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Abstract Despite their well known advantages in terms of higher intrinsic rigidity, larger payload-to-weight ratio,
and higher velocity and acceleration capacities, parallel robots have drawbacks. Among them, the most important
one is surely the presence of singularities in the workspace which divide the workspace into different aspects (each
aspect corresponding to one or more assembly modes) and near which the performance is considerably reduced.

In order to increase the reachable workspace of parallel robots, a promising solution consists in the definition
of optimal trajectories passing through the singularities to change either the leg working modes or the robot
assembly modes. Previous works on the field have shown that it is possible to define optimal trajectories that
allow the passing through the robot Type 2 singularities. Such trajectories must respect a physical criterion which
can be obtained through the analysis of the degeneracy conditions of the parallel robot inverse dynamic model.

However, the mentioned works were not complete: they lacked a degeneracy condition of the parallel robot
inverse dynamic model which is not due to Type 2 singularity anymore, but to a serial singularity. Crossing a
serial singularity is appealing as in that case we can change the robot leg working mode and then potentially
access to other workspace zones. This absence is due to the fact that the authors used a reduced dynamic model
which was not taking into account all link dynamic parameters.

The present paper aims to fill this gap by providing a complete study of the degeneracy conditions of the
parallel robot dynamic model and also by demonstrating that it is possible to cross the Type 2, but also serial
singularity, by defining trajectories that respect some given criteria obtained from the analysis of the degeneracy
of the robot dynamic model. It also aims to demonstrate that the serial singularities have impacts on the robot
effort transmission, which is a point that is usually bypassed in the literature. All theoretical developments are
validated through simulations and experiments.

Keywords Parallel robot - Dynamics - Singularity

1 Introduction

Parallel robots have increasingly been used for a few decades. This is due to their main advantages over serial
counterparts that are: (i) higher intrinsic rigidity, (ii) larger payload-to-weight ratio, and (iii) higher velocity and
acceleration capacities [1]. However, their main drawback is the probable presence of singularities in the workspace
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which divide their workspace into different aspects (each aspect corresponding to one or more assembly modes
[1]) and near which the performance are drastically reduced.

Various type of singularity exist, and for a global overview of the singularity problem, the reader is referred
to [2]. In general, singularities lead to two different types of phenomena (that can be combined at the same robot
configuration):

1. The loss of the ability for the robot to move along one given direction (instantaneously or not): this is the
case of the so-called Type 1 singularities [3] which correspond to the workspace boundaries,

2. The gain of some uncontrollable robot motions (instantaneously or not): the so-called Type 2 singularities [3]
and constraint singularities [4] belong to this category. Another type of singularity, which is much less known
than the two previously mentioned ones, also belongs to this category: some kinds of serial singularities (such
as defined in [2]) which are due to the degeneracy of the leg passive joint twist system. In the following of
the paper, we will call them leg passive joint twist system (LPJTS) singularities to differentiate them from
other kinds of serial singularities due to the degeneracy of twist systems including active joint twists. Near
these configurations, the robot stiffness is considerably decreased and the robot capabilities in terms of effort
transmission is deteriorated.

It should be mentioned that, historically, the first designed parallel robots were made of quite simple legs
(in terms of joint arrangement) and encountered only Type 1 and Type 2 singularities. However, due to the
problem of the non homogeneity of the performance inside the robot workspace, designers have tried to propose
mechanisms with more complex leg architectures but with better performance distribution all along the workspace,
such as the decoupled robots [5, 6, 7] which are fully isotropic with regard to their input/output kinematic
performance. However, the increased complexity of the leg arrangement has led to the appearance of other
kinds of the singularities, such as the LPJTS singularities. The best known examples of decoupled robots whose
legs encounter LPJTS singularities are the Tripteron-like or Isoglide-like robots from three to six degrees of
freedom [8, 9, 5, 6, 7, 10, 11].

In order to increase the workspace size, several approaches have been envisaged in the literature, such as:

— The design of parallel robots without singularities. This can be done by using the optimal design approach [12,
13] or by creating fully-isotropic mechanisms [5, 6, 7] (which have no Type 2 singularities but usually have
LPJTS singularities). This solution is the most usual one, but it usually leads to the design of robots with a
small workspace size or robot architectures with very low practicability.

— The use of redundancy [14, 15, 16, 17] or, to reduce costs, the use of mechanisms with variable actuation
modes [18, 19]. These mechanisms can change the way they are actuated without adding additional actuators,
but this change can only be carried out when the mechanism is stopped, thus increasing the time necessary
to perform the task.

— Planning working mode changing trajectories. The main way to proceed is to cross a Type 1 singularity by
reaching the workspace boundary and changing the leg configuration [20]. By changing the leg configuration,
the singularity loci appearing in the workspace for the initial configuration disappear and are replaced by
other singularity loci linked to the new leg configuration. Thus, the robot is able to access new workspace
zones [21]. It should be mentioned that:

— Type 1 singularities are a special type of serial singularities [2] due to the degeneracy of the leg twist
systems including active joint twists.

— For the moment, changing the leg configuration by crossing a LPJT'S singularity has not been investigated,
even if this process could allow accessing new workspace zones.

— Planning assembly mode changing trajectories. A first way to do this is to bypass a cusp point [22]. However,
this solution is hardly practical for two main reasons: i) it forces the mechanism to follow a particular
trajectory, which can be very different from the desired one; i) only a few mechanisms have cusp points. A
second solution is to go directly through a Type 2 singularity [23, 24, 25].

The two last solutions (that could be combined or not) are promising, since they can considerably increase the
workspace size of any parallel mechanism by using only trajectory planning approaches. As a result, the authors
of [23] were the first to provide a physical criterion for changing assembly modes by passing through the Type
2 singularities, which has been obtained through the analysis of the degeneracy conditions of the parallel robot
Inverse Dynamic Model (IDM). This criterion enables the computation of a trajectory which can cross a Type
2 singularity without the dynamic model degenerating, by respecting the criterion in question on the singularity
locus. Experimental results on a spatial four degrees-of-freedom parallel robot named the PAMINSA [26] validated
the proposed theory.

However, it appeared that, even if the obtained results were totally right, the study [23] was not complete: the
authors miss a degeneracy condition of the IDM which is due, no more to a Type 2 singularity, but to a LPJTS
singularity [2]. As mentioned above, crossing a LPJTS singularity is appealing as in that case we can change the
robot leg working mode and then potentially access to other workspace zones [21]. This absence is due to the
fact that they used a reduced dynamic models which was not taking into account all link dynamic parameters.

The aim of this paper is thus triple:
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)

(a) Kinematic chain (Cj j is the joint j of (b) Virtual tree structure:
the leg k, and my, is the total number of
joints for the leg k)

Fig. 1 A general parallel robot (grey circles denote actuated joints).

1. To fulfil the lacks of the study [23] and to analyze all degeneracy conditions of the full parallel robot dynamic
model which takes into account all link dynamic parameters,

2. To demonstrate that the LPJTS singularities impact the robot effort transmission, as this point is usually
bypassed in the literature, and

3. To provide all physical criteria that make it possible to define trajectories allowing the passing through Type
2 and LPJTS singularities.

