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the contrary, it plays a critical role when static or eigenvalue analyses are required, especially
for those cases featuring free motions. While the topic of holonomic constraint equations
and their respective Jacobian matrix is not new in literature, this article aims to provide a
general and unified formulation based on quaternion parametrization together with a consistent
analytical expression of the tangent stiffness matrix derived through linearization. The article
includes also the rheonomic contribution to holonomic constraints. The formulations presented
in this work are built on a mixed-basis formulation, in use in many engineering applications,
and allow to easily derive specialized versions (e.g. revolute, cylindrical, prismatic joints, etc.)
from the same equation set. Examples demonstrate the doubly-positive effect of this additional
stiffness term: first, static analyses are able to converge to the actual equilibrium position and
second, the eigenvalues analyses proved to be more consistent. For this latter set of tests the non-
linear dynamic results, observed in the frequency domain, are compared against those coming
from eigenvalue analysis, in order to prove the augmented accuracy of the results.

1. Introduction

The tangent stiffness matrix plays a key role in the formulation and solution of any multibody system since it contains various
fundamental terms coming from the linearization of the inertial, external and internal forces with respect to the generalized
coordinates. However, each term might have a varying influence depending on the type of the analysis conducted and of the system
under examination. In most multi-flexible-body systems, for example, the structural stiffness matrix K, together with the inertial
stiffness matrix K; usually are the main driving terms, thus often justifying the omission of other negligible contributions, like
the constraint stiffness matrix K., coming from the linearization of the reaction forces of the joints [1]. This latter matrix, on the
contrary, becomes very relevant in case of extremely-soft flexible bodies or especially in rigid-body systems: in fact, differently from
the stiffness property provided by the material of the joints [2], this matrix does not come from the deformation of bodies, but from
the change in direction of the reaction forces and torques in the joints.

A typical example consists in a pendulum hinged to a fixed point and subject to gravity: if the tangent stiffness matrix of
constraints is not considered, the system stiffness matrix is zero. It follows that, in the Newton—-Raphson iteration required by the
non-linear static analysis, the method does not know the potential correct direction to search for the equilibrium state, thus leading
to divergence. Moreover, the eigenvalues would be zero-valued because of the zero stiffness matrix: this is incorrect since it is well
known that the pendulum has an oscillatory motion at the equilibrium state.

On the contrary, it is true that the very same model can be easily simulated in dynamic mode without the stiffness matrix
of constraints: this is because dynamic simulations can still converge to proper solutions even with just an approximation of the
stiffness matrix [3]. However, even in this scenario where iterative schemes still observe progressive refinements, the presence
of the stiffness matrix of constraints could increase stability, convergence and in some cases also the performance of numerical
methods: in computer graphics applications, for example in movies and game industries where performance has a higher priority
over accuracy, its introduction can effectively improve the stability of the dynamic solution [4] especially for systems involving
inextensible objects and articulated chains. There, the symmetric form (K, + KCT) /2 is employed to preserve the matrix symmetry
in the implicit integrator resulting in a speed boost in the solution of linear equations. Inspired by the discovery of Tournier [4],
Andrews [5] developed a diagonal approximation of the tangent stiffness matrix of constraints to alleviate the energy dissipation in
the simulation, and derived the closed-form expressions for a library of joints commonly used in articulated rigid body simulations,
however no unified expression is offered.

Macklin [6] further built the diagonal approximation of K, through successive finite differences using the last two Newton
iterations and clamped the shift to guarantee the matrix positive definiteness.

While many research works [1,7,8] in the field of linearization of the equations of motion of constrained multibody systems
have pointed out the existence of the tangent stiffness matrix of constraints, no explicit expressions have been clearly reported.

Bauchau [9] introduced the tangent stiffness matrix (called equivalent stiffness matrix in his book), but based on Euler and not
quaternion parametrization. Also the contribution of Géradin and Cardona [10] refers to tangent stiffness matrices of constraints,
but it misses to provide a detailed expansion of this term. Minaker [11] derived the analytical expressions of the tangent stiffness
matrix for the revolute joint, the point-on-plane contact and the rolling disk contact, and revealed the significant influence of the
tangent stiffness matrices of constraint on the eigenvalues of the A-arm suspension system, which demonstrated its importance in
the vehicle dynamics analysis. In the end, the author stated that there might exist a generic expression for the tangent stiffness
matrix of constraints because of the similarities between the forms of the stiffness matrix for the studied constraints. Minaker [12]
calculated the tangent stiffness matrix of a constant velocity joint and verified it through comparison between different modelling
approaches.

To the best of the authors’ knowledge a general, analytical and explicit expression of the tangent stiffness matrix of holonomic
constraints, including the rheonomic part, is still missing in the literature.

In this work, the constraint equation C(g,7) = 0 of holonomic constraints is proposed and later used to compute the Jacobian
matrix C,. A consistent and unified analytical formulation of the tangent stiffness matrix of holonomic constraints is then obtained.
In Section 2 the dynamic equation of motion is introduced together with the constraints equations. Scleronomic (Section 2.1) and
rheonomic formulations (Section 2.2) for the Jacobian matrices are offered, followed by the computation of the tangent stiffness
matrix of constraints for both joint types in Section 3. Three examples are then introduced in Section 4 to demonstrate its application
in the static and eigenvalue analysis of the multibody systems with rigid motions. Relevant properties and notations can be found
in appendices (Appendices A-C).



C. Peng et al. Computer Methods in Applied Mechanics and Engineering 419 (2024) 116667

2. Jacobian matrix of constraints

For simple mechanical systems, one may write the Ordinary Differential Equation (ODE) of motion by carefully choosing the
independent coordinates. When the system includes more bodies and connection joints, it becomes difficult to determine the
independent coordinates, often not even unique [13].

