to #; is parameterized as
AC(t) = exp X(¢) with an algorithmic instantaneous screw coordinate vector X. Then (89)
are equivalent to the ODEs on the Lie algebra

V* = dexpy X, V® =dexp X, (90)

where dexpy : se(3) — se(3) is the right-trivialized differential of the exp mapping on SE(3)
[12, 58, 59, 69]. This is the basic idea of the class of Munthe-Kaas integration schemes [20,
36, 62]. This scheme has been adapted to MBS in absolute coordinates [80]. The advantage
of these integration methods is that no global parameterization is necessary since the numer-
ical integration is pursued in terms of the incremental parameters X. The ODEs (90) can be
solved with any vector space integration scheme (originally the Munthe-Kaas scheme uses
a Runge—Kutta method) with initial value X(#,_;) = 0.

Recently, the geometric integration concepts were incorporated in the generalized o
method [17, 41] for MBS described in absolute coordinates. In this case the representation
of proper rigid body motions is crucial, as discussed in [57, 58], which is frequently incor-
rectly represented by SO(3) x R3. Also momentum-preserving schemes were proposed [81].
It should be mentioned that the concept of geometric integration schemes on SE(3) can be
transferred to the kinematics of flexible bodies undergoing large deformations described as
Cosserat continua. In this context the spatial description (referred to as fixed-pole formula-
tion) has proven to be beneficial [31]. Recent results on Lie group modeling of beams can
be found in [77, 78].

8 Conclusions and outlook

The computational effort of recursive O (n) algorithms, but also of the formalisms for eval-
uating the EOM in closed form, depends on the representation of rigid body motions and of
the motions of technical joints. Since the geometry of finite rigid body and relative motions
is described by the Lie group SE(3) and that of instantaneous motions by the screw algebra
se(3), Lie group theory provides the geometric framework. As already shown in [60], Lie
group formulations for the MBS kinematics give rise to compact recursive formulations in
terms of relative coordinates. In this paper the corresponding recursive NE algorithms were
presented and related to the various O (n) algorithms scattered in the literature. This allows
for a comparative investigation of their efficiency in conjunction with the modeling proce-
dure. For instance, whereas most O (n) algorithms used the hybrid representation, the spatial
representation, as used by Featherstone [29] and Bottasso [12] (where it is called fixed point
formulation), is receiving increased attention since it gives easily rise to structure-preserving
integration schemes [10-12, 31]. A conclusive investigation will be the subject of future re-
search. Future research will also focus on combining the O (n) forward dynamics algorithm
by Featherstone [29], based on NE equations using spatial representations with Naudet’s
algorithm [64] based on Hamilton’s canonical equations in hybrid representation. The use
of the spatial momentum balance shall allow for momentum-preserving integration of the
EOM and at the same time to reduce the number of frame transformations. A further impor-
tant research topic is the derivation of structure-preserving Lie group integration schemes
for which the spatial formulation of EOM will be formulation of choice.
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Appendix A: Summary of basic kinematic relations

As prerequisite, the kinematic relations derived in [60] are summarized. Denote by
C = (l}; ‘i) € SEQ) ©1)

the absolute configuration of body i with respect to the inertial frame (IFR) Fy. This is
alternatively denoted by C; = (R;, r;). The relative configuration of body i relative to body
i —11is given as

Cio1i(qi) =Si—1i eXP(i_IZiql‘)Sf,,«l =B, exp('Xiq:), 92)

where B; :=S;_ ;S i' = C;_1,;(0) is the reference configuration of body i with respect to
body i — 1, that is, for ¢; = 0, and i-17. € RO is the screw coordinate vector of joint i
represented in the joint frame (JFR) 7;_; ; on body i — 1. Successive relative configurations
can be combined to

Ci(@) =Biexp('Xiq1) - Baexp(*Xaq2) - ... - By exp('Xiq;) 93)

=exp(Yiq1) - exp(Y2q2) - ... - exp(Yiqi) A, (94)

where ‘X, € R® is the screw coordinate vector of joint i represented in the joint frame fixed
at body i, Y; € R® is the joint screw coordinate vector in spatial representation (measured

and resolved in IFR) for the reference configuration q = 0, and A; = C;(0) is the reference
configuration of body i. The two representations of joint screw coordinates are related by

Y = Ady, X, X; = Ads,-,,-iflzi, 95)

where, in vector representation of screws, the adjoined transformation Ad corresponding to
C € SE(3) is given by the matrix

Adc = (?R.R 12) . (96)

For simplicity, the following notations are used:

I 0

AdR=(R 0) for C =(R,0), Adr=<? I

0 R ) forC=(1,r), 97)

so that Ad¢c = Ad,.Adg.
The twist of body i in body-fixed representation V? = (w?, v*)” and in spatial represen-
tation V¢ = (@$, v$)7 is defined by