As a result, the paper is divided as follows. In Section 2, recalls necessary to obtain a generic way to compute
the full IDM of any of rigid parallel robot are presented'. In order to obtain it, it is shown that the procedure
requires two matrix inversions. The condition of degeneracy of these matrices are analyzed in Section 3: it is shown
that the matrix degeneracy will appear when the robot is either in Type 2 singularity or in LPJTS singularity.
Physical criteria for passing through both kinds of singularities are then computed. Finally, in Section 4, all
theoretical derivations are validated through simulations and experiments.

2 Inverse Dynamic Model of Parallel Robots

This section presents some recalls on the computation of the IDM of parallel robots. In this paper, only parallel
robots with no redundancy are considered but the results can be easily extended to other types of parallel robots.

2.1 Computation of the IDM for Parallel Robots

A parallel robot is a complex multi-body system having several closed loops (Fig. 1(a)). It is composed of a
moving platform connected to a fixed base by n legs, each composed of m; elements. It is considered here that
there is one actuator per leg, but the method can be easily extended to robots with several actuators for each
leg.

The computation of IDM of parallel robots is decomposed into two steps [27, 28]:

1. All closed loops are virtually opened to virtually disassemble the platform from the rest of the structure
(Fig. 1(b)); each leg joint is virtually considered to be actuated (even for unactuated actual joints) so that the
robot becomes a virtual tree structure while the moving platform becomes a virtual free body; the dynamic
models of the virtual tree structure and of the virtual free platform are then computed with a systematic
procedure based on the Newton-Euler principle, and

2. The loops are then closed using loop-closure equations and Lagrange multipliers (which represent the joint
constraints applied to the platform that are required to close the loops of the real robot), which involve the
computation of robot Jacobian matrices.

In what follows, the computation of the IDM of the virtual tree structure and of the platform is recalled, and
then a straightforward way to compute the Jacobian matrices required to calculate the closed-loop constraints is
detailed.

1 1t is necessary to mention that in this paper, joint clearance and elasticity are not considered.
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2.2 IDM of Tree Open Loop Robots

According to [29], the complete rigid dynamic model of any open-loop tree structure can be written in terms
of a (ns x 1) vector (ng = >.. ; m; denotes the total number of joints for the virtual tree structure) which is

a function F¢ of all joint coordinates q¢, velocities ¢, accelerations q: and standard dynamic parameters x,,

(xh, =Dt 71, in which x?¥ is the vector of the standard dynamic parameters of link j for leg k),

T =Ft (qtvqt7qf7Xstt) (1)

where 7+ is the (n: x 1) vector of the input efforts of the virtual tree structure. In the following of the paper, it
has been decided that:

— q: (and as a result ¢; and ;) is sorted so that its first n components correspond to the vector of the actuated
joint coordinates of the real parallel robot; this vector is denoted as q, and we denote as qq the passive
joint coordinates of the real parallel robot; as a result: q; = [qg qg]; moreover, in qgq, it is decided that the
variables are sorted such that qg = [qg1 q§2 ... qgn}, with qq, the passive variables of the leg i.

— T+ is sorted so that its first n components correspond to the virtual input efforts of the virtual structure in
the joints corresponding to the actuated joints of the real parallel robot while the last components correspond
to the virtual input efforts of the virtual structure in the joints corresponding to the passive joints of the real
parallel robot; mathematically speaking, and by using the Lagrange formalism, this means that:

=7 2)

T,
where

Te, = % [fii} - aa(i = Fi, (at, ae, e, Xsr,) ®3)
and

Te, = % [%} - g—(il = Fi, (Qt,('lt,fltaxstt) 4)

with L the Lagrangian of the system.

For rigid robots, the vector ng of link j for leg k (denoted in what follows as the link jk) is composed of 14
standard dynamic parameters such that:

ik __ . T
X1t = [Tk TYjk T2jk YYik YZik 22k MTjk MYk MZik Mgk G5k Uik [Sik Toff,,] (5)
where:

— TTjk, TYjk, T2k, YYjk, YZjk, 22k are the 6 independent components of the inertia matrix I, of link jk at
the origin of frame jk attached at the origin of the considered link [29] and expressed in the local frame, i.e.

:ca:jk a:yjk a?ij
Lix = | %Yk YYjk YZjk (6)
TZjk Y2Zjk 225k

— My is its mass,
— Mk, MY;k, M2k are the 3 components of the first moment of link jk, i.e.

mjg ]kOijjk = [mxjk my;k mzjk] (7

where 7 kOj & S;k is the position of the center of mass of the link jk expressed in the frame jk attached at the
origin of the considered link [29],

— 1iajk is the total inertia moment for rotor and gears of the drive train,

— fujk, fsjr are the viscous and Coulomb friction coefficients in the joint jk, respectively, and 7of7, =
Tofffs;n T Toffr;, 18 an offset parameter which regroups the current amplifier offset 7,5¢., and the asym-
metrical Coulomb friction coefficient 7,7y, such that the friction effort 7, in the joint jk is given by the
relation:

T = JVik @ik + fsjk sign(qin) + Toff;, (8)
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where ¢, is the joint jk generalized velocity.
In the same way, the IDM of the platform can be obtained as:

TP = -7:17 (Xataf’: Xp) (9)

where 7, is the (6 x 1) vector of platform reaction wrench. It can be computed as a function F, which depends
on the vector x,, of the platform inertial standard parameters® and of x,t, t, i.e. the platform pose, twist and
acceleration quantities, respectively.

Various methods can be used to systematically derive these equations. Here, an algorithm based on the use
of the modified Denavit-Hartenberg robot geometric description and the Newton-Euler principle is applied. This
modeling is known to give the dynamic model equations in the most compact form [29].

2.3 IDM of Parallel Robots

The IDM of the virtual tree structure and of the free moving platform does not take into account the closed
loop characteristics of parallel robots: among all joint and platform coordinates q: and x of the virtual robot
(Fig. 1(b)), only a subset denoted as q, is independent in the real robot (actual actuated joints positions are
indeed a subset of q: — see above). All these variables are linked through the loop-closure equations of the real
robot that can be obtained by expressing the (translational and rotational) displacement xj of the last joints of
each leg located at C,,, 1 (that belong to both platform and leg k — Fig. 1) in two different ways: (i) as a function
of the independent platform coordinates X;,q (the operational coordinates defined as a subset of x) and (ii) as
a function of all joint coordinates q: (also corresponding to the joint coordinates of the virtual tree structure),
such that:
X1(Xind) — X1(qe)
f(x,qt) = : =0 (10)
Xn (Xind) — Xn (qt)

The main problem with (10) is that it is usually difficult to straightforwardly solve these equations. Alternatively,
we can express the reduced loop-closure equations of the parallel robot which are known to be simpler to ob-
tain [1] and that directly relate the displacements q, of the actuated joints to the moving platform independent
coordinates X;nq:

fp (Xind, 4a) =0 (11)

and to solve then the reduced forward kinematic problem (fkp) which gives X;,q4 as a function of qq. Obviously,
this problem can be also tedious, but:

— The equations (11) are simpler to solve than the equations (10),
— If the problem cannot be solved analytically, a numeric procedure may be applied [1].

Once the values of x;,4 are found as a function of qq, it is possible to solve the inverse kinematic problem
using (10) in order to express all joint coordinates as a function of x (that is function of x;5,4), and thus of qq.
This problem is generally easy for usual parallel robots [1] and, even for more complicated cases, can now be
solved using advanced mathematical methods [30].