To overcome this issue, the index-3 Lagrange multiplier method has been developed and widely used in the field of multibody
dynamics. The fundamental idea is to set up the ODE of all rigid bodies and flexible elements with the assumption that they are
completely separated. The ODE of every single object is set up by using the Newton-Euler formulation because of the advantage of
easier mathematical derivation and higher computational efficiency. To this redundant set of coordinates, constraints are added,
thus leading to Differential-Algebraic Equations system (DAE). In our formulation, we assume that the translational coordinates are
described in the absolute frame while the rotational coordinates are expressed in the local frame of the object; we call it a mixed-basis
formalism. This choice, though arbitrary, is motivated by the simpler form that rotational equations assume [14].

The constraint conditions

Cg.4.0=0 (€Y

consist in a vector of n, scalar equations of generalized coordinates (positions, rotations) g, of velocities ¢, of time ¢.
In case of holonomic constraints (i.e. not depending on velocities ¢), that is the most common practical situation, the conditions
are simplified to:

Clg.n=0 (2

The vector constraint equation is linearized as:

8C(q.1) = C,8q + C,5t 3)
by introducing the following symbols:
._9C :
=5 SET @
oC
== R
¢, o < (5)

where C, is the so-called Jacobian matrix of constraints.
The reaction forces and torques in the joints are added to the Newton-Euler equations to formulate the complete equations of
motion, which are expressed as the following index-3 Differential Algebraic Equation (DAE),

{ M@ +Cyg.0"y = £(a.4.0~ f(q.9) (3

C(g.n =0 ®) 6)

where f is the vector of external and internal forces, f, represents the gyroscopic and centrifugal components of the inertial forces,
where the full inertial forces are f; = Mg + f, and y are the Lagrange multipliers.
Linearizing the DAE about the equilibrium point one obtains [1]

{ M(q)54 + D(q,4,16q + K(4.4,4,7,D5q + Cy(q,n" 6y =0 () e
Cy(g.05g =0 (b)
where the damping matrix of the system is
f(q,q.t) Of(q. @
D(ga.0) = — f(q.q ) e ' 8)
9q 9q
and the tangent stiffness matrix of the system K(q, 4, g,y.?) can be expanded as
oM(@)G+fg) 0Cy(q, )" of(q,q,1)
K(@.q.0.7.0 = o TatD , ofad ©)
dq dq dq
In particular, the tangent stiffness matrix of constraints term consists is:
0C,(q,1)"
K, = q—y (10)

9q
It is then clear that, in order to compute this term, the analytical formulation of the Jacobian matrix of constraints is needed.
In the following section its expression is offered, for both scleronomic and rheonomic constraints.

2.1. Scleronomic constraints

Suppose a holonomic-scleronomic constraint (i.e. not depending explicitly on time) is used to connect two rigid bodies whose
reference frames are B, and B, respectively. In this case the constraints equations depend, by definition, only on the system
configuration i.e. C(q) = 0, thus loosing the dependency over time. Two auxiliary joint frames F, and F,, attached respectively
to the two bodies, are introduced (Fig. 1). Throughout the paper body 1 will be considered the driven body, while body 2 has to
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Fig. 1. The main frame F, and the driven frame F, for a holonomic-scleronomic constraint. In this figure the constraint is not exactly satisfied, hence a small
clearance ¢ is shown.

be considered the main body since it is the one with respect to which constraint equations are written. The absolute positions and
rotations of the two bodies rg , Rp , rg,, Rp, are functions of generalized coordinates g. The body-relative positions and rotations
of the two joint frames F), F, are constant geometric properties, namely rp, @) R Fiay® TPy R Fy 5y

The constraint equations can be expressed in an arbitrary frame. Since in engineering practice the reaction forces and torques are
typically described or measured in the local basis of the joint, we choose to use the basis of the main frame F, so that the reaction
forces and torques are consistent with the intuitive understanding.

2.1.1. Translational scleronomic constraints

In the following, we use the notation r, . to indicate the position of a point A with respect to a floating frame F, expressed
in the basis of F. When the basis is the absolute reference, we use the letter W, or we omit it. Similarly, with R F We define the
rotation matrix R € SO3 of a frame F with respect to a frame G, that can be omitted when G = W.

In order to constrain the relative displacement between the two frames, the positions of the origins of F; and F, should be made
coincident. This can be done by imposing the condition r, ) "By = TRy = 0. The constraint equation becomes
C(q)=rF,(F2) =0 an

Using the point transformation rp =~ =rp + Rprp, and omitting the (W) basis subscript for variables in absolute coordinates,
we expand the terms and obtain

C(g) = R;z (rB1 + Ry, Tr )~ T8, ~ RBZrFZ(Bz)) =0 (12)

The Jacobian matrix of the constraint C, is a sparse matrix with four row blocks, and it can be computed by showing the
dependence of the variation 6C(q) from the four variation blocks 6r By 0?3 ,0rg), GfB in the vector of generalized variations 6q
1 2

_spT _ _ T _ _
5C(q)_5RFz(rBl+RBlrFl(Bl) p, RBZrFZ(BZ))+RF26(rB]+RB]rF1(Bl) rp, RBszz(32>)

_ T T _ _ T _ _
_6(RF2(32)R32)<rBI+RBlrF1(B]) p, RBszz<Bz))+RF2 <5r31+5(R31rF1(31)) orp, 5(RBZrFZ(BZ)))

_pT T T _ _
=R}, , oK}, (rFl.F2> + R (tsrBl + 3R, T, — 0T, 5RBsz2(Bz)> .
_pT  FT pT T = _ p

=R, , O Rprer, + K], (5’81 + Ry 0] vy, =0, RBzaleer(Bz))

A T o 5
o, + R}, (5’31 Ry, Fr, , 0

—6rp +RpF 0°
R Ip, Bz+ BT Fy (8, I,

=Rl
Fy(8y) 12(g,)

_pT —~ 5 T R 5 _ ~ ]
=R}, Ry, 773, 07, +R}, (ors, Ry, P, 0, §rBZ+RBZrF2(Bz)9,BZ)

where a denotes the 3 x 3 skew-symmetric matrix associated with the vector a. We also considered the properties §R = R5f and

a’ = —a, ab = —ba, Va,b € R3. Moreover, for the sake of notation compactness, we grouped the vector from F, to F, expressed in

the B, frame into:

