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Reduced dynamics of the non-holonomic Whipple bicycle

Frédéric Boyer, Mathieu Porez and Johan Mauny'

Though the bicycle is a familiar object of everyday life, modelling its full nonlinear three-dimensional
dynamics in a closed symbolic form is a difficult issue for classical mechanics. In this article, we address
this issue without resorting to the usual simplifications on the bicycle kinematics nor its dynamics. To
derive this model, we use a general reduction based approach in the principal fiber bundle of configurations
of the three-dimensional bicycle. This includes a geometrically exact model of the contacts between the
wheels and the ground, the explicit calculation of the kernel of constraints, along with the dynamics of
the system free of any external forces, and its projection onto the kernel of admissible velocities. The
approach takes benefits of the intrinsic formulation of geometric mechanics. Along the path toward the
final equations, we show that the exact model of the bicycle dynamics requires to cope with a set of
non-symmetric constraints with respect to the structural group of its configuration fiber bundle. The
final reduced dynamics are simulated on several examples representative of the bicycle. As expected the
constraints imposed by the ground contacts, as well as the energy conservation are satisfied, while the
dynamics can be numerically integrated in real time.

1 Introduction

Since its birth, the bicycle has drawn the attention of scientists from the pioneering treatises
by [37, 7, 8, 39, 14], to the most recent works of [4, 30, 18], including the important steps by
[25, 23, 38, 27, 20] to name a few among the most significant ones. In particular, it is well known
that the model of the rigid four-body bicycle with knife-edge wheels, introduced for the first time
in the seminal works of Whipple [39], is a non-holonomic system, i.e. a system whose description
of motions, requires more configuration coordinates than the number of its admissible velocities.
Originally studied by Hertz [22], Appell [1] and Chaplygin [16], non-holonomic systems have
recently aroused a new interest in the context of mobile robotics of planar wheeled vehicles such
as the simple unicycle or the car-like platform [24, 13, 31]. Though sharing non-holonomy with
these systems, the bicycle differs from them by the fact that contrarily to a simple unicycle,
its shape-controlled locomotion dynamics cannot be fully described with a kinematic model but
also require a further dynamic model. As such, the bicycle belongs to the less common class of
dynamic non-holonomic systems which have been studied over the past years in the community
of geometric mechanics [15], and geometric control [6], with applications to planar undulatory
systems as the snake-board [34, 33, 32]. In this system, the locomotion is based on the transfer
of kinetic momentums from its internal (shape) degrees of freedom to its external (net) ones,
through non-sliding conditions imposed by the wheels [11]. In spite of being a dynamic non-
holonomic locomotion system as the snake-board or the younger trikke [17], the bicycle differs
from these undulatory systems by several characteristics which make it a system unique. Indeed,
the wheels of the bicycle are not used for kinetic momentum transfers, but rather to ensure the
self-stability, a property which is fundamental for control theory [28, 21, 2, 3], and which cer-
tainly explains the empirical success of the bicycle [26]. From the point of view of modeling,
the bicycle being fundamentally three-dimensional, the derivation of its dynamics is much more
difficult than usual non-holonomic planar systems. Beyond the geometric nonlinearities which
unavoidably grow while progressing toward dynamics, the modelling difficulties arise from the
early geometric and kinematic modelling stages. In particular, the position of the contact points
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in a frame attached to the bicycle move with the bicycle configuration, so requiring a contact
model which is almost systematically eluded in the literature on the topic. Another modelling
difficulty is due to the unavoidable holonomic constraints modelling no-penetration nor lifting
of the wheels along vertical. This introduces a kinematic loop coupling the attitude of the
bicycle with its handlebar steering, and results in an implicit nonlinear algebraic system that
cannot be solved explicitly for the purpose of coordinate reduction [36]. All these difficulties
probably explain why most of the bicycle dynamic models proposed so far are based on simpli-
fied designs, inertial approximations and approximated kinematics. In particular, the complex
kinematic coupling imposed by the above mentioned kinematic loop as well as the configuration-
dependency of the contact points, are mostly ignored and replaced by approximated decoupled
kinematics where the position of contact points in the bicycle frame only depend on its design
parameters [38, 21, 9, 10]. Beyond these analytical approximated models, recent progresses in
computational multibody system dynamics have provided a definitive solution to the fully non-
linear dynamics of the Whipple bicycle and proposed a benchmark [30], which has opened the
way toward the explanation of the self-stability of the bicycle [26], an issue that has been highly
debated throughout the history of bicycle dynamics.

In this article, we address the issue of modelling the exact nonlinear dynamics of the three-
dimensional Whipple bicycle. In contrast to previous works on the topic, this issue is addressed
in the context of the geometric locomotion theory on principal fiber bundles as it has been
developed over the past years in the field of geometric mechanics and robotics [24, 35, 11]. In
this context, the dynamics of the bicycle are investigated on its configuration space SE(3) x S,
where SFE(3) stands for the special Euclidean Lie group of the bicycle net displacements in
the three-dimensional ambient space, while S is the shape space of its internal degrees of free-
dom (DoF). Following a reduction approach presented in [9], the dynamics are first stated in
(se(3) x T'S/S) x (SE(3) x S), and then projected onto (ker(A,B)) x (SE(3) x S), where
ker(A, B) stands for the kernel of a set of constraints modelling the zero ground-wheel velocit-
ies conditions. These kinematic constraints include the no-penetrating nor lifting conditions, a
choice which allows changing the analytically unfeasible coordinate reduction into the feasible
velocity reduction. The position of the ground-wheel contact points are exact and obtained by
the inversion of a set of algebraic conditions imposing the parallelism of the planes tangent to
the wheels with that of the ground. The solutions of this contact problem being dependent on
the position-orientation of the bicycle in SE(3), the kinematic constraints are not symmetric
(with respect to the structural group) along the fibers of SE(3) x S. However, taking advantage
of the intrinsic modelling in SE(3) allows outsourcing all the artificial nonlinearities induced
by the three-dimensional rigid body motions (as those introduced by the Euler angles usually
used for modelling the 3D bicycle) to a set of reconstruction equations that can be numerically
integrated. The approach gives at the end a closed symbolic form of the reduced dynamics of
the bicycle whose solutions satisfy the constraints as soon as the dynamics are initialized in a
configuration which is compatible with the two holonomic constraints of vertical no-penetrating
nor lifting. The final equations are fully nonlinear and can be qualified of "geometrically exact'
since they do not require any of the simplifications usually done to study this system. To valid-
ate the approach, these reduced dynamics are simulated on several examples with comparisons
to a numerical benchmark recently proposed in [30]. As expected, the results obtained with our
reduction-based approach match those of this numerical code and tend to show that a closed
form of the fully nonlinear dynamics of the three-dimensional bicycle, at least for simple designs,
could be in fact reachable. Finally, the aims of the article are two folds. Firstly, it provides
a new (intrinsic) formulation of the bicycle dynamics. Secondly, it illustrates how some of the
reduction techniques developed in recent years can be applied to the three-dimensional Whipple
bicycle.
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The article is structured as follows. We start by giving the parametrization of a MMS and the
notations we use in the article in section 2. The purpose of section 3 is to provide a general
algorithm for deriving in a systematical manner, the reduced dynamics of a MMS with persistent
point contacts. The next three sections consist of the application of this general algorithm to
the case of a three-dimensional bicycle. The modelling of the bicycle starts with the geometric
model of the contacts wheels-ground in section 4, continues with its kinematics (section 5), and
ends with its dynamic model (section 6). These reduced dynamics are numerically tested in
section 7 while the article ends by a conclusion (section 8).

2 Parametrization of a MMS, application to the bicycle

The bicycle is modelled as a rigid Mobile Multibody System, or MMS, interacting with a fixed
rigid substrate through persistent ideal contacts. Such a system (see figure 1) is constituted of
a sequence of n + 1 rigid bodies By, By, ..., By, interconnected through n one DoF revolute joints
parameterized by the vector r = (71, ...,7,)7 of relative angles around the joint axis between the
bodies. The entire system moves in the ambient Euclidean space, or "physical space"', endowed
with a fixed orthonormed frame F, = (O, S, ne, a¢ ), named spatial frame. The body By stands
for the reference body, i.e., for an arbitrarily distinguished body whose motions define the net
motions of the MMS, and with respect to which, the motions of the other bodies define the shape
time-variations of the MMS. Any MMS configuration can be defined by an instance of the vector
r = (r1,...,mn)7, i.e., as a point on the manifold S = (S')", together with a position-orientation
matrix g € SE(3) of By with respect to F.. The set SE(3) is the Lie group of Euclidean dis-
placements in R?, and the configuration space of the MMS is a trivial principal fiber bundle
C = SE(3) x S, i.e., the product of a base manifold (here S), and of a structural group (here
SE(3)), named the fiber. In C, a configuration of the MMS is defined by (g,r) and the map
(g,7) +— (hg,r) for any h € SE(3), defines the (left) action of SE(3) on C [5]. Time evolutions
of r € R™ define the motions of the MMS on the shape space S, while those of g € SE(3) define
its rigid net motions. Any arbitrary motions of the MMS is a composition of these two types
of motions. At any time ¢, the contacts are assumed to be exerted through a discrete set of
geometric points defined as the intersection of the current configuration of the MMS with the
substrate. In each of these points, the linear velocity with respect to the substrate is forced to
be zero along a set of directions defined in Fy.