—~ @ VP . = ® v .
w=(T 5)-ere w=(T Y)ae o

Here v° = R’ 1, the body-fixed translational velocity, that is, the velocity of the origin of the
body-fixed reference frame (RFR) F; of body i measured in the IFR F and resolved in F;,
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whereas v = I; + r; X ] is the spatial translational velocity, that is, the velocity of the
point of the body that is momentarily passing through the origin of the IFR F; resolved in
the IFR. The body-fixed and spatial angular velocity, ®@° and @}, are defined by @° = R’ R,
and & = R;R7, respectively. The hybrid twist is defined as V! = (o}, )", and finally the
mixed twist as V" = (co:?, 1;)7. The four representations are related as follows:

h __ Ri 0 b __ b

v _< SR ) Vi=Ady V) 99)
Vi = Adc, V! = Adc, Ady' V! = Ad,, V!, (100)
w (T 0Yes (R 0\on (R 0,

we(d Dw=(Y Yv=(% N o

The twist of body i within a kinematic chain is determined in terms of the generalized
velocities q as

V=) 14 =04, Vi=> Fd =4 (102)
J=i jsi

Vi=)"Tgi=Jda. Vh=) TN =Jr. (103)
j<i j<i

with the Jacobian J? in body-fixed, J; in spatial, J! in hybrid, and J™ in mixed representation.
The ith column of the Jacobian is respectively given by

Jz)] _ Adci._,‘ij = Adci.jAlej’ (104)
J5 = Adc,’X; =Ad¢ 1Y), (105)
J?]. = Adrl_quX.J,: for j <i. (106)

These are the instantaneous joint screw coordinates in body-fixed, spatial, and hybrid repre-
sentation. The Jacobians are related as

B =Ad,J}, =Adc )},  J) =AdgJ}. (107)
The representations of joint screw coordinates are related by (95) and by
Y; =Ad,°X),  °X)=Adg,’X;, (108)

where r; is the current position of body i in C;. The twists admit the recursive expressions

VP =Ad,, \Vi_ +'Xigi, (109)
Vi=Vii+La (110)
Vi =Ad,, VI, +°Xi4". (111)

Summarizing the twists of all bodies in V°, V*, V! € R%", respectively, admits the expressions
Vb =Jbq, Ve =, vh = Jhq (112)
in terms of the system Jacobians that admit the factorizations [60]

Jb = APXP, J5 = A'YS = A®XP, Jh = abxh, (113)
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This provides a compact description of the overall MBS kinematics. The explicit relations
for the inverse of the matrices A are the starting point for deriving recursive forward dynam-
ics O(n) algorithms.

Appendix B: Rigid body motions and the Lie group SE(3)

For an introduction to screws and to the motion Lie group SE(3), the reader is referred to
the text books [5, 47, 63, 75].

B.1 Derivatives of screws

Let C; be time dependent. According to (96), the corresponding frame transformation of
screw coordinates from F; to Fp is X =X = Adcl."X. Assume that the screw coordinates
expressed in body-fixed frame are constant. The rate of change of the screw coordinates ex-
pressed in IFR is £X = 4 Adc, (X) = C;C;'C/XC; ' — C/XC ' GG = ViX - ViX =
[??, i]. Therein

X1, X5] =X X, — XX =ady, (X3) (114)

is the Lie bracket on se(3), also called the adjoint mapping. In vector notation of screws,
denoting a general screw vector with X = (&, )7, this is

X, Xl = (& x &, m; x &, + & x1,)" =ady, Xo (115)
with
Eg
dy=(2 ~). 116
adx <77§ (116)

The form (115) is known as the screw product [13, 75]. Matrix (116) has appeared under
different names, such as “spatial cross product” in [28, 29, 38] or the “north-east cross
product’ [12]. The Lie bracket obeys the Jacobi identity

[X1, (X0, Xs1] + [Xa, X3, X11] + [Xs, (X1, X,1] = 0. (117)

Allowing for time-dependent body-fixed screw coordinates ‘X, this relation gives rise to an
expression for the time derivative of screw coordinates in moving frames:

Adc'X ="X+[VP,/X]. (118)

This is the spatial extension of Euler’s formula for the derivative of a vector resolved in a
moving frame.
For simplicity, throughout the paper the following notations are used:

i”f:(‘&’), \7:(3). (119)
adw:<&;’ g)) adv:<g g) (120)

w v
are used to denote matrix (116) for twists V and V, respectively, which are the infinitesimal
versions on (97).

Then the matrices
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B.2 Wrenches as coscrews—se*(3)

Screws are the geometric objects embodying twists, wrenches, and momenta of rigid bod-
ies. These different physical meanings imply different mathematical interpretations of the
geometric object.