_ pT _ pT . —
r12(32>—RBsz]_FZ—RB2 (r81+R51rF1(31> rg, RBZrFZ(Bz)> a4

Finally, recalling Eq. (3), one can group the terms and write the four blocks in the sparse Jacobian matrix C, for the translational
constraint as

T T >4 T T T T ro-
Cq(q)=[ Ry, ‘ —Ri, Rp T, ) ‘ -Ry, ‘ Rp, Rp, "5y, + R, Rp, T2 ] (15)

4
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2.1.2. Rotational scleronomic constraints
We choose to parametrize the finite rotation using quaternions because it does not exhibit singularities. The constraints on the
rotational DOFs are expressed based on the quaternion algebra. In Appendix B a list of useful properties are offered.

The four components of a unit quaternion p can be interpreted as the elements of Euler parameters e = [eo, e l,ez,e3]T [9]
ey = cos(0/2) e; = n, sin(6/2)
e, =n, sin(6/2) e3 =n,sin(0/2) (16)

which describe a finite rotation about the spinning axis n = [nx, ny, nZ]T by the angle 6. Thus the imaginary part of a unit quaternion
p maps the three rotational DOFs. This turns out to be useful also to retrieve relative angles of constrained frames: considering for

example a revolute joint along x axis, the relative rotation can be expressed as one of the following:
0 = 2 arccos (eo) (17a)

0 = 2 arctan2 <e—1, eo> (17b)
n

X

Remembering the implicit constraint of the unit quaternion: ||p|| = 4/ pg + p% + p% + pg = 1, only its imaginary part p is required to
formulate the constraint equation C(q) for the three rotational DOFs. It has to be noted that the unit norm of the quaternion, while
it could be explicitly enforced by a constraint, is usually guaranteed by the integration scheme, that should appropriately update
the quaternion through an exponential update [14] such as:

(t+41) _ (1) 1 @ (1
p =p cos(—llw ||At), —sm(—w At
[ 2™ o~ \ 27

To constrain the relative rotation between two frames F; and F,, the constraint equation is given as:

C@=1m(pr,, ) =0 (18)

where Im (-) is the operator to extract the imaginary vectorial part of a quaternion.

Instead of using all the four components of pp, . to define the rotational constraint equation, which complicates the
mathematical formulation of the Jacobian matrix [15], it is indeed sufficient to constrain only its imaginary part.

Remembering the formula (C.2) (see Appendix C for specific notation and definitions) the variation of the constraint equation (18)
is differentiated as:

— _ )
5C@) =1m (5pr, ) = Por )0, (1, (19)

6

I, (F)

variation of the corresponding rotation tensor Ry, e
2

The relative virtual rotation vector 0 of the frame F, with respect to the frame F, can be calculated through deriving the

T

RT Rp Ry . Its variation is calculated as:
Fyy B B

The relative rotation tensor can be expanded as Rp, = = R

_rT 2 pT T P

ORr, ) = RE, (—0, 5, Ko Ry, + Rh Rp 67, ) Ry, 20

Substituting (20) into 9;3 R = RiTrl (r)‘SRFn E? after some calculations and extracting the spinning vectors of the skew-
" >
symmetric matrices, one obtains:
5 _ pT 5 o

O, ) = Riy (R31 O, ~ RBzngZ) ©39)

Substituting (21) into (19), the variation of the constraint equation of rotational DOFs is obtained as:
_ T 5 ]

5C@) = P(pr, R, (Rn, &, ~ Ry, ) 22)

Remembering (C.4), we can restate the previous relation with respect to the main frame F, as:
_ T pT 5 S

5C(@) = P(pr, ,, )" R, (Ry, 0], — Ry, 0}, ) 23)

Eventually, the Jacobian matrix C, for the rotational DOFs becomes:
T pT T pT
Co@=[ 0| Pr, ) KE Ry, | 0| ~Plor, )" KT, Ry, 24)
2.1.3. Complete Jacobian of scleronomic constraints
The complete expression of the Jacobian matrix of constraint Cq is obtained by combining (15) and (24):
T T ~ T T ~ T —
C, = [ RFz ‘ _RFz Rp, TR, (B)) ‘ _RFz ‘ RFZRBZTFZ(Bﬁ + RFZRBZr12(32> ] (25)
q= T T T T
0 ‘ P(pr, )" R, Re, ‘ 0 ‘ —P(pr, ) R}, Rp,

5
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Table 1
Several common joints inherited from the lock constraint.
C‘l\ C‘I; C‘I; qux C‘l Ry C'IR;

Fix X X X X X X
Coaxial X X X X
Prismatic X X X X X
Revolute X X X X X
Orthogonal X
Parallel X X
Plane X X X
Spherical X X X
Distance along X X

that, for simplicity, we could rewrite emphasizing its six rows, the first three for the translational constraints and last three for the
rotational constraints:

C‘lx

y

- (26)

Rx

C‘I
C,
€@ = ¢!

qRry

C,

ar:

While the above general expression would constrain all six degrees of freedom between the two frames F, and F, it is indeed
fairly easy to express other types of joints by just suppressing the corresponding rows according to the free DOFs, as reported in
Table 1. The “Xx” symbol means the corresponding rows are active and thus the corresponding DOFs are constrained. For example,
the Jacobian for a revolute joint along the x axis will have only five rows out of six, since the row corresponding to C, will be
suppressed.

2.2. Rheonomic constraints

In the rheonomic constraint the relative motion of the driven frame F; with respect to the main frame F, is an explicit function
of time C(q,7) = 0. This case is often found while modelling linear or rotational actuators receiving a motion set-point from a
controller.