In figure 2, the above general model is applied to the three-dimensional rigid bicycle of Whipple
[39], i.e., a four-body MMS constituted of a frame By, a fork B; and two knife-edge wheels B
and Bs, all these bodies being connected together through n = 3 revolute joints parameterized
by r = (r1,7m2,73)" € R3, rj measuring the time-dependent angle between B;_1 and B;. The
system is in contact with a planar ground to which the spatial frame (O, s¢, ne,a.) is fixed,
with s. supporting the vertical axis. According to figure 2, p denotes the (fixed) fork angle,
and each body B; is endowed with a mobile orthonormed frame F; = (O, s;,nj, a;) where the
center O; coincides with the center of the joint j, and a; supports the joint axis. For any tensor
T} related to a body Bj, lT] denotes the matrix of its components in the frame F;. To simplify
the notations, the upper-left index is omitted when F; = F;, ie., Tj = JTJ The position of a
point P in a frame F; of origin O; will be denoted p;(P). Finally, time derivation is denoted by
a 'dot’.
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Figure 1: Mobile Multibody System subject to point contacts with a rigid substrate (the ground).

3 Dynamics of a MMS subject to persistent contacts

In this section, we present a reduction process of the dynamics of a MMS subject to constraints
imposed by persistent point contacts with a rigid substrate. This process is introduced in [9]
in the case when the system is possibly submitted to some imposed internal motions. Here,
we will apply it to the case where only the internal forces can be imposed. This is the case of
the bicycle when its handlebar and rear wheel are torque-controlled. Moreover, modelling the
contacts exactly will need to extend the model of constraints introduced in [9] in a sense we will
detail in the following.

3.1 Dynamics of a constrained MMS in its configuration principal fiber bundle

In all the subsequent developments a "hat" covering a vector U will define a matrix U=uh
whose definition depends on the dimension of U. Thus, if U € R3, U € R? @ R? denotes the
skew-symmetric matrix such that UW = U x W for VIW € R3. If U = (VT,WT)T € R® with

V,W € R3, then:
U:(Ig K>ER4®R4, (1)

while if U = (VT,WT)T € R6*" with n the number of internal joints of the considered MMS,
V € RS and W € R™, then, the hat operator will be such that:

14 n
U:<W>€(R4®R4)><R : (2)

i.c., U represents the concatenation of a 4 x 4 matrix (V) and a n-dimensional vector (W).

According to our general model, the bicycle is considered as a constrained MMS subject to
persistent point contacts which are assumed to be ideal. In its principal fiber bundle of config-
urations C = SE(3) x S, the paths ¢t — (g,7)(t) in C of any constrained MMS, are governed by

4
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dynamics of the general form:

g(ﬁg;:) <n> - (gz) " (@ . 3

The bottom-equation of (3) stands for a kinematic model allowing to reconstruct the trajectory
of the MMS in C from the time-evolution of its velocity (n’,71)T € se(3) x T;.9, itself governed
by the top equation of (3). In (3), we find from left to right, the inertia matrix of the system
in (se(3)* x R") ® (se(3) x R™), the vector of accelerations in se(3) x R™, the vector of inertial,
external and control forces which is detailed as:

f f n f ext 06

(o) -(a) ()", ®
with (fL,QF )T the vector of Coriolis and centrifugal forces, (fL,, QL,)", that of external
(except those exerted by the contact), and (0F, 71, 72...7,)T the vector of control forces, all these
forces being in se(3)* x R™. Finally on the right hand side of (3), we find the vector of generalized
forces (in se(3)* x R™) imposed by the ideal contacts, where A € R™ is a vector of Lagrange
multipliers modelling the reaction forces that are exerted in the physical space by the substrate
onto the MMS through the contact points. These contacts are modelled by m independent

kinematic constraints of the general form:
Om = A(g,7)n + B(g, )", (5)

where A et B are some matrices (with m = rank(A, B)), deduced from zero-velocity conditions
between the substrate and the system in their contact points.

Remark 1: Practically, to derive the constraints (5), we first consider a each time, a set of p
contact points C;, ¢ = 1,2,...,p. These are geometric points defined as the intersection of the
current configuration of the MMS with the substrate. These points are parameterized by their
positions po(C;) in Fy. In each of these points, the contact prevents the translations of the MMS
with respect to the substrate, along m; directions noted u;(C;), | = 1,2,...,m; < 3, where each
u; is a unit vector of the three-dimensional physical space R? expressed in Fy. Thus, we start
from the relations in the physical space:

ul (Cv(po(Ci)) =0,i=1,2,....,p,1=1,2,....m; , (6)

in which, it suffices to introduce the position and velocity fields of the MMS in Fy, noted pg and
v, as functions of (g,n,r,7), to obtain a set of >_¥_, m; constraints on SE(3) x se(3)* x T'S*,
from which we extract the expected m independent constraints of (5).

Remark 2: The map pairing each system configuration with the p couples (po(C;), u(C;)) where
u(C;) = (u1(Ci), u2(Ci), ..., um, (C;)), defines the geometric model of contacts of a MMS subject
to persistent point contacts. It is formally defined as:

(po, u)(Ch)
= F.(g,7) . (7)
(o, w)(Cp)

Remark 3: In contrast to the context of [9], the A and B matrices of (5) possibly depend on
g. When this is not the case, the constraints are said to be left-invariant. Physically, this means

5
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that they are not affected by any rigid transformation applied to the fixed frame of space (the
ground frame in the case of the bicycle), or equivalently, they do not depend on the position-
orientation ¢ of By in space, when they are expressed in terms of the Fy-related net velocities
here denoted 7 = g~'¢. On the dual side, if A and B are g-dependent, the reaction forces of the
right hand side (3), are no more left-invariant too. In the case of the bicycle, we will see that
the constraints imposed by the wheel-ground contacts are not left-invariant in SE(3) as soon
as its frame is tilted and its handlebar is turned. Finally, let us note after remark 1, that this
dependency of constraints with respect to g can occur if and only if the directions u(C;) or/and
the positions of the contact points in Fy, i.e. po(C;), are themselves g-dependent. In the case
of the bicycle, we will see that this is for the second of these reasons that the constraints (5)
are not left-invariant. Finally, let us note that for the bicycle, the dependency on g also occurs
through the gravity external forces, i.e., in the (f7,QT)T vector of (3).

3.2 Reduced dynamics of a constrained MMS

The dynamics of the mobile system can be reduced through the projection of (3) in the ker-
nel of the constraints (5). Practically, this reduction consists firstly in calculating the kernel
ker(A, B) of (5), which stands for the subspace of admissible velocities. Then, the velocities and
accelerations are reexpressed using this subspace through the relations:

(Z) = H(g,r) (;’j) , (”) = H(g,r) (") + H(g,v) (ij) , (®)

H(g,r) = (c;ie) B H(gexp(en),r +er) . (9)

Geometrically, the columns Hy of H(g,r) define a set of n + 6 — m independent vector fields
Hy : (g,r7) € SE(3) x S — Hy(g,r) € se(3) x T,.S spanning ker(A, B)(g,7), and we write more
concisely H = ker(A, B). The components of the MMS velocities in this set of vector fields,
or distribution, are gathered in (n!,#!)T, which defines a new vector of R6*"~™ named the
vector of reduced velocities. Secondly, we introduce (8) in (3) that we project onto the space of
(virtual) velocities which, being compatible with the contacts, also satisfy (8-left). Then, since
we have HT (A, B)T =0, we get the reduced dynamics in the form:

M’I’ Mg '7“ _ fr
() (2)-(6)

Which have to be supplemented with the reduced reconstruction equation, obtained by using

(2) and g~1g = n in (8-left): N
0-0)

In (10), we have introduced the following reduced matrices:
(Mr mr> =4 (M m ", (12)

(@)= ((a) (5 W) (2)) i

The above relations stand for the projection of the dynamics (3) into the kernel of the constraints
H. Since )\ plays no role in these relations, they can be alternatively interpreted as the projection
in H of the dynamics of the system free of any contacts, or more concisely, of the free dynamics
given by (3) in which A = 0.

with:
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Remark 4: Equations (10) and (11) define a closed set of differential equations whose time-
integration from initial conditions gives the paths of a constrained MMS in its configuration
space C = SE(3) x S. It is worth noting that they hold for both non holonomic and holonomic
systems. However, while in the first case, the constraints (5) are non integrable, in the second,
they derive from a set of m geometric constraints ®(g,r) = 0,,,, according to:

b= (3) _ Blgesp(ei),r+ i) = Alg.r)n-+ Blo,r)i =0, (14)
e=

As a result, it is worth noting here that replacing the geometric constraints by these kinematic
ones is equivalent if and only if the dynamical system (10,11) is integrated by starting in the
constraint sub-manifold ®(g,r) = 0,, of C, i.e., if ®(g(to),r(to)) = 0., where to is the initial
instant of the motion. In this case, since the reconstruction equation (11) progresses along
velocities lying in the tangent spaces to the constraint sub-manifold, the system will remain on
it while more generally, it will evolve in another level set such that ®(g,r) = ®(g(to),r(0)).
This context will hold for the three-dimensional bicycle since the wheel-ground contacts impose
both holonomic and non-holonomic constraints.