Differentiating (11) with respect to time, we have

A,v+Byq, =0 (12)
leading to
v=-A,"Bpds = Jpda (13)
or
Go=-B,'A,v=1J,"v (14)
where of oF
A, = P |T, B, = P 15
o= | B = [ S (15)

with v a vector of the independent coordinates in the platform twist t (dim v = dim x;,,4 = n < 6), defined such
that
t =Dv (16)

and T a transformation matrix between the independent coordinates in platform twist v and the derivatives with
respect to time of the terms X;nq [1]. Note that in the case of robots with 6 dof, D is the identity matrix.

2 The number of standard parameters of a free rigid body can be reduced to 10 inertial parameters as it is not necessary to
consider the parameters iaj;, fv;, fs; and Toff; related to actuated joint drive chains.
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Differentiating (12) with respect to time, the acceleration quantities can be linked as
Apv+ A,v+Byds +Bpaa =0

leading to

= _Azjl(ApV +BpQa + qua)
or

a = _Bgl(APV +A,v+Byda)

which can be simplified as

Ga=J,'v—(B,'A, +B,'B,J, )iv=J,'v + Jv

Differentiating now (10) with respect to time, the following expression can be obtained:

Jiev — Ik, da — Jk,qa =0
which leads to

da =3, (Jexv — I, da)
=3, Ty — T, I, 'v)
=3 (Jee = I, 3, v

=JgVv

where

of of of
th - |:8X'Lnd:| T7 Jka - [@} ) Jkd - - |:87qd:|

Differentiating (21) with respect to time, the acceleration quantities can be linked as
IV + Joev — I, b — Ji, 8o — Ty 8a — T, 0 =0
which leads to

Ga =I5, (Feev + Jv — T @0 — Ik, o — Ji,44)
=3 TV + ey — T, (3, 'V + Tgv) = T, I v = Ti, T, v)
=3 T — T, IOV + I v = T, g — T, 35" = T daa)v
=Jo, v+ Il v

In these expressions, it should be noted that

(18)

(19)

(21)

(22)

(23)

(24)

(25)

— The matrix Jy, is the Jacobian matrix linking the independent motions of the last joints to the passive joint
displacements of each serial leg and is thus a square matrix of dimension ((n¢ —n) X (ng —n)) (ng = > 1 Mi);

this matrix is block-diagonal such that

Jiyy 0 ... 0] [9a
0 Jkd2... 0 qd,

Jr,da =

qd,

(26)

in which Jg,, is the kinematic Jacobian matrix that relates the twist of the last joint of the leg 7 to the passive

joint velocities qq, of the same leg.

— The matrix Jj_ is the Jacobian matrix linking the independent motions of the last joints to the active joint

displacements of each serial leg and is thus a matrix of dimension ((n: —n) x n),

— The matrix J is a matrix of dimension (n¢ X n) that can be obtained by considering the rigid body dis-

placement of any point of the robot platform as a function of the platform twist, and
— The matrices A, and B, are square of dimension (n x n).
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To take into account the loop-closure constraints into the dynamic model of the parallel robot, Lagrange
multipliers AT = [AlT )\ﬂ can be used [29] to compute the (n X 1) vector of the actuated joint force/torque 7
of the closed-loop structure. T can be obtained in relation of the Lagrange multipliers A by

=74, —Jb A — Bl A, (27)
where A1 and A2 are calculated from the relations:

Ji A =714, (28)

“JEM AN =1, (29)
In these expressions,

— A1 stacks the wrenches Al to AT (Fig. 1(b)) applied by the virtual tree structure on the platform at points
Cimy,k, 50 that the virtual structure can have the same motion as the real parallel robot,

— A2 stacks the values of the norms of the wrenches A} to A% (Fig. 1(b)) due to the platform dynamics in the
platform joints located at Ch,, i,

— A, and Jy, are square matrices, and

— Tpr is defined by

Tpr = D71, (30)

where 7 is given in (9) and 7,, is a subset of forces/moments in 7, that can be found through the use of
the principle of virtual powers, which states that:

V*TTpr _ t*TTp _ V*TDTTp (31)

In this equation, the superscript “*” stands for a virtual velocity.

Thus, the equation (29) represents the platform equilibrium so that the loops of the parallel robot can be closed.
Solving (28) and (29), it can be demonstrated that:

A =30 T, (32)

and

A=A, (Tpr + ThX) = Ay (T + T3 1) (33)

Then, introducing (32) and (33) into (27), we get

=74, —JF A — Bl s

_ _ _ (34)
=T, — JgaJde‘rtd — BZAP T(Tpr + JZ;chdTTtd)
which allows to express the IDM of the real parallel robot under the form:
=7, —(JL, +By AT I T, — By A Ty (35)

These equations are valid as long as J,, and A, are not rank-deficient. The degeneracy of the IDM
is investigated in the next Section, as well as the conditions for allowing the robot to pass through the singular
configurations in which matrices Ji, and A, are rank-deficient.

3 Analysis of the Degeneracy Conditions of the IDM of Parallel Robots and Optimal Trajectory
Planning through Singularities

The conditions of rank-deficiency of matrices A, and Jj, have been presented in several works, such as [1, 3, 2].
They are briefly recalled here and their impact on the robot input efforts is disclosed.
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3.1 Degeneracy Conditions of the IDM due to the Matrix A,

From (12) which gives the implicit relation between the input and output velocities (qq and v) of the robot, we
can see that the matrix A, is the so-called parallel Jacobian kinematic matrix [1, 3]. As demonstrated in [31],
each of its row is a unit wrench denoted as ¢, which is proportional to the wrench applied by the leg ¢ on the
platform when its actuators are developing an input effort in a static mode of operation and in absence of any
other type of external effects, i.e.
<}
A,= | (36)
n
The matrix A, becomes rank-deficient if and only if the robot is in a Type 2 (also called parallel or active-
constraint) singularity. An example of such kind of singularity for the 3-RPR? planar parallel robot is shown in

Fig. 2. In Type 2 singularities, at least one platform motion becomes uncontrollable. Moreover, Type 2 singularities
separates the workspace aspects [1] and prevent the robot reaching all possible workspace configurations.

uncontrollable

motion

Fig. 2 Example of Type 2 singularity of a 3-RPR planar parallel robot (grey joints denote actuated joints): in that case, the
platform has one uncontrollable motion which is an instantaneous rotation around the point I

Several methods have been developed for finding the Type 2 singularity configurations, such as the Grassmann
geometry [1], the Grassmann-Cayley algebra [32], etc. These methods are not recalled here as finding the robot
singular configurations is out of the scope of the paper.

From Eq. (29), it can be deduced that, when matrix A, becomes rank-deficient in Type 2 singularities, a
non null vector Az corresponding to a null value of 7, + JtTk)\l can exist. This also means that there is an
infinity of solutions for A2 and that the robot platform is not in equilibrium. Another consequence is that in the
neighbourhood of the Type 2 singularities, the active joint effort 7 may increase considerably as their expression
is proportional to the inverse of the determinant of A,, which is close to zero in that area. Such singularity
may thus lead to a breakdown of the mechanism (if the joints cannot support the load) or to the impossibility
of tracking the desired trajectory due to the technological limitations in terms of maximal input efforts for the
actuators.