2.2.1. Translational rheonomic constraints
The constraint equation of the rheonomic translational constraints can be expressed as:
C@.D=rrpy, ~ 1=
_rT o —r =
= RF2 (rBl + RBlrFI(B]) g, RBZer(Bz)> r, =
=03, 27)

where r, is the position vector corresponding to the relative translational motion of the driven frame F, with respect to the main
frame F,, which is specified by end users as a function of time.
The variation is derived as:

5C(q.1) = C,8q + C,61 (28)
where,
_ 0 (pr
Cq= E (RF2 (rB1 + Rp, rFl(Bl) —rg, - RBszzwz))) (29a)
or
C =-— 29b
. = (29b)

The rheonomic term r, does not affect the computation of C,, leading to the same Jacobian matrix as (15).

2.2.2. Rotational rheonomic constraints
The constraint equation of the rheonomic rotational constraints is given as:

C(g.1) = -Im (PtPFz(F])) =035 (30)

where p, is the quaternion corresponding to the relative rotational motion of the driven frame F; with respect to the main frame
F,, which is specified by end users as a function of time. If the constraint is satisfied, there should be p £ =PRP:
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By introducing a shadow frame Fl<> as ppo = ppp; — where p* denotes quaternion conjugate —, remembering the equality
— p* * _ . : . .
PEy ) = P 1 PF, and p Fary) = PE, (1) the constraint equation (30) can be rewritten as:

C(q,l) =Im (pFlo(Fz)) =03><1 (31)

The shadow frame Fl<> is rotated back from the driven frame F, by the given rotation p, to arrive at the same orientation as the
main frame F,. If the constraint is satisfied, the shadow frame Fl<> is coincident with the main frame F,.
Similarly as the derivation from (18) to the results of (22) and (23), the variation of (31) is computed as:

6C(@.0) = P(ppo,,, IRL, (Ry, 0, = Ry,0), )=
1

(Fp) Ip,

_ T pT 9 3
= P(PFIO(FZ)) RF2 (RBlelB1 - RBzelBZ) (32)

where the rheonomic term C, = % (Im (p FO ))> does not affect C, and is not shown.
1 U2

The complete expression of the Jacobian matrix of constraint C(q.?) is obtained by replacing the blocks corresponding to the
rotational DOFs in (25) with (32):

T T ~ T T ~ T —~
Cq= [ R | -RiReTra, | —RE | RERFr g, + RE Refig, ] 33)
q= T T — T T
0 ‘ P(pro )" Rp Rp, ‘ 0 ‘ P(pro )" Ry Rp,

3. Tangent stiffness matrix of constraints

To derive the tangent stiffness matrix of constraints (10), one needs to linearize the reaction forces and torques Cq(q. nly

T
with respect to the generalized coordinates 6q = [5r£] s 9;3; ,5r§2, GfBT] . The Lagrange multipliers y are assumed constant in this
1 2

linearization because their variations have been already included in the other linearization term C,y(q, Hl 6y in (7).
3.1. Scleronomic constraint

3.1.1. Main part
The Lagrange multipliers y can be split into two parts

T
_ T T
Y=Y 1) Ymmy) 34

where y Ty Yme,, € R3 are the reaction forces and torques of the joint expressed in the main frame F,, respectively.
(P 2 . . . . . . .
Recalling the expression (25), the transpose of the Jacobian matrix of constraint can be written in the following compact form

T
X] 0
Jrogr

T _ r w

C, = JTI 01 (35)

X2
T T
VRN

where the sub-blocks are

Jl =Rp, (36a)
JrTl = FFI (BnRg] RFz (36b)
JuT;, = le;l RF2 P(pF1<F2>) (36¢)
T5 =Re, (36d)
JVI; = _7F2<Bz) R71;2 Rp, - ”\15(32) R71;2 Rp, (36e)
‘1152 = _RLTBZ Rp, P(pr, (Fz)) (36f)

Since F,, F, are rigidly attached on B,, B, respectively, we have orp iy, =0,0rg , =0,6Rp , =0,6Rp , =0 Meanwhile,
1 2 1 2

remembering the equality 6R = Ref, and the property of the skew-symmetric matrix a’ = —a,Va € R?, the variations of the
sub-blocks are calculated as

T _ 1 T

5] = Rp,6), R} Ry, (37a)
T _% 1 T T 0 T

81N =Fr, (—9, s, Kb, Rr, + R}, Ry, 6 BzRBzRFZ) (37b)

T _( 9 T T % pT T
517 = (—9, 5, R, Rp, + R Ry, 0 BZRBZRFZ) P(pr, ) + (RB1 RFz)éP(pFl(Fz))

7
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813, =Ry, 07, Ry Rp, (37¢)
T _ 5o T

647 = =671z, KRG Ry, (37d)

84y, = =Ry, R, 6P(pr, ) (37€)
Recalling the definition of r, , 5 in (14), and using the equalities @b = —ba, @+ b b, Va,b € R, its variation ér , 5, 1

2
calculated as
_ gl T . 5 T —~ = 5

6112y, = R, 0rn, = Ry Ry Fr, , 0, Ry orp, + <r12(32) + ’szz)) o, (38)
Its skew-symmetric matrix is

o _pT 5 _ pT = 5 T _ pT %, ~ = S

671204y, =Rb 575, Re, = R, Ry (71, s )RG Ro, = RY 5y, Ry, + (72, + 7600y, ) 9,32) (39)

where the equalities Rr = RFRT VR € SO3),r € R* and @+ b =a + b,Va, b € R? are used.
Substituting (39) into (37d), the calculation of zSJrT2 follows as

T _ T g T . o T Tz —~ = s T
51T =~ RY 5 Ry, + RY Ry, (r,pl s )RB]RFz + RE 3rp Ry, — ((rlz(Bz) + er(Bﬁ) 0, >RBZRF2 (40)
Recalling (34) and (35), the variation of the reaction forces and torques of the joint is expressed as

T
5JX1 Y1y

T T
6Jr1 Y £ (k) + 6le Vi

6Cyr = (41)