Remark 5: Although mathematically, the constraint sub-manifold defined by the m holonomic
constraints ®(g,r) = 0, is preserved by (10,11), numerically the approximative time integration
of the reconstruction equation introduces a slight drift which makes progressively them violated.
As this will be illustrated later on, in the case of the bicycle, this drift can be easily suppressed
by adding a fast numerical component to the reconstruction equation (11). This corrective term
will aim at forcing the two wheel-ground vertical (holonomic) constraints without perturbing
the slow reduced bicycle dynamics.

Remark 6: The above reduction process can be generalized to several other contexts. For
instance, when a part or all the internal shape variables, or the poses of a set of rigid obstacles,
are prescribed through known time evolutions. In this case, the reduced kinematics (8-left)
contain a supplementary part which is not governed by a dynamic model (as (10)) but by a
kinematic one, accounting for the relations between the prescribed velocities and those of the
MMS. Even more, for these systems, the number of prescribed shape variables may be such
that ker(A, B) = 0. In this case, the MMS is entirely governed by a kinematic model under the
restriction that the constraints fulfill some mobility conditions. This is for instance the case of
nonholonomic platforms as the unicyle or the car-like platform [13].

Remark 7: The above reduction process stands for a modelling algorithm structured in three
stages and several steps. The first stage, in one step, consists of deriving the geometric model
of contacts (7). In the case of the bicycle, this corresponds to determine the points of the
front and rear wheels in contact with the ground as a function of the bicycle configuration in
C = SE(3) x (S')3. The second stage starts with the derivation of the model of constraints (5),
which stands for an implicit kinematic model. In a second step, an explicit model of the form (8-
left) is deduced through the calculation of the kernel of the constraints. The next stage deals with
dynamics and start by the calculation of the model of the free dynamics, given by (3), in which
the generalized reaction forces are removed (i.e., we force A = 0). Then, these free dynamics are
reduced according to the projection formulae (12,13). Finally, the reduced dynamic equations
(10) governing the time evolution of the reduced velocities need to be supplemented with the
reconstruction equations (11) where the explicit (reduced) kinematic model of the second stage
appears. In the rest of the article, we apply this multistage approach to the bicycle of figure 2.
In this case, we shall see that the contacts introducing m = 6 constraints of the form (5), the
algorithm will automatically generate 6 +n —m = 3 equations of the type (10), and 6 +n =9
reconstruction equations (11).
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Figure 2: Frames and parameters of a three-dimensional bicycle. Throughout the article By, B,
By, B3 are named the "frame", the "fork", and the front and rear wheel respectively.

4 Geometric model of contacts for a 3D bicycle

In the wake of remark 2, for the bicycle, in each of the two contact points, the wheel-ground
velocities are prevented (i.e. forced to be zero) along any direction of Fy. Thus, by "model of
contacts" we mean a model allowing the calculation of the positions of contact points only, i.e.,

a function of the form:
p0(Co)
=F.(g,7), 15
<P0(01)> (9.7) (15)

where po(Cp) (respectively po(C1)) represents the position in Fy of the contact point Cy (re-
spectively, of C1) between the rear wheel (respectively, front wheel) with the planar ground.
Finally, the purpose of what follows consists of deriving the expression of F,.

4.1 Preliminary calculation

Due to the material symmetry of the two wheels, the model of contact (15) does not depend
on 9 and 73. In other words, when deriving this model, one can consider an equivalent bicycle
where the two material wheels are replaced by two geometric discs coinciding at each instant
with the wheels. The rear and front wheels being attached to the frame By and the fork By,
these two discs will be named Dy and D; respectively. They are related by a transformation
noted ¢g*, which referring to figure 2, maps Fy = (O, s, no, ap) onto (Og, s1,n1,a1), i.e., onto a
frame attached to the fork but centered on the hub of the front wheel. This transformation is
detailed as:

spery  —spsry cp hg — hg + laspcep(ery — 1)
« | cpert —cpsri —sp I1 + la(cricp? + sp?)
g sT1 crq 0 locpsry
0 0 0 1

which is configuration dependent through the shape variable r; only.

4.2 Statement of the contact problem

In this subsection, we address the following geometric problem. Let us consider the two geometric
discs Dy and D; previously defined. Knowing the transformation (16) that maps Dy onto Dy,
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that we note more generically as:

Ry, Riy RT3 i
* * * * * *
A C I R -l (17)
0 1 R3 R3 Rig pj
0 0 0 1

as well as the position-orientation g of Fy in space, that we detail as:

Ri1 Ri2 Ris pr

R p Ro1 Roa Raz po
pr— pr— . 18
g < ) R31 R3» R33 p3 (18)
0 0 0 1

What are the positions in Fy of the points Cy € 0Dy and C; € 9Dy, through which passes
a common plan P, this plane being tangent to 0Dy and dD1, and coincident with the ground
plane?

4.3 Calculation of the contact points

We start by localizing Cy and C in the frame of the disc to which they belong, as follows:

hgcao hQSOq
po(Co) = po = | hasag | , 'p2(Ch) = p1 = 0 , (19)
0 hQCal

where, according to figure 2, hg and ho denote the radius of the disc 0 and 1 whose center are Oy
and O respectively, while their unit normal are ag and n; respectively. In (19), ag (respectively,
a1) denotes the angle between the vector OgCy (respectively, O2C1), and sqg (respectively, a1),
the two angles being oriented positively around ag and n; respectively. Once these vectors
defined, we deduce from them, the tangent vectors to 0Dy and 0D; in Cy and Cy respectively.
These tangent vectors, noted wy and wi, are given by:

ap X Po ny X p1

ey = . 2
wo = 0wy = T (20)

Now, we consider all the affine planes containing the affine line (C’O,E?O) and all the affine
planes containing (Ct, Eﬁ) Such planes are noted Py and P; respectively. All the planes Py
(respectively, all the planes P), differ from each other by one rotation around (Cp, W) (around,
(C1, Wl) respectively). Each of these rotations is parameterized by one angle, named roll angle
and noted ¢ for Dy, and ¢; for D;. Each ¢; €] — 7/2,7/2[, is defined as the angle between
the plane of the disc D; with the normal N; to the contact plane P; according to the context of
figure 3. In short, this is the angle of the rotation around (Cj, ﬁz) that must be applied to ﬁl
to put it in the disc plane. With this choice, the roll angle is zero when the disc is orthogonal
to its contact plane, and we have more generally:

No = —s¢oag — cpo(po/h3) , N1 = —sp1ni — cp1(p1/h2) , (21)

or again, in terms of components in the basis of the two discs:

—coocayg —cp150q
N() = —CqboSOéo s N1 = —8¢1 . (22)
—3¢0 —C¢1COA1
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No=s g,

ag

Co wo

Figure 3: Parametrization of a disc (here the rear wheel) in contact with a plane (the ground).

Finally, we seek the conditions that (¢o, ¢1, 0, 1) have to satisfy in order to ensure P; =
Po = P, where P is the ground plane to which the frame (O, Se, ne, ae) is attached, with s, its
unit normal. To find out these conditions, it suffices to impose that the 3 planes are parallel
with a zero altitude (along s.) between them, i.e., we need to have Ny = °N; = %s,, and
05T (po(Co) — po(0e)) = s (po(C1) — po(Cp)) = 0. These conditions can be detailed as the
system of two orientation equations:

R11 CQZS()CCMQ R11 7{1 ’1(2 ’1(3 C¢1SO¢1
—|Ri2| = |cposag | , — | Rz | = | B3y R3 R33 s¢1 ; (23)
Ri3 5¢0 Ri3 3 Rie R33) \coicaq

which ensures the 3 planes to be parallel, along with the two equations of position
Os¢ (po+RTp) =0, (po— R*'pr —p") =0, (24)

which ensure the altitudes between the 3 planes to be zero. Although (23) and (24) are both
needed to ensure the three planes (ground and contact planes along the two wheels) to be the
same, these two sets of equations (in position and orientation) have a different status in our
modelling approach. The two scalar position equations (24) being of the general form:

®y(g,7) = 02, (25)

they are two holonomic constraints that according to remark 4, are satisfied through the integra-
tion of the reduced dynamics as soon as it is started from initial conditions which satisfy them.
On the other hand, the two equations of orientation (23) do not represent constraint equations,
but stand for the expected model of contacts. In fact, they allow us to find the positions of
Co and C; from the knowledge of (g,71), what is always possible since (23) defines a set of 4
independent scalar conditions relating the 4 angles (g, ¢1, ap, @1). To solve (23), we start by
considering the two first components of the first equation (from left to right) from which we
extract:

o) = atan2(—R12; —RH) y (26)

which needs cgg > 0, a condition systematically satisfied since ¢g €] — w/2, 7/2[. Moreover, (26)
has no singularity since Rq; = s{'s is zero if and only if the rear wheel lies in the ground plane
what is physically prevented. Applying the same computational process to the second equation
of (23), one obtains the expression of the angle ay:

ay = atan2(— (R} Ri1 + R5 Ri2 + R3; Ri3); —(RisR11 + Ry3Ri2 + R33Ri3)) (27)
in which we introduce the expression (16) of ¢*, and obtain:
ay = atan2(—cri(Ry1sp + Riacp) — sriRis; Riasp — Ryjcp) - (28)

10
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Remark 8: In the context of the integration of the bicycle dynamics, knowing at each time
the current value of (g,71) which satisfies (24), the expressions (26) and (28) will be used at
each instant of the simulation to calculate the two contact points Cy and C;. More formally,
using (26) and (28) in (19), allows obtaining the expression of the model of contacts (15) where
F. stands for a numerical or a symbolic function. Consequently, in all the following, these two
points are assumed to be known and will be used in the next section to derive a kinematic model
of the bicycle.