A wrench, defined by a force and moment, is denoted by W = (t, f)7. The force applied
at a point with position vector p generates the moment t = p x f. The dual to the Chasles
theorem is the Poinsot theorem stating that every system of forces can be reduced to a force
together with a couple with moment parallel to the force.

Geometrically, a screw is determined by the Pliicker coordinates of the line along the
screw axis and the pitch. If e is the unit vector along the screw axis, and p is a position
vector of a point on that axis, then the screw coordinate vector of a twist is V = (w, v)7 =
w(e,p xe+he)’, where w = ||w|| is its magnitude, and & = v/ @/w? is its pitch. The screw
coordinate vector of a wrench, that is, the force f producing a torque t about the axis e
when the point of application is displaced according to p from the axis, is W = (t, )7 =
f(p x e+ he, e)"with pitch & = t"f/||f||>. Apparently, the linear and angular components
of the screw coordinates are interchanged for twists and wrenches. The different definition
of screw coordinate vectors allows to describe the action of a wrench on a twist as the scalar
product: WT'V is the power performed by the wrench acting on twist V.

A twist 2V represented in frame J, transforms to its representation in frame 7, according
to!V= Ads, , 2V. The power conservation yields that a wrench represented in F; transforms
to its representation in J, according to

W=Adg ,'W. (121)

Although this notation is useful for kinetostatic formulations, it is inconsistent in the
sense that it treats screw coordinates differently for twists and wrenches. In screw theory,
aiming on a consistent treatment of screw entities, a screw is represented by its coordinates
as defined by (67) in [60], and the so-called reciprocal product of two screws is used [5, 13,
75]. The latter is defined for X; = (&,,,)” and X, = (§,, n,)" as X, O Xy =& 9, + 17 &,.
Two screws are said to be reciprocal if X; © X, = 0. Obviously, if twists and wrenches
are represented consistently with the same definition of screw coordinates, then a twist and
wrench screws being reciprocal means that they perform no work. Geometrically, for zero
pitch screws, this means that the screw axes intersect.

In screw theory, wrench screws are called coscrews to distinguish them from motion
screws and to indicate that a wrench acts on a motion screw (a twist) as a linear operator
that returns work or power. Since twists form the Lie algebra se(3), wrenches form the dual
se*(3).

Appendix C: Nomenclature

Fo IFR

Fi BFR of body i

Tii JFR for joint i at body i, joint i connects body i with its predecessor body
i—1

Ji-1i JFR for joint i at body i — 1

ir Coordinate representation of a vector resolved in BFR on body i. The index

is omitted if this is the IFR: r =r
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R; Rotation matrix from BFR F; at body i to IFR F

R;; Rotation matrix transforming coordinates resolved in BFR F; to coordinates
resolved in F;

r; Position vector of origin of BFR F; at body i resolved in IFR F

T Position vector from origin of BFR F; to origin of BFR F;

X skew symmetric matrix associated with the vector x € R3

C; = (R;,r;) Absolute configuration of body i. This is denoted in matrix form by C;
C;= c’'c ; Relative configuration of body j w.r.t. body i

ky! Translational velocity of body i measured at origin of BFR F;, resolved in
BFR F;

V? =i vj: Body-fixed representation of the translational velocity of body i

Vi= OV? Spatial representation of the translational velocity of body i

k@, Angular velocity of body i measured and resolved in BFR F

w;’ ='w, Body-fixed representation of the angular velocity of body i

! ="w; Spatial representation of the angular velocity of body i

"V{ Twist of (RFR of) body i measured in F; and resolved in F;

Ve =ivi Body-fixed representation of the twist of body i

V= OV? Spatial representation of the twist of body i

Vi =0V Hybrid form of the twist of body i

Vb Vector of system twists in body-fixed representation

Vs Vector of system twists in spatial representation

vh Vector of system twists in hybrid representation

v Vector of system twists in mixed representation

WP Applied wrench at body i in body-fixed representation

W; Applied wrench at body i in spatial representation

wh Applied wrench at body i in hybrid representation

M}’ Inertia matrix of body i in body-fixed representation

M; Inertia matrix of body i in spatial representation

M? Inertia matrix of body i in hybrid representation

Adg Screw transformation associated with C = (R, 0)

Ad, Screw transformation associated with C = (I, r)

Adc, ; Transformation matrix transforming screw coordinates represented in F; to
screw coordinates represented in F;

adyx Screw product matrix associated with screw coordinate vector X € R®

Q(, Y] Lie bracket of screw coordinate vectors X, Y € R%; [X, Y] = adxY

X € se(3) 4 % 4 matrix associated with the screw coordinate vectors X e R®

SE(3) Special Euclidean group in three dimensions—Lie group of rigid body mo-
tions

se(3) Lie algebra of SE(3), algebra of screws

qeV” Joint coordinate vector

v Configuration space
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