T
5JXz LS

T T
5Jrz Y1y + 6Jw2 L

Substituting (37) and (40) into (41), and remembering the equalities Rr = RFRT,VR € SO3),r € R? and @b = —ba, Va,b € R
from which follows the useful property 9? Ry = —R?RTGjS , the four rows are calculated as

%)
5JX1 yf(F2> RFz yf(F ) F2 329 (42a)

T —~ s~ T —~ 5
5J y/<F>+5le7m<F> rFuB])RBlRFzyf(F) F 310 rFl(Bl>RBlRF°7f(F) F 32‘9

+ RS R (P, g s )REZRB] o, - Rh Ry, (P®r 5y oy, ) R R, 0,
+ Ry R, 8PP, . Wy (42b)
5" 27y RFz yf(r ) F2 3295 (42c)
5.] s +5Ju2ym“ ) RBZRFny(Fz)RFZ(SrB1 R RFny“ )R orp,
~ Ry, Ry, 77 RE Ry Fry 07, + RE RiT7 o RT. R, (’TZ<BZ> + iFZ(BZ)) o,

T
= Ry, R, 6P(PE, (1, W1 (42d)

Substituting (42) into (41), and grouping the coefficient terms according to the generalized coordinates 6q =
T goT <.T @oT ;
rSrB],B,Bl ,orp ,9,32 , one obtains

6Cly = KMasq+sr (43)
where the main part of the tangent stiffness matrix of constraints is
0 0 o kM
gon_| 0 K0 K (44)
¢ 0 0 o KO
KE:\II) Ki:\;l) Kg:‘;l) K(M)

of which the sub-blocks are

M) _ = T

KCM - _RFZ yf(FZ) RFZ RBz (45a)
(M) _ T T T

ch F] (B, )R81 RFzyf (Fy )R RBI + R RFz ( (pFI (Fz))ym(Fz) )RFQRBI (45b)
M) _ T T

Kc24 F1 (B)) RBI F yf(p ) RFZ Rg, = RBI Rp, (P(pFl (Fz))y’"(F2) ) RFZ Rg, (450)

8
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K;:Z) = RFZF;(FZ)REZ RBz (45d)
KM = Ry, Ry 77 . R, (45¢)
Kgi\? = R§2 R FZW(FZ)RYI;Z Ry, Pry ) (45f)
Kﬁr) = _Rzz RFz 7/-:(}?2) R7l;2 (45g)
Kﬁr) = Rgz Rr, W(Fz) RlT""z Rs, (;E(Bz) + ?F2(32)> (45h)

The remaining part of (43) is

0
T
RB] RFz 5P(pFl <r‘2))y”'(r2)
0
T
_RB2 RF25P(PF1 (Fz))ym(Fz)

oI = (46)

When F| and F, are coincident, for instance when the constraint of the fixed joint is satisfied, the relative quaternion p Firy is
2

the identity quaternion, and the projection matrix boils down to P(pp, ) = %13><3~
2

3.1.2. Projection part

The matrix P(pp, (Fz)) present in (25) — originated from the variation of the quaternion of (C.2) — can map the Lagrange multipliers
Y, to a part of the reaction torques in the basis of the main frame F,, thus we call it projection matrix. Consequently, the remaining
term (46) is called the projection part of the tangent stiffness matrix of constraints.

Remembering the equality (C.12), and substituting (21), the expression (46) is further derived as

0

T T 3 6
RB, Rp,G (pFl (Fy)’ y'"(Fz)) RFl (RBIGIBI - RBZGIB2 )
0
T T 9 &
_RBZ Rp, G (pF1<F2)’ y'"(F2>) RFI (RBI 9131 - RBzngz )

§I = (47)

1T
Grouping the coefficient terms according to the generalized coordinates 6q = [5r£l s OfBT ,6r§2, O?BT , one obtains the projection
1 2
part of the tangent stiffness matrix of constraints as

0 0 0 0
| 0 KD 0 KD 9
o kK o kP
of which the sub-blocks are
Kg;) = Rgl Rp,G (pFl y Vmurz)) Rf;l Rp, (49a)
KP) = —R% Rp,G (pF] . ym(Fz)) RL Ry, (49b)
K‘(;;) =- Rgz Ry G (p Fiiy ym(F2)> R,iI Rp, (49¢)
K®) = R Ry, G (,oFI . ym(FZ)> RL Ry, (49d)

If F,, F, are coincident, for instance, when the constraint of the fixed joint is satisfied, the relative quaternion PF 5, is the
2

identity quaternion, one has a simple matrix G ( PE 5y Y >) = _irm(r )
2 "2 2

3.1.3. Complete form
The complete form of the tangent stiffness matrix of constraints is the summation of the main part (44) and the projection
part (48).

K, = KM 4+ k® (50)

The block patterns of K™ and K" are symmetric, but in general both of them are neither symmetric nor skew-symmetric.

The tangent stiffness matrix of constraints of other types of joints in Table 1 can be calculated using (50) directly. The reaction
forces and torques associated with the free DOFs are zero, thus the corresponding rows can be removed from the Jacobian matrix
of constraints.
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Fig. 2. The pendulum with a point mass, hinged at one end of the link under gravity.

3.2. Rheonomic constraints

The Jacobian matrix of translational rheonomic constraints is the same as the scleronomic constraints, hence the tangent stiffness
matrix is the same.

There is a difference in the rotational rheonomic constraints. By comparing the expression (25) and (33), one can note that the
only discrepancy between the scleronomic and rheonomic constraints is the projection matrix P: replacing P(pp, (Fz)) in (25) with
P(p Ff<"‘z>) one obtains the expression (33). Thus one just needs to replace P(pp, “'_2)) in (44) with P(p Ff)("‘ﬁ) to revise the main part
of the tangent stiffness matrix of the rheonomic constraint and replace the quaternion p Fi (k) with p FO ) in (47) to obtain the
projection part of the tangent stiffness matrix of the rheonomic constraint.