Remark 9: Though only oy and a; are required in the following dynamic formulation, let us
note that solving the model of contacts (23) also gives the two roll angles ¢ and ¢;. This is
easily explainable by the fact that the information about the rear wheel roll is contained in g,
while the geometric model between the two discs g* suffices to deduce the roll angle of one disc
from the knowledge of the other. To obtain the expression of ¢, it suffices to add the square
of the two first components of (23-left). This provides ey = +((R12)? + (R11)?)'/?, that can be
combined with the third component of the same equation, to obtain:

$o = atan2(—Rys3; (R11)? + (R12)%)'/?) | (29)

which for the same reasons as above, has no singularity and c¢y > 0. Finally, applying the same
calculation to (23-right), we obtain:

1 = atan2(RjyR11 + R5;R12 + R3Ri3 (30)
((Rf;R11 + B3y Rio + R% Ri3)® + (RigRuy + RbgRio + RisRi3)*)Y?) |

that we can rewrite:

¢1 = atan2(—susr1 Ry1 — cusriRia + criRis ; (31)
[(cr1(spRi1 + cuRiz) + st Ri3)? + (cuRi1 — SMR12)2]1/2) )

where we accounted for (16).

Remark 10: Following remark 3, the model of contacts F. being g-dependent, we will see that
the kinematic constraints (5) of the bicycle are not left-invariant in SE(3). Moreover, looking at
the expressions (26) and (27) shows that this dependency is due to (Ri1, Ria, Ri3)T = s, i.e.
it naturally occurs through the ground vertical direction in the bicycle frame, which breaks the
spatial symmetry. Thus, this loss of symmetry is related to the three dimensional character of
the bicycle, and should not contradict the symmetry in the ground plane. This weaker symmetry
can be exhibited by replacing SE(3) by SE(2) in the definition of our configuration space. This
may be accomplished by reconsidering the parametrization of a disc in contact with the ground
introduced in section 4.2, and to remark that the angles ¢g and ay whose expressions as functions
of R are given by (29) and (26), are in fact the two last Euler-angles of the following sequence:

R = exp(9$.) exp(¢owp) exp((m — ap)dp), (32)
where ¢ € [0, 27[ represents a yaw angle between n, and wy which is defined as:
1/1 = atan2(—R23; R32), (33)

and (7 — o) € [0, 27 stands for the pitch angle between the bicycle frame axis ng and the
ground reference wg. This remark allows introducing an alternative natural parametrization
of the bicycle kinematics where the roll and pitch rotations of the above sequence are shifted

11
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Qe

Se

KL/

Figure 4: Top (left) and side view (right) of the rear wheel showing its yaw (¢/) and pitch angles
(m — ap) in the contact frame.

from the fiber of SE(3) x S to the shape space of SE(2) x S where the points of S are now
parameterized by (¢, ™ — g, 71, 72,73) and where the transformations of SE(2) are simply:

g= ( exp(ows/\e) pe(fﬂ) > . (34)

Thus, in this other parametrization, which is allowed by the fact that the two unilateral con-
straints of non penetration have been replaced by bilateral iso-altitude constraints, the ref-
erence frame is no more attached to the bicycle frame but is defined as the contact frame
Fo = (Co, Se, wo, Se X wg) of figure 4. It is remarkable that while in the three-dimensional
parametrization, «g stands for a kinematic observable of the model of contacts, in the planar
parametrization, o stands for a generalized shape coordinate. However, this is just a question
of interpretation as this is illustrated in figure 4 where depending upon whether the observer is
attached to the rear wheel contact frame or to the bicycle frame, ag measures the bicycle frame
pitch with respect to the ground, or the rear wheel contact angle with respect to the bicycle
frame, respectively.

Remark 11: Note that all our reduction approach can be applied to this other parametrization
(g,r) with g € SE(2) and r = (¢, ap, r1,72,73)T . In particular, the bicycle has then dim(C) =
dim(G)+dim(S) = 3+5 = 8 DoFs, which are locally constrained by one rolling without slipping
and one no-sliding constraint in Cj, along with one rolling without slipping, one no-sliding and
one no-penetrating nor lifting, i.e., 3 constraints in C;. Thus, one recovers rank(H) =8 -5 =3
independent velocities. All these constraints are non-holonomic except the no-penetrating nor-
lifting constraint in C7 which is still given by (24-right) and can be detailed now, as:

—cppcayg T sperihasan + cphacan + hacag + ha — hg + laspep(ery — 1)
—cpsayg cpcrihasay — sphacay + hasag + 1y + la(eriep? + sp?) =0, (35)
S srihosaq + lacpsry

which is of the form ®,(g,r) = 01, and replaces (25) in our primary parametrisation. As regards
the model of contacts (15), in this parametrisation, it takes the form po(C1) = Fo(g,r) where
po(C1) now denotes the position of C; in the contact frame (Co, s¢, wp, wy X s¢). Introducing
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(32) into (28), allows detailing this model as:
ay = atan2(cris(og + ) — sry tan(po); c(ag + ) - (36)

Finally, integrating the reduced dynamics (10,11) obtained with this parametrisation, allows
reconstructing the full configuration (g, ¢o, g, r1, 72, 73), with g given by (34). This configuration
feeds the above model of contacts (36), which in turn feeds back the angle aq, so closing the
formulation of the bicycle dynamics in SE(2) x S.

Remark 12: In the literature on the bicycle, though the contact frame of the rear wheel is
almost systematically uses as reference frame JFy, the pitch angle ag, and the contact angle of
the front wheel a1, which is an output of the model of contacts in the two parameterizations, are
mostly ignored. Going further, using (36) in (35), or equivalently reconsidering the inversion of
(23) to obtain ca; and saj in terms of the configuration coordinates only, allows rewriting (35)
as a complex nonlinear algebraic equation which cannot be solved explicitly for the purpose of
removing ag of the formulation. Such a nonlinear equation is derived in [36] and mentioned in
[30] as a major obstacle to the explicit derivation of a closed form of bicycle dynamics. In the
following, though this alternative parametrisation will be occasionally used, we will preferentially
use our initial definition of C as SE(3) x S. This choice has the advantage of removing the
geometric nonlinearities that would be introduced by shifting the roll and pitch to the shape
space, and to outsource them to the numerical integration of the reconstruction equation (11).
Finally, it provides a more general formulation which opens the way for modelling the bicycle
with unilateral contacts.

5 Bicycle kinematics

In this section, we derive the kinematic model of the bicycle on its configuration principal fiber
bundle C = SE(3) x S. We start by deriving the model in the implicit form (5), from which an
explicit kinematic model of the form (8) is deduced.

5.1 Implicit bicycle kinematics

In the following, we assume that the two angles ag and «; are known thanks to the model of
contacts of the previous section (cf. remark 10). Then, considering the bicycle of figure 2, the
kinematic constraints are derived by forcing the above vector relations:

’U(po(cl)) =V+Qx po(Cl) + 7;10&1 X Opl(cl) + 7'“20a2 X OPQ(Cl) =0,
v(po(Co)) =V + Q x po(Co) + 73%az x "p3(Co) =0, (37)

where (VT, Q1T = 5, and v(po(Co)) = 0 (respectively v(po(C1)) = 0) stands for the zero
ground-wheel velocity at Cj (respectively at C1), both being expressed in the reference frame
Fo. These two vector equations provide m = 6 scalar constraints that model the non-sliding, non-
penetrating nor lifting, and rolling without slipping conditions of the two wheels with respect
to the ground. Simple algebra based on rigid body kinematics show that these constraints
can be set in the general implicit form (5), which here takes the particular expression with
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V= V1, Vo, 3)T, and Q = (4,2, Q3)T:

Vi + A15Qs + A16Q23 + B1171 + Biare =0, (38)
Vo + A2q€l1 + A2623 + Bo171 + Boors =0, (39)
V3 + Az48l1 + A35Q2 + B3 + Bsars =0, (40)
Vi + AyeSd3 + Bysrz =0, (41)
Vo + As56823 + Bssrs =0, (42)
Vs + Apafd1 + Ags58d2 = 0, (43)

where the components of A and B are defined as

Agg = —Aszp = (saacrihg + (lacry — la)ep)sp + canhocp — hg + ho 4
Azy = — A1 = (sarcrihg + (laern — lo)ep)ep — carhasp + 1o + 1 15
A5 = —Agy = losricp + saysrihs , 46
Ase = —Ags = hacay AT
Agy = — Ay = hzsag 18

AN N N N N N N N N N N~
[SATNTEN
N e e e e e T T e N N N N

Bi1 = —SuSry (lQCM + h23a1) 3
By = —cpusri(locp + hasay)

ot
—

B31 = CT‘l(lQC/.L + hgsal) ,

(@)
\)

Bis = ha(cricarsp — sajep)

(@)}
w

Bgs = ha(cricaicp + saisu)

ot
T~

B32 = hQSTlcOél N

ot
t

Byz = —hzsag ,

(@)
D

Bss = hscay .