3.2 Degeneracy Conditions of the IDM due to the Matrix Jy,

As explained previously, the matrix Jj, is the Jacobian matrix linking the independent motions of the last joints
to the passive joint displacements of each serial leg and is block-diagonal. As a result, Jy, is rank-deficient if and
only if at least one block Ji,, on the diagonal is rank deficient.

3 In the following of the paper, R and P stand for passive revolute and prismatic joints respectively, while R and P stand for
active revolute and prismatic joints respectively.
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If the ith block Jy,, is rank-deficient (let us recall that Jy,, is the kinematic Jacobian matrix that relates the
twist of the last joint of the leg ¢ to the passive joint velocities qq, of the same leg), then the sub-chain composed
of the passive joints of the leg i is in a singular configuration. Such kind of singularity has been described in [2] and
is called in this paper a LPJTS singularity. An example of such kind of singularity is shown in Fig. 3. In LPJTS
singularities, at least one leg gets an internal and uncontrollable motion while the platform is still controlled and
remains rigid. Moreover, LPJTS singularities separate the passive joint space aspects and thus prevent the leg
to reach all the possible joint configurations [2].

Uncontrolled
internal motion

of the leg

Robot moving platform

Robot fixed base

Fig. 3 Example of LPJTS singularity for a parallel robot leg (grey joints denote actuated joints): in that case, for a fixed position
of the end-effector, the leg gains one instantaneous uncontrollable motion due to the particular arrangement of the passive joints

As mentioned in the introduction, LPJTS singularities are encountered in numerous robot architectures among
which the best known examples are probably the Tripteron-like or Isoglide-like robots [8, 9, 5, 6, 7, 10, 11].

From Eq. (28), it can be deduced that, when matrix Jg,, (and as a result matrix Jz,) becomes rank-deficient
in LPJTS singularities, there can be a non null vector A1 corresponding to a null value of 7,. This also means
that there is an infinity of solutions for A1 and that the leg i is not in equilibrium. Another consequence is that
in the neighbourhood of the LPJTS singularities, the value of A1, and as a result the active joint efforts 7, may
increase considerably as its expression is proportional to the inverse of the determinant of J,, which is close
to zero in that area. As for the Type 2 singularities, a LPJTS singularity may thus lead to a breakdown of the
mechanism (if the joints cannot support the load) or to the impossibility of tracking the desired trajectory due
to the technological limitations in terms of maximal input efforts for the actuators.

3.3 Avoiding Infinite Input Efforts while Crossing Type 2 or LPJTS Singularities thanks to an Optimal
Trajectory Planning

In this Section, conditions for avoiding infinite input efforts while approaching and crossing the Type 2 or LPJTS
singularities are disclosed.

3.3.1 Optimal Trajectory Planning through Type 2 Singularities
Let us rewrite (29) such as
Al = w, (37)

where w,, is defined by
Wp = Tpr + JEA = Tpr + Jz;cJ,;dTTtd (38)
As previously explained, the equation (29) represents the platform equilibrium so that the loops of the parallel
robot can be closed. As a result, the term w), represents the sum of:

— The inertial/gravitational effects and external efforts applied on the platform plus
— The reactions applied by the legs on the robot platform (due to the leg inertia and gravitational effects).

Let us also express (27) again such as
T =w, — B} A, (39)

where wy, is defined by
Wy = Tt, — Jgﬂ)\l =T, — J%LJ,:dTTtd (40)
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If A, is rank deficient, so a non-null vector t, exists, defined such as
Apts=0stIAT =0 (41)
From (12), ts

— is a twist reciprocal to all the wrenches ¢; defining the rows of the matrix A, (see Eq. (36)), and
— describes the uncontrollable motion of the platform inside the Type 2 singularity [1, 23].

Multiplying the left side of (37) by tZ, one obtains
tTAT X =0 (42)

As a result, for the IDM to be consistent, the right part of (37) must strictly follow the condition

@

which involves that, in order to avoid infinite input efforts while crossing a Type 2 singularity, the sum of the
wrenches applied on the platform by the legs, inertia/gravitational effects and external environment must be
reciprocal to the uncontrollable motion of the platform inside the singularity (in other words, the power of these
wrenches along the platform uncontrollable motion must be null).

This physical criterion was already provided in [23] and can be respected through a proper robot trajectory
planning. It should also be mentioned here that in the works [33, 34, 35], the authors used criteria based on a
virtual power to characterize the motion/force transmissibility in parallel manipulators (and thus to characterize
the closeness to Type 1 and Type 2 singularities). However, such criteria where never used to defined a criterion
able to avoid the degeneracy of the dynamic model near singularity.

However, to better understand the phenomenon, let us consider the five-bar mechanism depicted in Fig. 4.

A five-bar mechanism is a planar parallel mechanism composed of two actuators located at the revolute joints
located at points A; and A2 and three passive revolute joints at points By, B2 and C; = Ce = C.

NPl

1 =C,=C(xy)

955

Fig. 4 Kinematic chain of the five-bar mechanism

It is considered that the mechanism is not moving and that the gravity effects are cancelled. A force f is
applied on the end-effector. A simple analysis of the effort transmission shows that the reactions in the passive
joints located at points B1 and C' (Bz and C, resp.) must be collinear to the vector Bﬁ (B?7 resp.) for any
mechanism configurations and that f = r; 4+ ro (with r; the force in the joint of the leg 7).

In Type 2 singularity, B? is collinear to m and, as a result, ry is collinear to r2. It can be proven that,
in such a case, the robot gets an uncontrollable motion along the vector ts which is perpendicular to B1C and
ByC (Fig. 5). To compensate a force f which is not collinear to r1 and ra, (i.e. for which the criterion (43) is not
respected as tXf will be different from zero in this case), the reactions r1 and r2 must have infinite norms. If the
force f is collinear to r1 and r2 (i.e. the criterion (43) is respected as t2 f = 0 in this case), the reactions r1 and
r2 will have finite norms.

This simplified problem gives an insight onto the general theory presented in this Section.
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A 0]

1

Fig. 5 The five-bar mechanism in a Type 2 singularity: the uncontrollable motion is described by the vector tg

3.3.2 Optimal Tragectory Planning through LPJTS Singularities

Let us combine Egs. (4) and (28):

Jgd)q = Tty (44)
where T, is defined by
d | 0L oL
T [aqd} a4 ()

Thus, T+, represents the virtual input efforts in the joints of the virtual system that correspond to the passive
joints of the real robot. Moreover, as previously mentioned, A1 stacks the wrenches Al to A7 (Fig. 1(b)) applied
by the virtual tree structure on the platform at points Cy,, , so that this virtual structure can have the same
motion as the real parallel robot. Then, (44) represents the equations of the dynamics of the passive legs in
contact with the external environment (here the platform on which is applied the wrenches A1).

If Jy, is rank deficient, then a non-null vector ¢ exists, defined such as

Je,di=0e4q373L =0 (46)

q; represents the passive joint velocities describing the uncontrolled motion of the legs inside the LPJTS
singularity.
Multiplying the left side of (44) by 5 ”, one obtains

ai " Ik, A =0 (47)

As a result, for the IDM to be consistent, the right part of (44) must strictly follow the condition

()

which involves that, for avoiding infinite input efforts while crossing a LPJTS singularity, the input efforts of
the virtual system in the joints that correspond to the passive joints of the real robot must be reciprocal to the
uncontrollable motion of the passive legs inside the singularity (in other words, the power of these efforts along
the leg uncontrollable motion must be null).