4. Examples

In order to emphasize the main role of the tangent stiffness matrix of constraints both in static and eigenvalue analyses a set
of examples are chosen and modelled in the open-source multibody software Curono [16]. The high flexibility of the tool allows to
selectively enable and disable the stiffness term on the base of the required testing conditions.

4.1. Pendulum

The pendulum example consists of a single point mass hinged at the top point O to the fixed world and has an initial offset angle
0 with respect to the vertical axis i.e. to the gravity direction (see Fig. 2 and Table 2). A Newton-Raphson iteration loop is performed
in the initial configuration to search for a set of generalized coordinates q and Lagrange multipliers y satisfying all the constraints
under the external forces. After this assembling phase, reaction forces and torques of the joints are determined, thus allowing the
correct evaluation of the tangent stiffness matrix of constraints ((45) and (49)). By suppressing the inertia and damping forces
in (7), a Newton-Raphson iteration loop is then carried out to find the static equilibrium. The mass, stiffness, damping matrices and
the Jacobian matrix of constraints of the system are extracted in this latter equilibrium configuration. The generalized eigenvalue
problem [1] is set up and the eigenvalues are solved.

When the mass starts in a lower position with respect to the hinge point O (]|6|| < 90 deg) the static analysis converges to
the lowest equilibrium configuration. In this case, the eigenvalues are a pair of imaginary numbers 0 + 1.566i which indicates the
oscillating behaviour of the pendulum, matching the theoretical value w =1/g/L = 1.566 rad s~!. In contrast, when the mass of the
pendulum starts above the hinge point O (||6]] > 90 deg), the pendulum converges to the upper (unstable) equilibrium state. This
is an expected behaviour of the Newton-Raphson iteration that looks for the closest solution. The eigenvalues are a pair of real
numbers +1.566 + 0i thus implying an unstable motion; their absolute values match the theoretical solution.

Without the tangent stiffness matrix of constraints, the system stiffness matrix of the pendulum becomes zero, leading to the
failure of static and eigenvalue analyses.

In order to test the computational workload introduced by the evaluation of the K, term, the pendulum dynamic simulation has
been run for g, = 1 x 10*s on an Intel Core(R) i7 10510U CPU, with 1.80 GHz and 16 GB of RAM; the Intel VTune(R) tool has been
used for profiling. The total required CPU time resulted in 7., = 12.6325, of which 1.124s (i.e. 8.9%), were spent in the evaluation
of the tangent stiffness matrix of constraints.

10
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Table 2

Pendulum parameters.
Property Value
Mass (m) 15kg
Length (L) 4m
Gravity acceleration (g) 9.81ms™2
Offset angle (6) 30°

$Q\Illlg

SCHRONO

%[NG\N[
mn

Fig. 3. An anchor chain hinged at two ends under gravity in its initial and equilibrium configuration.

4.2. Anchor chain

An anchor chain is modelled using a series of rigid bodies and joints (Fig. 3). The left and right ends of the anchor chain are hinged
at the coordinates A(0,0,0) and B(10,0,0). The middle point is given at C(5,0, —6). A series of rigid bodies connected through double
revolute joints (where the two bending degrees of freedom are released) are built between A, C, and B, C and initialized in a ‘V’
shape configuration. The axial flexibility of the chain is neglected since the interest is to investigate the effect of the tangent stiffness
matrix of constraints. Nevertheless, the inextensibility hypothesis is a good approximation from the practical point of view [17].

4.2.1. Static analysis

The assembly and static analyses are carried out. The anchor chain drops because of gravity, as shown in Fig. 3. The horizontal
components of the reaction forces of the joints expressed in the absolute frame are found to be constant, which is a typical
characteristic of the catenary curve.

The analytical expression of a catenary curve is z = acosh(x/a + x;) + z,, where x, z, are the coordinate offsets of the original
point, a = T;)/(mg) is the constant coefficient of the catenary curve, T} is the horizontal internal force, m is the mass per unit length
and g is the gravity acceleration.

The coordinates of the rigid bodies on the anchor chain in the equilibrium configuration are compared against the analytical
catenary curve, as Fig. 4.

4.2.2. Eigenvalue analysis

Also the eigenvalue analysis of the anchor chain at the equilibrium state is performed. The modal frequencies of the first four
modes are listed in Table 3, where the corresponding modal shapes are plotted in Fig. 5.

Non-linear time domain simulations are performed to identify the first four modal frequencies. A constant force f is applied at
the point C in the first 5 s to excite the vibration of the anchor chain around the equilibrium state. Later the force is removed to

11



C. Peng et al. Computer Methods in Applied Mechanics and Engineering 419 (2024) 116667

1 T T T T
—#— Chrono
A Analytical B
0% &
& ¥
A %
. % &%
E ® #
Qo -2F % & 1
S ® F
8 -3r ® # 1
& ol
Ar * # |
% #
%, &
R &
5 B g & 1
T g @ ®
Cc
-6 L L L !
0 2 4 6 8 10
X coordinate [m]
Fig. 4. The validation of the catenary curve.
Table 3
Modal frequencies of the anchor chain.
No. Frequency [Hz]
1 0.240
2 0.309
3 0.504
4 0.551

allow the free vibration. The amplitude spectrum from FFT analysis is shown in Fig. 6, where the data of the first 10 s have been
discarded to avoid the influence of the transient impulse at the beginning of the simulation.

The constant force is applied in the X (longitudinal), Y (lateral), and Z (vertical) directions, respectively, to activate the vibration
of the corresponding modes:

» When the excitation force f is applied in the + X direction, as in Fig. 6(a), the anchor chain oscillates at the frequency 0.311 Hz,
which matches the second modal frequency in Table 3.

» When the excitation force f is applied in the +Y direction, as in Fig. 6(b), the dominant frequency is 0.244 Hz, whereas another
peak frequency of 0.544 Hz is also observed with a lower amplitude. These two peak frequencies match the first and fourth
modal frequencies in Table 3, respectively.

» When the excitation force f is applied in the —Z direction, as in Fig. 6(c), the anchor chain oscillates at the frequency 0.5 Hz,
which corresponds to the third modal frequency in Table 3.