Remark 13: As expected by remark 11, the components of A and B depend on both the shape
and the fiber variables. Going further into details, the above expressions depend explicitly on
the shape through 71, and implicitly on g, through the expressions of oy and «a; given by (26)
and (28) respectively. As announced by the remark 9, this second dependency corresponds to
a loss of symmetry introduced by the geometric model of contacts which feeds the kinematic
conditions (37) through the position vectors of Cy and Cj.

Remark 14: As pointed out by remark 4, two of the above kinematic constraints can be deduced
through the derivation of the two holonomic constraints (24) of the form ®,(g,r) = 02, which
impose each of the wheels to intersect the ground in one point. For confirmation of this, let us
first time-differentiate (26) and (28). We obtain for i = 0, 1:

dibi — bzaz

Ea 57

o =

where we introduced the notations:
ap = —Ri2 , bo = —R11 , a1 = —cri(Ruisp + Rigep) — sriRis , by = Riasp — Rijepn,  (58)
as well as their time-derivatives :

ao = R1193 — Ri3Q , by = R13Qy — R12Q3
ar = r1sr1(Ruisp + Rizep) — sr1(R11Q2 — RiaQy) — freri Ras + erispbo + ericpao
b1 = (R13Q21 — R11Q3)sp — (R12Q3 — Ri3fe)cp (59)
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which are obtained with the relation (RH, Ria, R13)T = (R11, R12, R13)T x Q. Then, using the
above expressions of &g and ¢; in the time differential of (24) gives:

05T v(po(Co)) =0, *sI (v(po(C1)) — v(po(Co))) =0 . (60)

As expected, (60) which is a linear combinations of the rows of (38-43), define two kinematic
constraints which force the wheel-ground velocities to be zero along the ground vertical.

5.2 Explicit bicycle kinematics

Following the general modelling algorithm summarized by remark 6, in this section we calculate
the kernel of the kinematic constraints (38), with (44-56). This calculus stands for a generalized
inversion of the implicit kinematic model of constraints. As a result, it can introduce some
singularities that need to be treated apart. In the case of the bicycle such singularities do not
exist, and the inversion of (38) gives after simple algebra detailed in Appendix 1, the explicit
kinematic model of the bicycle in the form:

Qs
(Z)—H(g,r) T (61)

T3

which corresponds to the instantiation of the general form (8-a) for the bicycle. Referring to the
calculations of Appendix 1, H can be detailed as:

%] His Hy7 Hyg

Va Hss Hor Hayg

V3 Hjs Hjsz7 H3g

9] Hys Hyr7 Hyg

Qs | = 1 Qo + 0 r1 + 0 T3, (62)
Q3 Hgs Hgr Hgy

71 0 1 0

T2 Hgs Hgr Hygyg

73 0 0 1

whose components depend on g through the two angles ag and «; and on 7 through r;.

6 Bicycle dynamics

According to remark 7, our general algorithm continues with the calculation of the free dynamics,
i.e., the dynamics (3) with A\ = 0 from which we finally deduce the reduced dynamics of the
bicycle. These reduced dynamics will be numerically integrated through several illustrative
simulations in section 7.

6.1 Calculation of the free bicycle dynamics

Among the several ways leading to the free dynamics, one can use the Poincaré equations on
the Lie group G x R™ with the internal composition law (g,r) o (¢',7') = (g9¢',r + ') as in
[12]. Though being conceptually straightforward, we here prefer to use a more computationally
efficient approach based on the Newton-Euler recursive formulation of multibody systems [19].
In this approach, assuming that the bodies are labeled in increasing order from By to the tip of
the branches?, and denoting j the current body index and i = a(j), that of its antecedent, the

2Note that the parametrization of figure 2 obeys these conventions.
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dynamics of the MMS of figure 1 can be restated in the alternative definition of the configuration
space C = (SE(3))"+!

{FOT J=nmn—1,..0: fj =Mjn; — fing — fewt + 2kjati)=; Adkng e (63)

For j =1,2,3...,n: 4o = °goflo , °g; = °gi'gj(r;) , n; = Adjg, mi + 75 Ay,

whose the top row represents the balance of linear and angular kinetic momentums of each
of the bodies isolated in the structure, while in the bottom row, we find from left to right
the reconstruction equation of the reference body, along with the geometric and kinematic
constraints imposed by the holonomic joints that connect the bodies. Going further into details,
n; € se(3) denotes the velocity of B; in Fj, A; € se(3) is the unit velocity supported by the axis
of the j' joint. M; is the inertia matrix of B; in se(3) ® se(3)* while f;, finj, feat; € s€(3),
denote the inter-body wrench exerted by B;_; onto Bj, that of inertial (Coriolis and centrifugal)
forces, and the wrench of external (gravity) forces exerted on body j. Ady is the adjoint map of
any g € SE(3) on se(3), and in the above context Ad;,, allows shifting a velocity in se(3) from
Fi to Fj. Time differentiating the kinematic constraints gives the further equations relating the
accelerations of consecutive bodies in the chain:

For j=1,2,...,n: 7jj :Adjgi nZ—I—CJ—i-?“]AJ, (64)

where (; = Ad, g7 is detailed in Appendix 2. Now we consider the top row of (63) for j = 0, and
its projection onto A; for j # 0, where let us remark that 7; = A? fj- Then, using recursively
(64) and (63-top), one can remove all the f; and 7); for j # 0, from these equations according to
an elimination process detailed in Appendix 2. At the end we obtain an inverse dynamic model

in the form: .
f _ M M 77 fm fe:):
()= () () (80) - (&) ®

where fo and 7 = (71,70, ..., 70)T = (AT f1, AL fo, ..., AT £)T represent a Bo-related wrench,
and a vector of joint torques that should be applied to the MMS in order to move it with
(°g0, 10, 10, T, 7, 7). Since (°go, o, M0, r, 7, 7) = (9,71, 1, r,7,7), the above mentioned recursive elim-
ination provides at the end, the expected expressions of all the matrices of the free dynamics
(3) with A = 0. These expressions are detailed in Appendix 2 in the case of the bicycle.

6.2 Reduced bicycle dynamics
Applying the projection relations (12,13) to the above free dynamics gives the expected reduced

dynamics:
-1
7:]7" MT’ MZ“ f”"

Ty _ M, m, Qr (66)

U660

Referring to remarks 4 and 7, these dynamics have to be initialized with any reduced state
(g,7,mr,7)(t = 0) whose initial configuration satisfies (25). Among these compatible config-
urations, the simplest one is given by that of figure 2, i.e., it is defined by a pair (g,r) with
r = (0,r9,73), o and r3 being arbitrary, and g = (R, p), with R = 13, p = (hs3,y, 2) and y and
z arbitrary. This simple configuration being also statically balanced, it will be systematically
used to initialize the dynamic simulations of section 7.
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Remark 15: To find other compatible configurations, one can start from the simple configur-
ation of figure 2, and make the bicycle tilt and roll on the ground using the kinematic part of

the model only:
A

. Q0
<i> = ( ‘i ) H(g,r) 7*12 : (67)
T3

In fact, this model can be interpreted as a kinematic controlled system where (Qq,71,73) stands
for a set of control inputs. Then, it is straightforward to find out any other compatible configur-
ation by integrating (67) from the initial configuration of figure 2 while 73 is fixed to zero. For
instance, one can impose a sequence of two manoeuvres. The first manoeuver consists of turning
the handlebar from r; = 0 to a desired angular position r14 with Qo = 0. The second consists
of maintaining 7 = r;4 while tilting the frame by applying the control Qs = K4(¢o — ¢oq) in
(67), with ¢gq a desired value of the rear wheel roll angle. Alternatively, one can directly impose
73 =0, 7 = Ki(r1 — 714), and Qy = Ky(do — ¢oq) in (67). These two control (manoeuvres or
continuous) both allow steering (67) from the compatible configuration of figure 2 to any other
(satisfying ®,(g,r) = 02) such that ri = r14 and ¢o = Poq. All along the time integration of (67)
controlled by this feedback law, the two angles a (which parameterizes the frame pitch), and
oy (which parameterizes the contact point of the front wheel), change with the configuration g
up to reach their final value.

oy (deg) a(deg)
oS/ /) L] |l ' LR
S Lo I >
ol FShdd oLy ay 5042%D> blisa
/ AEC N A
)X 9 (A)X \
25% \ B j\ﬁ \\
a7

S 8 saa 8 e
I N . ~ Q0 N O - - (
50 @ © SV P 50t ® © / -
LTSRS L S
50 25 0 25 50 50 25 0 25 50
¢o(deg) Po(deg)

Figure 5: Portrait of iso-values of the front  Figure 6: Portrait of iso-values of the rear
wheel contact angle «; (in degrees) in the  wheel contact angle ap (in degrees) in the
plane (¢, 71). plane (¢, 71).