This physical criterion has never been provided before. As for crossing the Type 2 singularities, we will
show thereafter that the criterion (48) can be respected through a proper robot trajectory planning.

To better understand the phenomenon, let us consider the Tripteron proposed by Gosselin et al. [5] depicted
in Fig. 6. The robot is composed of three identical legs made of an active prismatic (P) joint mounted onto the
base and followed by a serial 3R passive chain. In each leg, all P and R joint axes are collinear (i.e. the 3R chain
is planar and its displacement is orthogonal to the one of the P joint). The legs are mounted so that one leg is
orthogonal to the two others.

This special arrangement of the leg leads to the design of a fully-isotropic robot with 3 translational degrees
of freedom, i.e.

o =V (49)

where g, are the input velocities and v is the platform translational velocity. As a result, if a force f, is applied
on any point of the platform (and in absence of any other effects), the robot input efforts 7 are equal to

=1, (50)
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NN X
= (]

Actuated prismatic joint
mounted onto the ground
with a direction z,

(b) Kinematic architecture of the leg 4

Fig. 6 The Tripteron [5].

which can be deduced from the principle of virtual powers.

It is considered in this example that the mechanism is not moving and that the gravity effects are cancelled.
A force f is applied on leg 1 at point Cy (Fig. 6(b)). A simple analysis of the effort transmission shows that the
reactions in the passive joints located at points B1 and Ci (Ci and D1, resp.) must be collinear to the vector
B1—C1> (C’l—l)1>, resp.) for any robot configurations and that f = ri11 + ro1 (with rj; the force in the joint of the
element j of the leg 1). Moreover, as the force —ro; is applied on the platform through the passive joint located
at D1, from (50), we have

T = —I21 (51)

In a LPJTS singularity (Fig. 7), Bl—C’; is collinear to CTD; and, as a result, ri1 is collinear to ra1. It can be
proven that, in such a case, the robot gets an uncontrollable motion given by qJ that produces a displacement
v, of point C1 (Fig. 7). v¢, is contained in the plane x;0;y; and is perpendicular to B1C1 and C1Ds.

Let us denote as J¢, the Jacobian matrix linking the velocity v, of point Ci to the passive joint velocities
qq such that:

ve, =Jc,da (52)

As a result, from the principle of virtual powers, 7, is the vector of the efforts in the virtual structure defined
such that

T, =30 f = f=30"T4, (53)
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I,

End-effector

Actuated prismatic joint
mounted onto the ground
with a directionz,

Fig. 7 Leg i of the Tripteron in a LPJTS singularity

The virtual power due to f and the displacement of the point C; is thus equal to
T .T+T 1—T . T
ve,f =aqado, Jo, Tt, = Aa T, (54)

To compensate a force f which is not collinear to ri1 and ra1, and thus not reciprocal to v¢,, (i.e. for which
the criterion (48) is not respected as ¢5 7 T4, = vSCle will be different from zero in this case), the reactions ri1
and rz; must have infinite norms, thus leading to infinite input efforts from (51). If the force f is collinear to r11
and ra1, and thus reciprocal to v, (i.e. the criterion (48) is respected as ¢ " 7¢, = v& f = 0 in this case), the
reactions ri1 and ra; will have finite norms, and the input efforts 7 will also remain finite.

This simplified problem gives an insight onto the general theory presented in this Section.

Examples of trajectories for crossing Type 2 or LPJTS singularities are shown in the next Section.

4 Case Studies

In this Section, we develop more extensively the examples of the five-bar mechanism and of the Tripteron provided
above and we show experimental results on singularity crossing.

4.1 Crossing Type 2 singularities

In this Section, we will analyze the degeneracy of the full IDM of the five-bar mechanism, give the expression of
the general criterion for crossing Type 2 singularities, and perform simulations and experiments.

4.1.1 Kinematic description of the five-bar mechanism

As already mentioned, a five-bar mechanism is a planar parallel mechanism composed of two actuators located at
the revolute joints located at points A; and A2 and three passive revolute joints at points B1, Bz and C1 = C2 = C
(Fig. 4). The geometric parameters of the virtual open-loop tree structure are described in Table 1 using the
modified Denavit and Hartenberg notation (MDH) [29]. The end-effector is considered as a supplementary body
numbered as body 4.

Here, the robot is moving into the (zoOyo) plane which is orthogonal to the gravity field.

For this mechanism:

— the end-effector coordinates are x? = [z ],
— the active joint coordinates are q2 = [q11 qi2],
— the passive joint coordinates are da = [g21 q31 q22].

All kinematic relationships needed for the computation of the IDM of the five-bar mechanism are given in
Appendix A while the IDM is given in Appendix B.
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Table 1 MDH parameters for the frames corresponding to the five-bar mechanism legs.

Ji ey Bji 05 Yji dy i Tji
11 0 1 0 0 di1 =loa, q1 O
21 11 0 0 0  dn=lap, gqu O
31 21 0 0 0 d31 =1B,c, gs1 O
12 0 1 0 0 dio = ZOAQ q12 0
22 12 0 0 0 do2 =la,By, q22 O

Fig. 8 Five-bar mechanism designed and manufactured at IFMA

4.1.2 Trajgectory planning through the Type 2 singularities

As mentioned in Appendix A, the five-bar mechanism encounters only Type 2 singularities, but no LPJTS
singularity. So, let us analyze the degeneracy conditions of the expression (37), and first, let us compute the term
Wp.
Introducing the expression (90) given in the Appendix B into (38), we obtain
Wp = Tpr + I 5 e, (55)
= maV + I3 I (MY + ¢f)
which, for one given robot configuration, is a function of v and v only.

From the degeneracy analysis of matrix A, of (74) (Appendix A), the gained motion inside the Type 2
singularity can be expressed as:
—sin(q1: + g2i)
= 56
[ cos(qui + q2i) } (56)

Thus, the criterion (43) to respect in order to cross the Type 2 singularity takes the general form

tewy = [—sin(qui + g2:) cos(qui + q2i)] (ma¥v + IZI T (MEV + ¢5)) =0 (57)

which, for one given singularity configuration, is a function of v and v only. Therefore, it is possible to plan, for
one given singularity configuration, a Cartesian trajectory which respects (57).

4.1.8 Application case and benchmark

In order to validate the theoretical results presented above, we will test the proposed criterion for crossing the
Type 2 singularities of a five-bar mechanism prototype designed at the Institut Pascal from Clermont-Ferrand
(France).