The oscillation follows the directions of the excitation forces in the aforementioned three test cases, and is consistent with the

dominant directions of the corresponding modal shapes. It is concluded that a pretty good agreement is obtained between the
eigenvalue analysis and the non-linear time domain simulations.

4.3. Double wishbone suspension

The double-wishbone suspension proposed in [11] has been replicated (Fig. 7) preserving the original geometry and inertial
properties, but replacing some of the original constraints:

the wheel has been considered as a rigid body and fixed to the upright;

the non-holonomic constraint between the tyre and the road has been removed;

the chassis has been fixed with respect to ground;

the suspension damper has been excluded from the simulation, in order to get the undamped vibration modes;
the excitation force is applied along the vertical direction directly to the wheel;

since only few specifications were given about the spring—damper, the preload compression has been set to 4275 N, leading to
a rest length of 0.664 m.

With this setup the equilibrium force to be applied to the wheel centre resulted in F, = 3253 N.

12
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(a) No.1, out-of-plane swinging mode. (b) No.2, in-plane swinging mode.
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Fig. 5. Modal shapes of the anchor chain.
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Fig. 6. The vibration of the middle point C of the anchor chain.
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(a) Side View. (b) Top View.

Fig. 7. Double Wishbone Suspension.

This setup has been used, with little variations, for all the three different analyses. Summarizing: the suspension is initially
analysed through a time-domain dynamic simulation by applying a modest perturbation force to the wheel hub. The oscillations are
then analysed in the frequency domain and the results compared against the eigenvalue solution. This approach is indeed reasonable
since the dynamic simulation is not affected by the tangent stiffness matrix of constraints, thus allowing the fairest comparison.
Eigenvalues of the structure, with and without the tangent stiffness matrix of constraints are then compared.

In more detail, during the time-domain simulation an additional excitation force is temporarily added to the system. The force
is applied right at the beginning of the simulation in the vertical direction, with a magnitude of 1% of the equilibrium preload F,
and released as a step function at ¢ = 1 s. The simulation runs for t = 50 s with a timestep of Ar = 1 ms; this guarantees the required
resolution and frequency span for the Fourier analysis; the Hilbert-Hughes-Taylor integrator method (HHT) is used in order to reduce
the numerical damping effects.

The time signal of the vertical position (suspension travel) is transformed by the Fast Fourier Transform in MATLAB in its
frequency-domain equivalent. An appropriate window has been applied in order to filter out the perturbation phase. Fig. 8 shows
the resulting spectrum: the main mode at frequency 3.799 Hz is clearly identified.

The second term for the comparison comes from the eigenvalue solution of the structure. Again, a preliminary assembly phase,
followed by a static simulation is required to make the system reach the correct initial configuration. In this phase the tangent
stiffness matrix of constraints has to be included since it is crucial for the proper convergence of the model. In the next step two
eigenvalue analyses are run, both with and without K. Since the tangent stiffness matrix of constraints is asymmetric the Krylov-Schur
eigenvalue solver has been used.

Results coming from the two eigenvalue analyses are compared with those coming from the dynamic simulation, taken
as reference value. The results highlight relevant differences: the frequency obtained including the tangent stiffness matrix of
constraints (3.899 Hz) shows a significantly closer match compared to the results where the K, matrix has been neglected (3.125 Hz).
It has to be noted that the choice of different integration schemes might matter: picking HHT over simpler Implicit Euler methods
allows to reduce the shifting effect of the damping, in any case always below 2%.

5. Conclusion

Using quaternion-based finite rotations, we derived a general expression of holonomic constraint equations and their Jacobian
matrix. The formulation represents a generic fixed joint, but it can be easily extended to a series of derived free-motion joints by
suppressing specific rows of the Jacobian matrix. Also, a consistent and unified analytical expression for the tangent stiffness matrix
of constraints is derived, showing the split between two (asymmetric) terms K, = KM 4 P,

Three examples are presented to demonstrate the importance of K, in the static and eigenvalue analyses of multibody dynamics
systems featuring rigid-body motions.

The analytical expression of the tangent stiffness matrix of holonomic constraints has been implemented in the open-source
multibody library curono [16].
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Fig. 8. Frequency of free degree of motion.

Appendix A. Notation

Here is the generic convention that we use for symbols.
In some cases, for rotations and displacements or their derivatives, we need to specify respect to which reference frames they
are expressed, and in which basis they are measured. This is done using subscripts like in the following scheme

Oro.FrRoMgasts)

where FROM can be a point of the origin of a frame, TO can be a point or the origin of a frame, (BASIS) is a frame.

For some tensorial quantities (virtual rotation vectors, position vectors, etc.) we often use / or a as shorthand symbols for (BASIS),
where / means measured in the local basis (also intrinsic or material quantities, in some literatures), a means measured in the absolute
basis or in general in the parent basis (also known as extrinsic or spatial quantities, in some literatures).

When there are no sources of misunderstanding, we omit or simplify those subscripts as in the following examples, where one
understands that if the TO entity is omitted, it is assumed to be the (BASE) entity, and if also the (BASE) entity is omitted, then it
is assumed to be the W world reference.

t time

q vector of configurations

p rotation (quaternion) of a rigid body frame

rpa.,  Dosition of B respect to A, in C basis

B position of B respect to A, in B basis

r, position of A respect to W world reference, in W basis

Ry rotation matrix of frame A respect to frame B

Ry rotation matrix of frame A respect to world reference, shorthand for Ry

GiA virtual rotation vector of frame A respect to absolute world reference, in absolute basis, shorthand for G‘Z'W(W) or Gi(w)
GfA virtual rotation vector of frame A respect to absolute world reference, in local basis, shorthand for GZ.W(A) or Gim

Appendix B. Rotation parametrization via quaternions

While important properties and definitions for quaternions can be easily found in literature (for example [18,19]), more specific
symbols and properties used in the paper are listed in this section.
The variation of the identity quaternion p; = [1,0,0,0]” is equal to the zero quaternion po =10,0,0, 0"