Remark 16: The portraits of figures 5 and 6 show the iso-values of «; and «ag as functions of the
roll angle ¢y and the steering handlebar 71, both being numerically calculated after convergence
of the above kinematic control law. For the purpose of illustration, the points A, B, C, D plotted
in these portraits indicate four particular configurations drawn in figure 9. Note that the middle
point of portraits 5 and 6 corresponds to the case when the bicycle is flat and vertical, i.e., when
it is in the configuration of figure 2 in which a; = 7 + p (here the fork angle is set to u = /10
rad). Then, shifting along the vertical ¢y = 0 of these portraits, by increasing r1, corresponds
to turn the handlebar on the left while maintaining the bicycle vertical. This rotation makes
the contact points Cy and C7 move frontward along the rear and front wheel periphery, while
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Figure 7: Portrait of iso-values of the yaw  Figure 8: Portrait of iso-values of § (in de-
angle ¢ (in degrees) in the plane (¢o,71). grees) in the plane (¢g,71).

an angle between the line of contact points CTC’l> and the rear wheel contact vector E?O appears
and growths with r1 as this is illustrated by the snapshots A and B of figure 9 which display
the top views to the bicycle when ¢g = 0, r1 = 30° (A), and r; = —30° (B). Now, descending
along ¢9 = 0 in the portraits, i.e., rotating the handlebar on the right while maintaining the
bicycle ﬂ‘gical, the contact points Cy and C'; move in the same way along the wheels periphery,
while CoC} and w{ transform symmetrically with respect to the initial flat configuration. In
particular, when the bicycle is vertical and such that u = 0 (its fork angle is zero), then Cj
and C] become both independent of r1, and ay and a; remain fixed to their initial value 7 and
7+ p = 7 along the vertical ¢g = 0. In this particular case, the slop of the straight iso-values
of the portraits 5 and 6 with respect to the vertical axis ¢g = 0, are zero, and the two portraits
are straightened. Now shifting along the line r; = 0 corresponds to configurations where the
bicycle is flat but tilted with respect to the ground normal as this is illustrated on the snapshot
C of figure 9 for which ¢g = 30° and r; = 0. In this case, the two contact points Cy and Cy
no longer move along the wheels periphery nor on the ground. Along any oblique straight line
drawn on the portraits, these two tendencies combine as this is illustrated on the snapshot D
of figure 9 for which ¢g = —30° and r1 = 45°. Finally, figures 7 and 8 display the portraits of
the yaw angle ¢ and the angle 8 between the line of contact points and that of the rear wheel
in the (¢o,71) plane. As expected, these plots show how the rear wheel rotates around Cj, and
how CoC deviates from Wy when the bicycle is tilted and its handlebar is turned. Finally, note
also that since m — cig measures the pitch of the bicycle frame, the portrait of figure 6 also shows
how this angle slightly varies with the roll and handlebar angles.

Remark 17: The calculation of the reduced inertia forces (13) requires to derive H, which
involves the most complex expressions handled by the model. Since in our model of the contacts,
the g-dependency appears through the two angles oy and «g, the general formula (9) can be

simply written as:
. OH OH OH
- (22, o . oy .
(50) 0+ (gay) 1+ () 7 (%)
where ¢ and ¢&; are given by (57, 58, 59).
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Figure 9: Top views to the bicycle when (¢o,71) = (0,30) (A), (0,—30) (B), (30,0) (C) and
(—30,45), all angles being in degrees. (——) line of contact points on the ground. (— - —)
projected line of the rear-wheel plane onto the ground.

7 Simulations

In this section, we apply our modelling approach to the bicycle of figure 2, fed by the 26
parameters listed in table 1 which correspond to the benchmark bicycle proposed in [30], but
translated in our modelling framework. Apart from the geometric parameters introduced before,
in this table, mq (respectively, m1) and (zq,%o,0)” (respectively (x1,0,21)") denote the mass
and the position of the mass center Gy (respectively G1) of the bicycle frame (respectively, of
its fork) in Fy (in F3). The two matrices,

IOx:v IOxy 0 Ila;ac 0 Ilzac
Iy = IOzy IOyy 0 , I = 0 Ilyy 0 )
0 0 I()zz Ilz]} 0 Ilzz

denote the matrices of angular inertia of the frame and fork with respect to their mobile frame Fy
and Fi. The front and rear wheels are modelled as two homogeneous discs of mass msy and ms.
Their center of mass is located on the wheel hubs and their inertia matrix is diagonal with for
the front wheel (for the rear wheel), an axial inertia moment noted Is,, (I3..) and radial inertia
moments Ioy, = Ioyy (1350 = I3yy respectively). Applying the above algorithm gives the reduced
dymanic model in symbolic form. Using a quaternion parametrization for reconstruction, the
model is time-integrated numerically in Matlab with a predictor-corrector method (a fourth-
order explicit method for the prediction step and a fifth-order implicit method for the correction
step). With no optimization, the symbolic model requires a few thousand of basic operations
(=,—,+, %, /). At the end, the bicycle can be simulated in real time (with Matlab), on a intel
i7 CPU @ 3 GHz (as example 5s of simulation takes less than 2.6 s of computation with a time
step of 0.005 s). Note that all subsequent simulations are illustrated by videos attached to this
manuscript.
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7.1 Kinematic reconstruction

Following remark 4, the solutions of (66) should preserve the initial altitude of the two contact
points with respect to the ground. This basic expectation is confirmed by numerical simulations.
For the purpose of its illustration, we consider a case where the bicycle simulation is started
in a straight pitched configuration, such that r1(0) = 0 and %s.(t = 0) = (—cap, sap,0)T,
with an initial pitch angle of m — ap = —10°. This pitched bicycle is thrown with an initial
forward velocity V = (V2 4 Vi)/? = 4.6 m/s. The simulation is performed on a duration of
5s with a step of 0.001s. As shown in figure 10, the two contact points do keep their altitude

Figure 10: Snapshots in the z-y plane, sampled along the path of a bicycle initialized with a
non-zero pitch angle. The time interval between each snapshot is equal to 0.5s

constant along the motion (here in straight line). Going into details, the contact model (15) fed
with the initial configuration (¢g(0),7(0)) calculates the two contact angles ag and a3 which are
used to calculate the space of admissible velocities H, these velocities ensuring each of the two
wheels to roll on a parallel plane to the ground with a constant altitude. In the present case,
because ®,(g(0),7(0)) # 02, these planes do not coincide with the ground but have an altitude
fixed by the initial conditions. Based on this insight, in all the following simulations, the reduced
dynamics will be initialized with the statically balanced configuration pictured in figure 2, which
trivially satisfies the two zero-altitude holonomic constraints (25). However, as this is mentioned
by remark 5, the numerical integration of the reconstruction equation introduces a slight drift
of the constraints (25) which makes progressively the bicycle lift off the ground. Though being
small, this drift can be removed by replacing the reconstruction equation of (66) by its corrected

version: ' . A
(- () ()]

where K is a 6 x 6 positive matrix of high gains, and 0<I>p and (°Ay,By) model the geometric
and kinematic constraints imposed by the 2 non-penetration nor detachment conditions of the
wheels along the normal to the ground, but expressed in the reference frame Fy. To derive
(°An,°By) and %@, we can refer to (24) and (60), and write:

05T (po(C1) — po(Ch)) 05T (v(po(C1)) — v(po(Co)))
RT 0 RT 0
0 _ 0 0 0 = 0
= P o(Co) — po(00) |1 AT BN = 05T 0(po(Ch)) ’
RT 0 RT 0
0 0

f 9sI" can be easily expressed in terms of (g,7) and (n,7) by using (24)
and (37). Now, if the components of K are enough high, the corrected dynamics, i.e., the set
of differential equations (66) with a dynamic stage unchanged and a kinematic stage replaced
by the corrected reconstruction equation (69), can be interpreted as a two-time scales system
with (g,7) and (n,,7) = (Q2,71,72) the fast and slow components respectively [29]. Hence,

the (g, r)-component is steered very quickly toward the slow manifold ®, = 0g, while a slow

where the factors o
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Reduced dynamics of the non-holonomic Whipple bicycle

motion takes place on the slow manifold according to the uncorrected dynamics (66). In short,
the high-gain correction term in (69) ensures the numerical satisfaction of the two holonomic
constraints without perturbing the bicycle dynamics. In practice we took for all the subsequent

simulations:
1 [ 10Idsx«s 0
K= e( 0 Idsys ) (1)
where € is a small tuning parameter that we fixed to e = 0.01.
Parameter Value || Parameter Value
m 6| n 4
I 0.986m || v, 9.81ms 2
lo 0.0337m || Iogs = Ioyy 0.141 kg m?
1 w/10rad || Ia,, 0.28 kg m?
ho 0.35m || Isze = I3y, | 0.0603 kg m?
hs 0.3m || I3.. 0.12 kg m?
T 0.6m || Iozz 2.8 kg m?
Yo 0.3m || Toyy 9.2kg m?
x1 0.0288m || I, 11.0 kg m?
21 0.368m || Tozy —2.4kgm?
mo 85kg || Iz 0.0584 kg m?
my 4kg || Ty 0.06 kg m?
me 3kg || Ii.- 0.0076 kg m?
ms 2kg || 110 —0.0091 kg m?

Table 1: Simulation parameters.