The mechanism and its parameters are presented in Fig. 8. The link dimensions were calibrated using a Laser
Tracker (Table 2).
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Table 2 five-bar mechanism: geometric parameters

Parameter a L1 Lo L3 Ly
Value (m) 0.2822 0.2130 0.1888 0.1878 0.2130
Precision (m) 1.1075 1.1075 1.107° 1.107% 1.107%

=
(52t
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Fig. 9 Verification of the identified dynamic model

A full dynamic identification model of the robot was computed using the methodology presented in [27] and
its identification was performed using a weighted least square method based on the use of exciting trajectories,
followed by a classic geometrical control law [36]. The identification resulted in the following model that fully
describes the robot dynamics of the studied mechanism:

T =w, — B} X, (58)
Al =w, (59)
with
Wy = m m
p=m4 .|,
- . - (60)
_ |zzuir d11 fu11411 fs11sign(di1)
Wy = .. + . + . .
zz12R {12 fv214d12 fs12sign(gi2)
where:

e my is the mass of the end effector; ma4 = 0.40 &+ 0.02kg

e 2211r and zz12Rr (221:r = 221 + ta1; + d%imzi) are rotational equivalent inertial terms, respectively on the
first and second actuator; zz11r = 1.83 - 1072 +6.97 - 10_4kg.m2; 2201r = 1.96 - 1072 £ 6.60 - 10_4kg.m2;

e fs11 is a Coulomb friction term on the first actuator (respectively fs12 on the second actuator); fsi1 =
2.94 4+ 0.10N.m; fs12 = 2.95 £ 0.09N.m;

e fy11 is a viscous friction term on the first actuator (respectively fy2 on the second actuator); fy11 = 6.76 =
0.018N.m.s fy12 = 6.75 £ 0.17N.m.s.

It should be noted that the other parameters, such as distal link inertia and friction terms in passive joints
are insignificant and therefore the identification routine returned null values.

Different trajectories were computed in order to cross-validate the dynamic model identified. For each trajec-
tory, the positions, velocities and input torques were retrieved for both actuators. Using the identified dynamic
model and the measured positions and velocities, the input torques can be computed and compared to the mea-
sured ones, as illustrated in Fig. 9 which represents both the input torques measured and computed ones along
a cross-validation trajectory.

The five-bar mechanism is controlled by an industrial control architecture developed by ADEPT with an
open architecture. This control architecture allows the user to control the mechanism either in position, speed
or torque, using a C/C++ software developed by ADEPT France: CIDE. This software was designed mostly
for position control; therefore safety elements preventing mostly physical damage had to be developed for the
computed torque control law.

On this five-bar mechanism, a computed torque control (CTC) law have been implemented. The CTC gains
have been set up for a cut-off frequency of 15 Hz.
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Fig. 10 Starting point Py and ending point Py of the Type 2 singularity crossing trajectory

Table 3 Boundary conditions for the two trajectories used on the five-bar mechanism.

Trajectory for Case 1 Trajectory for Case 2
t = 0 sec t:tf:1.5sec t =0 sec t=1t; =1.5 sec t=1ts = 0.75 sec
x(t—O)—xpo z(t=tf)=xp; | 2(t=0)=mp, z(t=ts)=azp; z(t=1ts)=zp, =0.0543m
z(t=0)= T(t=t;) =0 z(t=0)=0 T(t=1tr)=0 @(t =ts) =0.1671 m/s
#(t=0)= Et=1tr)=0 #(t=0)=0 Et=1tf)=0 #(t =ts) = 6.8¢7% m/s?
y(t =0) *ypo yt=tf)=yp, | y(t=0)=yp, ylt=tf)=yp;, Yt=ts)=yp, =02m
gt = 0) = Gt=1tF) =0 gt =0) = Yt=ts) = §(t =ts) = —0.4812 m/s
y(t*O)*O jJt=1t;) =0 §(t=0)=0 jJt=1ty) =0 ij(t = ts) = —0.01 m/s?
Table 4 Coefficients of the polynomials for each trajectory used on the five-bar mechanism.
Polynomials for Case 1 Polynomials for Case 2
z(t) =50 qaitt  y) =30 jaitt | 2@ =38 jaitt y@®) =38 it

ao 0 0.338175237168 0 0. 338175237168

a1 | 0 0 0 0

a2 | O 0 0 0

a3z | 0.296296296296 —0.705704406423 | 0.030616142296 0.403081224309

ag | —0.296296296296  0.705704406423 0.364976100965 —1.953915773554

as 0.079012345679 —0.188187841713 —0.089638089174  0.149034398769

ag | —— - —0.638891733361  3.132585241250

ar | —— - 0.555392794445 —2.569364459356

ag | —— —— —0.131974503408  0.600075981487

4.1.4 Simulations and FExperimental Results

From (57) and (59), the criterion for crossing the Type 2 singularities becomes

tIwp = [—sin(qui + g21) cos(qui + q2:)] ma¥v = ma(—sin(qui + g2:)7 + sin(qui + g2)§) = 0 (61)

or also
Uy = :'ttan(qu + qu) (62)
Then, let us define two different types of trajectory with a duration t; =
T
(xp, = [2py ypo]” = [0;0.338]"m) and Py (xp, = [2p, yp,]” =
singularity (Fig. 10):

1.5 sec between the points Py
[0.1;().1]Tm) which are separated by a Type 2

— Case 1: a trajectory defined using a fifth-degree polynomials which can fix the position, velocity and accelera-
tion of the robot at the trajectory extremities only; for this polynomial, five boundary conditions are defined
that are given in Table 3 and lead to the polynomials for x and y defined in Table 4.

Case 2: a trajectory using a eighth-degree polynomial laws which can fix the position, velocity and acceleration
of the robot at the trajectory extremity plus the position and acceleration of the robot in the singular
configuration; for this polynomial, nine boundary conditions are defined that are given in Table 3. It should
be noted that we want to cross the Type 2 singularity at ts = 0.75 sec with values for &(t = ts) and §(t = ts)
that respects the criterion (62). These conditions lead to the polynomials for z and y defined in Table 4.

Please note that a discussion on the number of digits used for characterizing the coefficients of each polynomial
is given in Section 4.3.
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Fig. 11 Input torques simulated for the five-bar mechanism crossing the Type 2 singularity locus at ts = 0.75 sec without
respecting the dynamic criterion (62)
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Fig. 12 Input torques simulated for the five-bar mechanism crossing the Type 2 singularity locus at ts = 0.75 sec respecting the
dynamic criterion (62)

First, let us simulate the behavior of the robot when perfectly tracking the two different trajectories. The
input torques for both trajectories are shown in Figs. 11 and 12. It can be observed that, for the trajectory that
respects the criterion (62) (Fig. 12), the input torques remain finite while in the other case (Fig. 11), they tend
to infinity when crossing the singularity at ¢ts = 0.75sec.

Now, let us launch each trajectory on the five-bar mechanism prototype. The results in terms of

— robot displacements are shown in Figs. 13 and 14
— input torques are shown in Figs. 15 and 16.

It can be observed that for the trajectory that respects the criterion (62), the prototype can cross the singularity
with finite torques while in the other case, it stays blocked in it. Note that:

— when the robot fail to cross the singularity, the data are not recorded after 0.7 sec because we activated the
emergency stop,

— experimental results in terms of input torques are different from the simulated ones because the robot is not
able to perfectly track the desired trajectory.

Finally, it should be mentioned that the difference in the torques between the simulations and the experiments
reside in the fact that, in simulation, we consider that the robot is perfectly tracking the trajectory, which is not
the case in reality. Taking into account the robot controller is a point which will be discussed in the section 4.3.