Spp™ +pép*=dp*p+p*ip=pg (B.1)
The unit quaternion p can be used to operate a rotation of a vector in the three-dimensional space
0,r)) = pO,rpp* (B.2)

where r, r, are the vectors expressed in the local and parent frames, respectively.
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The rotation transformation (B.2) can be also performed via a rotation tensor R € SO(3) as
r, = Rr, (B.3)
where the rotation matrix R can be computed from its corresponding quaternion p as

pa+ri—0i—p%  2pipr—p3py)  2pips + pano)
R(p)=| 2(p1p2 + p3p0) P% - ﬂ% + P% - IJ§ 2(=p1po + P2P3) (B.4)
Apips —p2p0)  2pipo+pap3) Py — P = P3+ 05

The rotation matrix R(p) can be also expressed as a product of two auxiliary matrices F(q)q and F(q)g as

R(p) = F(P) F(p)s" (B.5a)
+tpr tpy  —p3 tp
Flpg =+ +p3 +py - (B.5b)

+p3  —py P +pg
tpr tpy  tp3 P2
+p =Py tpo tpy (B.5¢)
tos  +py - tpo

Flp)g

These two auxiliary matrices have the following properties, that hold only for the unit quaternion p
F(p)aF(p)e" = F(P)sF(p)s" 1 (B.6a)
F(p)p" F(p)p = F(p)s" Flp)g = (I—p*p*") (B.6b)

The variation of (B.2) follows the chain rule as
0,6r,) =36p0,r)p* + pO,r)sp™ + p(0,6r)p* (B.7)
Remembering the equality R = R’G\f, the variation of the vector ér, can be also performed for the rotation transformation (B.3)
5r, = 6Rr, + Rér; = Rg;;r, + Rér, (B.8)

where Gf is the virtual rotation vector® in the local basis. (7) is the operator to convert a vector to its corresponding skew-symmetric
matrix.

Expanding (B.8) to the notation of pure quaternions, and remembering the equivalent rotation transformation via the quaternion
in (B.2) and the rotation tensor in (B.3), one obtains

0,6r,) = p(0,6r)p* + p(0,5r))p* (B.9)
Substituting (B.9) into (B.7), and making use of the property (B.1), one obtains
0,02r) = p*6p(0,r)) — (0.r)p*5p (B.10)
From (B.1) one sees the summation of p*§p and its conjugate is p,, thus p*6p is a pure quaternion and can be denoted as
p*6p =(0,v,). After removing the zero real part, (B.10) can be simplified as
0%r, = 20,1, (B.11)

The equality (B.11) is true for an arbitrary vector r;, leading to a concise equation Bf = 2v,. Expanding it to pure quaternions,
one obtains the transformation relation between the variation of a rotation quaternion §p and its corresponding virtual rotation
vector 67

5p= % p(0,6) (B.12a)
5p = %(0, 0)p* (B.12b)

where Oi is the virtual rotation vector expressed in the parent frame, Gi = R(p)ef.
As an alternative, by using matrix algebra, and remembering (B.5) and (B.6), one can express (B.12) as

1

sp = EF(p*)®T9? (B.13a)
1

sp=5F(p o' 6 (B.13b)

1 In general, 6° is not the differential of an Euclidean vector 6. In practical terms, there is no way to obtain a finite @ by directly integrating a vector 6.
This is the reason why we prefer the notation 6° instead of 66 to avoid misunderstandings.
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Appendix C. Projection matrix

By introducing a projection matrix P(p) € R¥ equal to the bottom three rows of the matrix %F(p *)@T, which can be expressed
as

1 .
P(p) = 3 (sI3x3 + D) (C.1)
the imaginary vectorial part of (B.13a) can be written as
Im (8p) = P(p)0? 2

The projection matrix P(p) of a unit quaternion p has important properties as below

P(p)" =P(p*) (C.32)
P(p) = P(p)" R(p) (C.3b)
P(p) = R(p)" P(p)R(p) (C.30)

oyt = < (R + Ins) ©3d)

When the rotation angle represented by p is +, the scalar part s = 0, leading to a singular projection matrix P(p).
For the quaternion pp, . representing the relative rotation of the driven frame F, with respect to the main frame F,,
2

remembering (C.3b), and expanding the relative rotation R(p £ (Fz)) = Rg Rp,, one obtains

Tl _ T
P(PFI(FZ)) Ry, = P(pp, (Fz>)RF1 (C.4)
For an arbitrary unit quaternion p = (s, v), its variation can be denoted as
&p = (6s,6v) (C.5)

Recalling the equality (B.12a), and remembering the multiplication properties, the variation of a quaternion can be computed
as
1 1
5p=3(.0) (0,9?)=§(—v-9f,59f+v><0f) (C6)

where () is the dot product of two vectors, and (X) is the cross product of two vectors.
Comparing (C.5) and (C.6), the scalar and vectorial parts of the variations should be equal respectively, leading to

b5=-30-6] €7
bv= 3 (56] +vx07) C8)

Remembering the definition of the projection matrix (C.1), after substituting (C.7) and (C.8), and using the equalities @ + b =
a+ b, ab = ab — ba,Va, b € R?, the variation of the projection matrix P(p) can be derived as

1 \ o o=
5P(p) = (— (- 600) Iy + (sT33 + ) 07 — 9;5:;) (C.9)
Its multiplication with Lagrange multipliers y,, can be further calculated as
1 1 - -
SP(P)Y,, = (‘ZYmVT = m (sIzys + v)) 0;3 (C.10)

where the equalities (a - b)c = (ca’ ) b, ab = —ba, @b = ab — ba, Va,b,c € R? are used.
By introducing another auxiliary matrix G (p,7,,) € R>3

1 1 — -
G(p.¥m) =—ZymvT— il (5133 + D) (C.11)
one obtains an equality in a compact form
8PPy =G (p.1) 6] (C.12)
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