7.2 Passive motion on a tilted plane

In this first dynamical example, the bicycle is passive (i.e., 1 = 7 = 73 = 0) and thrown
in its straight vertical configuration with an initial forward velocity of Vo = 4.6m/s along a
planar ground tilted of 10°. The simulation is performed on a duration of 4s whose the first
2.5s are visualised in figure 11 with snapshots sampled every 0.5s. The bicycle first ascends
the slope while decelerating. It stops around ¢ = 3.40s, and then descends down the slope
while accelerating. The ground slope is accounted by tilting the gravity field in the ground
frame. The reconstruction equation being initialized in the straight vertical configuration with
(o, 1) = (m, u + ), the steer and lean dynamics are structurally decoupled from the rolling
ones and the excitation of the rolling dynamics does not affect the two others. Thus, the bicycle
remains straight and vertical throughout the simulation.

7.3 Passive asymptotic stabilisation of a bicycle

For this second dynamic example, we have chosen to reproduce the simulation presented in [30].
It is related to the asymptotic stabilisation of a passive bicycle, i.e., as in the previous test
71 = 179 = 13 = 0. To that end, the initial conditions are chosen as follows. The speed along
ng (forward axis) is fixed to Vo = 4.6ms~! while the angular speed around ng (roll axis) is
fixed to Q = 0.5rads™!. A top view of the bicycle motion is displayed in figure 12. Figure
13 presents the plots of the time evolution of the rolling velocity 22 and forward velocity Vs
of the frame, as well as the angular velocity of the handlebar 7 for the same test. Starting
from their initial values, the plots of figure 13, which exactly fit with the numerical results
provided in [30], clearly show that the bicycle self-stabilizes along time. Moreover, it can be
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Figure 11: Snapshots along the ascending phase of a passive bicycle thrown on a tilted ground.
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Figure 12: Trajectory of the bicycle in the y-z plane, in the context of the asymptotic stabilisation
study case. The time interval between each snapshot is equal to 0.5s

noticed that, while the time runs, the values of 29 and 71 tend to zero while the forward speed
of the frame increases up to reach a constant value closed to Vo = 4.622ms~! which is greater
than the initial condition. As mentioned by [30], this is due to the conservation of the total
energy of the system, a property satisfied by the simulation up to machine precision. Figure 15
and 16 show the angular positions of contacts ag and a; on the rear and front wheels respect-
ively. Along simulation, due to the tilt of the bicycle frame, the two contact points first move
along the wheels periphery before recovering their initial position (indicated by the red dotted
line in the figures) when the bicycle converges toward its stable straight, vertical configuration.
The simulator offers also the possibility to compute the Lagrange multipliers associated to the
constraints. In our case, there are six multipliers (3 per wheel). For the purpose of illustration,
figures 20 shows the time evolution of A4 which represents the force exerted along the axis sq,
onto the rear wheel at the contact point. This reaction force ensures the non-penetration of
the rear wheel into the ground. Let us note that the multipliers are all expressed in the frame
Fo (the bicycle frame) but can be easily expressed into the ground frame, for the purpose of
ground-tires interactions study, for instance.

Finally, we close this example by a brief study of the drift and its correction. Figure 7.3 displays

the time-evolution of the altitude of the two contact points with and without correction when
€ = 0.01 and a time step of 0.001s. As expected, with no correction, the plots of figure 7.3, which
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Figure 13: The rolling speed (2, the forward
speed V5 and the handlebar speed 7y versus
time t.
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Figure 15: Time-evolution of the angular po-
sition of the contact point on the front wheel
(i.e. aq) for the asymptotic stabilisation study
case.
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Figure 14: The roll angle ¢ and the yaw angle
1) versus time t.
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Figure 16: Time-evolution of the angular po-
sition of the contact point on the rear wheel
(i.e. ag) for the asymptotic stabilisation study
case.

are representative of all our simulations, show a slight drift of the contact points altitude which
increases closely linearly with time. The second column of the table 7.3 gives the averaged
vertical velocity < %slv(pg(Cy1)) > of the front wheel contact point C; as a function of the
integration time-step. As expected, the drift decreases with the time step and is very small
for reasonably small time steps. Note also that with ¢ = 0.01, the drift of figure 7.3 remains
is in the order of 10~'2m which for a time-step of 0.001s falls into the precision range of our
4-order integrator. Finally, as expected, the drift correction does not affect the time evolution
of the slow dynamics as this is illustrated by the plots of figures 7.3 and 19 which show that the
corrected and uncorrected slow variables €25 and 71, fit up to 10 digits.

7.4 Passive motion and falling on a tilted plane

In this third dynamical example, the bicycle is thrown in the conditions of test 2, except that ry
is now initialized with a very small non-zero value r; = 10~8rad. This introduces a very slight
asymmetry in the configuration that suffices to cause the falling of the bicycle. In fact, while
the bicycle first ascends the slope as in the test 2, when stoping, instead of descending with

x1071?
T T T T
—0C
10 |—G
’E\ = ==Coo
= == =Ci
=
S 5
& . N -
S N\ ‘ ,’ \ 7\ A - Y 7
\ / /
=< LA L NP ~y=q
NN TN N TN TN T
!
\ s | \ s v/ N7 N7 \ \\,
0 1 2 3 5

Figure 17: Time-evolution of the altitude of the contact points Cy and C; in the example of the
self-stabilization with (dashed line) and without (solid line) correction of the drift. Time-step
of integration: 0.001s, e = 0.01.
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Time-step (s)

< Yslu(po(Ch)) > (um/s)

0,01
0,005
0,0025
0,001
0,0005

0.0655 (1mm for 4.24 hours)
0.0030815 (1mm for 3.76 days)
0.00015257 (1mm for 2.59 months)
0.00000321 (1mm for 9.87 years)

0.00000018434 (1mm for 171.9 years)

Table 2: Drift velocity of the front wheel contact point C; as a function of the integration
time-step for the passive asymptotic stabilisation example.

-10

-

=121

14

10!]1()(5211,, — Qoy cor

-16
0

Figure 18: Decimal logarithm of the difference
between o with, and without drift correction

(e = 0.01).

Figure 19: Decimal logarithm of the difference
between 71 with, and without drift correction
(e =0.01).

its straight vertical configuration (r; = 0), its configuration brutally tilts while its handlebar
quickly turns, and the bicycle falls. Since the constraints are persistent (not intermittent), when
falling, the two wheels cannot lift off the ground. As shown in figure 23, all along the simulation
(including the falling phase), the total mechanical energy E is conserved to preserve its initial
value F =T + U = 1870 Joules in our case. When falling, since the bicycle takes full three-
dimensional configurations, the two contact points quickly shift away from their initial positions
(see the ending parts of the two plots of figures 21 and 22).

7.5 Controlled turn manoeuver

Parameter Value || Parameter Value
Kps 10 Nm || K, 35 Nm.s~!
Kpq 20 Nms || K;q 100 Nm
14 /36 rad || 734 20 rad.s~!
tl 0s t2 9s

Figure 20: Time evolution of A4 the force ap-
plied on the rear wheel prohibiting the penet-

ration and lift of the wheel in the ground.

Table 3: The simulation parameters of the controlled turn manoeuver.
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Figure 21: Time evolution of V5, Qs and 7

a bicycle rolling on a tilted ground.
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(k)

(rad/s)

Figure 23: Time evolution of the kinetic, po-
tential and total energy of a bicycle rolling on
a tilted ground.

Figure 22: Time evolution of 79 and 73 of a
bicycle rolling on a tilted ground.

In this last numerical example, the handlebar and the rear wheel are actuated to ensure the bi-
cycle to perform a turn at a controlled forward speed. To do that, we use the simple proportional-
integral torque control law:

e1(t) = fs(t,t1,t2)r1g — 1, and 71 (t) = —Kpseq(t) — Kis /Ot e1(§)d¢ , (72)

where, K, is a steering proportional gain, Kj;, is a steering integral gain, 714 is the desired
steering angle, t; < tp are switching times used to perform a curved path, and f(t,¢;,tf) is a
slope function defined as follows:

If t <t
fs=0 (73)
Else if t; <t < tf:
t—t 1 t—t;
fs = L — —sin |27 : (74)
tp—t; 2w tr—t;
Else:
fs =1 (75)
End.

Where t; and ¢y are the starting and ending times of the slope respectively.
Similarly, the torque applied on the hub of the rear wheel is defined as:

t
e3 = 3q — T3 , and 73 = Kpges + Kz'd/o e3(§)d¢ (76)

where K4, K;q stand for a proportional and an integral gain, while 734 is the desired rear wheel
speed. The values of the controller parameters are indicated in table 3.

As shown in figure 24, the bicycle starts from a straight vertical configuration with an initial
forward velocity Vo = 73qhs = 6 m.s~!, and performs a turn with a prescribed radius of 11.6 m
and a prescribed constant forward speed (see figure 27). When the handlebar starts to increase
following the slop from r; = 0 to 71 = 14 (see figure 26), the bicycle naturally (passively) tilts
toward the center of the curve while turning. To illustrate this, we plotted in figure 28 the
time evolution of the rolling, steering, and forward velocities which stabilize with time. As far
as the actuation torques are concerned, figure 29 and figure 30 show the time evolution of the
torques applied to the handlebar (1), and to the rear hub (73). Note that to initiate the turn,
the biker needs to apply a torque of opposite sign with respect to that of the steering angle. On
the other hand, once the desired steering angle is reached, to maintain its turning the torque
and the steering angle have the same sign. The time-evolution of the angular position of the
contact point between the front and rear wheels and the ground, are plotted in figure 31 and 32
respectively. Let us note that during the maneuver, the contact point migrates forward along
the front wheel to reach 0.04 rad = 2.3°.
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Figure 24: Trajectory of the bicycle in the y-z plane when performing a controlled turn. The
time interval between each snapshot is equal to 1 s.
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Figure 25: The roll angle ¢ and the yaw angle

1) versus time .