18 Sébastien Briot et al.

a desired trajector L i " singularity d Jollowed trajectory

Fig. 13 The five-bar mechanism tracking the trajectory which does not respect the dynamic criterion (62)
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Fig. 15 Input torques measured for the five-bar mechanism crossing the Type 2 singularity locus at ts = 0.75 sec without
respecting the dynamic criterion (62)
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Fig. 16 Input torques measured for the five-bar mechanism crossing the Type 2 singularity locus at ts = 0.75 sec respecting the
dynamic criterion (62)
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Fig. 17 Kinematic description of the actuated prismatic joint arrangement for the Tripteron

4.2 Crossing LPJTS singularities

In this Section, we will analyze the degeneracy of the full IDM of the Tripteron, give the expression of the general
criterion for crossing LPJTS singularities, and perform simulations and experiments.

4.2.1 Kinematic description of the Tripteron

As already mentioned, the Tripteron is a spatial parallel mechanism with three degrees of freedom composed of
three actuators located at the prismatic joints attached to the ground and three passive revolute joints per leg
at points A;, B; and C;. The MDH parameters of the virtual open-loop tree structure are described in Tables 5
and 6 and Figs. 6(b) and 17. The end-effector is considered as a supplementary body numbered as body 5.

The gravity field is directed along zg.

For this mechanism:

— the end-effector coordinates are x* = [z y 2],
— the active joint coordinates are q2 = [q11 q12 q13),
— the passive joint coordinates are qF = [q}; ale qls] with 2 = [g2i ¢3i qui] (i =1,2,3).

All kinematic relationships needed for the computation of the IDM of the Tripteron are given in Appendix C
while the IDM of the Tripteron is given in Appendix D.

4.2.2 Trajectory planning through the LPJTS singularities

As mentioned in Appendix C, the Tripteron encounters LPJTS singularities only. Thus, let us analyze the
degeneracy conditions of the expression (44).

Table 5 MDH parameters for the frames corresponding to robot active joints.

J @i i Ohi Qi Yji  bji dji 053 Tji
11 0 1 1 0 0 b11 di1=0 0 q11
12 0 1 1 71'/2 71'/2 b1 =a do1 =0 0 qi2 —a
13 0 1 1 —7m/2 0 bis=a d31=0 -—-7/2 qs3+ta

Table 6 MDH parameters for the frames corresponding to the passive joints of the i-th robot leg (i =1, ..., 3).

Ji Gy My 0 i dgi O;i
2i 14 0 0 0 do; =0 q2i
3 21 0 0 0 d51 = lBiCi q3;
4 3 0 0 0  du=lop, qu

(e en] Okﬁ_
=
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From the degeneracy analysis of matrix Jj,, of (119) (Appendix C), the gained motion inside the LPJTS
singularity of the leg i can be expressed as:

ds;

Ay = | —(d2i + dsi) /\/d; +d3, + (d2i + ds:)? (63)
d2;

Thus,

— If the leg 1 encounters a LPJTS singularity, 57 = [¢5; 03 03],
— If the leg 2 encounters a LPJTS singularity, ¢5 7 = [03 55 03],
— If the leg 3 encounters a LPJTS singularity, ¢5 7 = [03 03 ¢ |.

where 03 is a zero vector of dimension 3.
Thus, the criterion (48) to respect in order to cross the LPJTS singularity of the leg i can be found by using
the expression (134) of Appendix D and it takes the general form:

az e, =0=q5 " (Mgv +cj) (64)

which, for one given singularity configuration, is a function of v and v only. Therefore, it is possible to plan, for
one given singularity configuration, a Cartesian trajectory which respects (64).

4.2.8 Stmulations and Ezperimental Results

For the simulations, we have decided to simulate the behavior of a Tripteron during the crossing of a LPJTS
singularity for the leg 1 with the following hypothesis which does not affect the genericity of the example: we
consider that only the elements of the leg 1 have mass and inertia properties (all other terms are cancelled).

This hypothesis which may seem strong does not affect the problem because, when crossing the leg 1 LPJTS
singularity, from the equations of the Appendix D, it can be seen that only the mass and inertia parameters of
the legs can make the dynamic model degenerate. Moreover, this hypothesis brings the following main advantage:
we do not have any Tripteron prototype in our laboratory, but we will be able to experimentally simulate the
Tripteron behavior during the LPJTS singularity crossing by using the five-bar mechanism prototype presented
in the Section 4.1.3. Indeed, this experimental simulation can be done by taking into account that:

— the passive planar 3R serial chain B1C1D; of the leg 1 of the Tripteron is equivalent to the passive chain
B1CBs of the five-bar mechanism (see Figs. 4 and 6(b));

— if we brake the active joint of the five-bar mechanism prototype located at Ai, the joint Bi of the five-bar
prototype mechanism is equivalent to the passive joint By of the Tripteron (Fig. 18)

— then, the crossing of the singularity of the chain B1C1D; of the leg 1 of the Tripteron which is equivalent
to the passive chain B1CBgy of the five-bar mechanism can be driven by the active link A2 By of the five-bar
mechanism prototype that will simulate the end-effector displacement of the Tripteron when motors 2 and 3
are moving (see Figs. 5 and 7).

Due to this analogy, the mass and inertia parameters of the leg 1 of the Tripteron must be equal to:

® M31 = 0.40 + 0.0ng, mi11 = ma1 = Okg

® a1, = 2221 = 2231 = Okg.m2,

® mx21 = mr31 = my21 = mys1 = Okg.m,

o fso1 = fs31 = fs41 = ON.m,

e fuo1 = fus1 = fvar = ON.m/rad,
while the length parameters are d3; = 0.1888 m and d41 = 0.1878 m in order to fit to the five-bar mechanism
prototype parameters.

From (64) and (134) and by using the parameters given above, the criterion for crossing the LPJTS singu-
larities of the leg 1 becomes

. T 3 .2 w2 o1 . «dl
Qa Tty =ms1dzidar = 0= §o1 =0 =jg,, vV +ig,V (65)

where jj, is defined at (137) and j2! is the first line of the matrix J¢, defined at (25).

Let us now define for the point C7 of the leg 1 two different types of trajectory with a duration ¢y = 1 sec
between the points Clo (Xcy, = [Tey Yeo)” = [0 0.338]"m) and Cif (xc,, = [ze, ye,]” = [0 0.0878]"m) which
are separated by a LPJTS singularity (Fig. 19):

— Case A: a trajectory defined for y (noticing that x(t) = zp, + \/d3, + (y(t) — yp,)?) using fifth-degree
polynomial which can fix the position, velocity and acceleration of the robot at the trajectory extremity only;
for this polynomial, five boundary conditions are defined that are given in Table 7 and lead to the polynomial
for y defined in Table 8.
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mounted onto the ground

of the Tripteron of the five-bar mechanism
with a direction z, which which is braked
is braked

Fig. 18 Equivalence between the leg i of the Tripteron and the five-bar mechanism architecture

Table 7 Boundary conditions for the two trajectories used on the Tripteron.

Trajectory for Case A Trajectory for Case B
t =0 sec t:tf:1.5sec t =0 sec t:tf:1.5sec t=1ts = 0.75 sec
Yt=0)=ye, ylt=ts)=ve; | ¥Yt=0)=ye, ylEt=tr)=vye; ylt=1ts)=2yc, =02021m
gt=0)=0  g(t=t;)=0 gt=0)=0  g(t=t;)=0 y(t =ts) = 0.147 m/s
j(t=0)=0 Jt=1t;) =0 §(t=0)=0 jt=1t;) =0 j(t =ts) = —0.693 m/s?