20.1

Figure 26: Time-evolution of the steering
angle r1 versus the desired value fsriq4.
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Figure 27: Time-evolution of the rear wheel
speed 73 versus the setpoint 734.

8 Conclusion

Figure 28: Time-evolution of the rolling (in
blue), steering (in red), and forward (in yel-
low) velocities during the turn manoeuver.

In this article, we proposed a new formulation of the dynamics of the Whipple bicycle. The
approach is based on the geometric mechanics of locomotion multibody systems in their principal
fiber bundle of configuration G x S. Exploiting the intrinsic character of geometric mechanics,
most of the geometric nonlinearities met in the usual model of the same system, but expressed in
coordinates, are here shifted to the numerical integration of a set of reconstruction equations from
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Figure 31: Time-evolution of the angular po-
sition of the contact point on the rear wheel
(i.e. ag) during the turn manoeuver.
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Figure 32: Time-evolution of the angular po-
sition of the contact point on the front wheel
(i.e. «1) during the turn manoeuver.

the space of admissible velocities to G x S. Based on this idea, we used G = SE(3) to remove
the three-dimensional geometric nonlinearities of the bicycle and replaced its two holonomic
constraints of non lifting nor penetration, by their kinematic form in terms of non-integrable
velocities. This allowed us to derive the close form of the full nonlinear dynamics of the bicycle
in the form of a set of reduced dynamics equations in the kernel of the constraints imposed
by the contacts between the wheels and the ground. These equations are exact for any initial
configuration of the bicycle satisfying the two holonomic constraints. The derivation of these
equations is performed by following a multistage general modelling algorithm which starts with
the geometric model of contacts, and continues with the implicit kinematic model of constraints,
the explicit kinematic model or reduced kinematics, and finally the dynamic model of the system
free of constraints in SE(3) x S and its projection in the kernel of constraints. As a result, the
article contributes to illustrate this general framework on a non-trivial concrete system while
giving an alternative formulation of the Whipple bicycle dynamics. From that perspective, we
attempted to privilege symbolic derivations over numerical solutions. In the end, the reduced
dynamics have been obtained in a closed symbolic form and numerically integrated on several
tests representative of the bicycle dynamics including the well known test of self-stabilization.
These further numerical simulations show that the approach does preserve the constraints and
the energy as this is expected for this system.

Appendix 1: Calculation of the kernel of constraints

In this appendix, we calculate H = ker(A, B) by inverting symbolically the system that we
rewrite in the form D = (A, B)(n®,71)T = 0g where D is the 6 x 1 vector whose components
D;, i =1,2...6, form the left hand side of (38-43). Firstly, V1, V5 and V3 can be extracted from
Dy, D5 and Dg respectively, as follows:

Vi = Fi6823 4 Fiors (77)
Vo = Fy{23 + Fogr's (78)
V3 = F3481 + F358)s (79)
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where we introduced the notations:

Fig = —Ays , F19g = —DBy3 , (80)
Fys = —As6 , Fog = —Bs3 (81)
Fz34 = —Agy , I35 = —Ags . (82)
After inserting (79) in D3, one can express () as:
Oy = Fy58 + Fyrry + Fygria (83)
with:
A F B B
F45=—M, 47:_¢7F48:_¢- (84)
F34 + Asg F34 + Asy F3y+ Asy
In a similar way, inserting (77) in Dy, gives:
T = Fg58o + Fye€d3 + Fgyr'y + Fyor's (85)
with:
As Ate + Fi6 B Fig
Fag= 20 o= 2100706 p o Do 19 86
85 B127 86 312 s L'87 B127 89 B12 ( )
Inserting (85), (77) and (83) in Dy, allows rewriting 3 as:
Q3 = Hes822 + Herr'y + Heor's, (87)
with:
Her — — A4 Fus5+(A24 Fug+Boa) Fys __ Bo1+AzyFur+(AxgFys+B22) Far (88)
65 = T (Bao+ A Fag) Fo+Fag+Agg’ * 167 — (B22+A24F48)Fge+Foe+A2s
. Foo+( Aoy Fasg+Bao)F
Hey = — (B22249’A24;i8)4;‘86+2;26+8?426' (89)

Now, inserting (87) in (77), (78) and (85) allows us to rewrite them in the following form:

Vi = Hi5Q2 + Hyzry + Higrs (90)
Vo = Hos589 + Horr'y + Hagr's (91)
Ty = Hgs$lo + Hgrr'y + Hggr'z , (92)
with:
His = FigHegs , Hi5s = FigHes , Hig = FigHeg + F19 , (93)
Hos = FogHgs , Hor = FygHgr , Hog = FogHgg + Fhg (94)
Hgs = FsgHes + Iss , Hsr = FsgHer + Fsr , Hgg = FygHeg + Fyy - (95)
Then, using (92) in (83) gives:
Q1 = Hus8Q + Hyzr'y + Hygr's (96)
with:
Hys = FygHgs + Fys , Hy7 = FygHgy + Fyr , Hyg = FygHgg . (97)
Finally, inserting (96) into (79), we find:
V3 = H35Q9 + H3rry + Hzor's (98)
with:
Hs3s = F34Hys + F35 , Hyy = F34Hy7 , H3g = F34Hyg . (99)

Finally, any vector in the kernel of the constraints can be written in the form (62) which require
the ordered calculations of (80), (81), (82), (84), (86), (88), (89), (93), (94), (95), (97), (99).
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Appendix 2: Free bicycle dynamics

We first start by calculating the acceleration of the four bodies that compose the bicycle in the
configuration space SE(3) x S. This is done by removing all the accelerations 7;, for j # 0 in
the recursion on accelerations (64). After straightforward algebra we find:

Tio = 1jo (100)
it = Adug, 7io + 71 A1+ (101)
72 :Ad2g0 ’I7'0—|-Ad2g1 A7+ Agrhy —|—Ad291 ¢+ ¢, (102)
13 = Adsg, 1io + A3 73 + (3, (103)
which need to use the detail expressions of the adjoint map and its time-derivative:
(TR TRipi(O)T . _ (Vi pi(O0) x I) x 7ja;
Angi - < 0 jRi ) C] - Qz « fjaj y (104)

and where A; = (07, aJT)T is the (6 x 1) unit vector supporting the joint axis j. Now writing the
top row of (63) with k the indexes of all the bodies just after B; when descending the structure
from By to its tips, we have for each of the four bodies of the bicycle:

f3 = Ma31j3s + fin3z + fext3 » (
fo = Moatja + fing + feat2 (106
J1 =M1771+fin,1+fewt,1+Ad2Tgl f2, (
fo = Motjo + fino + fexro + Ad3 f3+ AdT, fi, (

which need the detailed expressions:

A T

ms; Ij ’ Qj X ([ij) + ms; X (Qj X V})

where m ;1343 and I; are the matrices of linear and angular inertia while ms; = m;p;(G;) is the
vector of first inertia moments that couple linear and angular accelerations, all being related to
B;. Then, inserting (107), (106), (105), (101), (102) and (103) into (108) that we identify with

the first row of (65), we obtain:

M = zngdE’;OMiAdigo , (110)
=0
M — (i Adl, M Adig Ay, Adf, Mo Ay, AdS, M3A3> , (111)
i=1
fin = iAdg;o fm,ﬁi(i:Adgo MiAdigj)CjJrAd?go Ms(s (112)
=0 Jj=1 i=3
fea;t = iAng fext,i . (113)
=0

Then introducing (105)-(108) into 7; = AT f;, gives :

7= AT (Murpy + fing + fewtn + AdzTgl (Matjo + finz + fext2)) (114)
T2 = AQT(M2772 + fin,2 + fext,Q) 5 (115)
T3 = A3T(M3773 + fin,S + fext,i’))a (116)
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that once identified with the second row of (65), gives the expressions below:

2
B iZIA?AdgVNuAdwlAl AT AdZ, M3 Ay 0 .
e AT My Aday, Ay AZ My Ay 0 ’ (17)
0 0 AT M3 A3
2 2 2
T AT ¢ . T AqT Ad, . 2
Z; Al Adlg1 fzn,l + ];1 (ZZ:] Al AAdlg1 M'L Adlgj)C] Z A'{ Ad;f‘;l fe:):t,i
o= 2 _ | =1
Qin AL fino + 3 AT My Adzy, G » Qeat AL forto
=1 AT
AT fins + AT MG 3 Jerts

Finally, once supplemented with the recursive geometric model ¢g; = €g;%g;(r;) and the kinematic
one (63-bottom), the above expressions along with (110-113) define all the matrices of the free
dynamics, or equivalently, of the left-hand-side of (3) and (4).
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