Table 8 Coefficients of the polynomials for each trajectory used on the Tripteron.

Polynomial for Case A | Polynomial for Case B
ap | 0.338174999999996 0.338175000000007
ay 0 0
a2 0 0
as —2.503500000000006 3.051722491923807
a4 | 3.755249999999982 —23.590518369448382
as | —1.502099999999988 43.558974062571224
ag | —— —26.660836890258111
ay | —— —0.254587389021722
ag - 3.644896094233372

— Case B: A trajectory defined for y (noticing that z(t) = zp, + \/d3; + (y(t) — yB,)?) using a eighth-degree
polynomial law which can fix the position, velocity and acceleration of the robot at the trajectory extremity
plus the position, velocity and acceleration of the robot in the singular configuration; for this polynomial,
nine boundary conditions are defined that are given in Table 7 and lead to the polynomial for y defined in
Table 8. This polynomial guarantees the validation of the criterion (65) thanks to the correct definition of
THE velocity and acceleration of the robot in the singular configuration.

First, let us simulate the behavior of the robot when following the two different trajectories. The input torques
for both trajectories are shown in Figs. 20 and 21 (71 is not shown as it is null at any time). It can be observed
that, for the trajectory that respects the criterion (65), the input torques remain finite while in the other case,
they tend to infinity.

Now, let us launch each trajectory on the prototype. The results in terms of five-bar mechanism displacement
are shown in Figs. 22 and 23. The torque in the actuator 2 of the five-bar mechanism prototype is given as
information, to show its evolution and check its degeneracy (Fig. 24). It can be observed that for the trajectory
that respects the criterion (65), the robot leg can cross the singularity configuration which is equivalent to the
LPJTS singularity of the Tripteron with finite torques while in the other case, it stays blocked in it at 0.7 sec (in
order to prevent harming the mechanism, a security stopped the mechanism). Thus, with the trajectory defined
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(b) Equivalent trajectory of the five-bar mechanism
Fig. 19 Starting point C1¢ and ending point Cyf of the LPJTS singularity crossing trajectory for the Tripteron

without respecting the criterion (65), the Tripteron would not be able to cross the LPJTS singularity while the

singularity would have been crossed by using the trajectory defined with respecting the criterion (65).
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Fig. 20 Input torques simulated for the Tripteron crossing the LPJTS singularity locus at ts = 0.5 sec without respecting the
dynamic criterion (65)
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Fig. 21 Input torques simulated for the Tripteron crossing the LPJTS singularity locus at ts = 0.5 sec with respecting the
dynamic criterion (65)
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Fig. 22 The five-bar mechanism tracking the trajectory which does not respect the dynamic criterion (65)
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singularity

Fig. 23 The five-bar mechanism tracking the trajectory respecting the dynamic criterion (65)
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Fig. 24 Input torques of the actuator 2 of the five-bar mechanism when tracking two types of trajectories.
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4.3 Discussion

In the paper, we have shown that it was possible to cross the Type 2 and LPJTS singularities of the robots
without degeneracy of the robot input efforts. We have deliberately chosen to treat each problem separately.
However, it is of course possible to cross at the same time a Type 2 and a LPJTS singularity, whereas we cannot
show it experimentally. In such a case, the trajectory must ensure that the criteria (43) and (48) are satisfied in
the same time.

It should also be mentioned that, in the present paper, the given coefficients of the defined polynomials have
a number of digits used after zero equal to twelve, since the singularity crossing criteria are very sensitive to the
errors of trajectory. Even a slight change in the coefficients may lead to a criterion which is no more equal to zero
because the robot is no more tracking the desired optimal trajectory. Of course, in reality, the robot can never
perfectly track the desired trajectory. In order to deal with such a problem, adequate and robust controllers must
be developed, such as the one proposed in [37] for crossing Type 2 singularities. However, developing adequate
controllers for crossing Type 2 or LPJTS singularities is out of the scope of the present paper, even if this problem
is interesting and can make singularity crossing more attractive in an industrial context.

5 Conclusion

The presence of singularities in the workspace of parallel robots greatly reduces their effector’s reachable positions.
Several solutions have been proposed to either increase the workspace size (e.g. changing the working or assembly
mode) or bypass the singularity problem (e.g. design mechanisms without singularities). A promising solution
consists in changing the working or assembly mode by crossing singularities. Previous works have shown that
changing the assembly mode by crossing a Type 2 singularity was possible if and only if an optimal trajectory was
defined. This trajectory must respect a physical criterion obtained from the analysis of the degeneracy condition
of the dynamic model.

However, the mentioned works were not complete: they missed a degeneracy condition of the parallel robot
inverse dynamic model which is due, no more to a Type 2 singularity, but to a LPJTS singularity. Crossing a
LPJTS singularity is appealing as in that case we can change the robot leg working mode and then potentially
access to other workspace zones. This missing is due to the fact that the authors used a reduced dynamic models
which was not taking into account all link dynamic parameters.

As a result, the aim of the present paper is triple:

1. To fulfil the lacks of the previous studies and to analyze all degeneracy conditions of the full parallel robot
dynamic model which takes into account all link dynamic parameters,

2. To demonstrate that the LPJTS singularities impact the robot effort transmission, as this point is usually
bypassed in the literature, and

3. To provide all physical criteria that make it possible to define trajectories allowing the passing through Type
2 and LPJTS singularities.

Results have shown that it is possible to avoid infinite input efforts in the joints and thus to cross:

— The Type 2 singularities if and only if the sum of the wrenches applied on the platform by the legs, iner-
tia/gravitational effects and external environment is reciprocal to the uncontrollable motion of the platform
inside the singularity,

— The LPJTS singularities if and only if the input efforts of a virtual system (which is a tree-structure made
of the robot legs, all joint being assumed active) in the joints that correspond to the passive joints of the real
robot are reciprocal to the uncontrollable motion of the passive joints inside the singularity.

All theoretical derivations have been validated through simulations and experimental results obtained on a
prototype of five-bar mechanism.

Acknowledgements This work was sponsored by the French government research program “Investissements d’avenir” through
the RobotEx Equipment of Excellence (ANR-10-EQPX-44) and by the French Institute for Advanced Mechanics (IFMA).

Appendix

A Appendix A: Kinematics of the five-bar mechanism

For the five-bar mechanism, the loop-closure equations (10) can be written as (i = 1, 2):

0 = wx0 + yyo — d2;X1; — d3;X2; (66)



Degeneracy Conditions of the Dynamic Model of Parallel Robots 27

which can be expanded in the base frame as

0= — x4, —dg;cosqi; — d3; cos(qri + q2;) (67)
0=y —ya, — daisingi; — dz; sin(qui + g2:)

where  and y are the end-effector coordinates and
0=m—qi1—¢g21 —g31 +q12 +q22 (68)
where x4, and y4, are the position coordinates along xo and yo axes for the point A;.

From (67), the reduced loop-closure equations (11) that directly relate the displacements of the actuated joints to the moving
platform coordinates can be obtained after deleting from (67) the terms in cos(qi; + g2i) or sin(qi; + q2;) (for i = 1,2):

2 2
d%i = (:E*"EB/L') + (yfyBi) (69)
where zp, = x4, + d2; cosq; and yp, = ya, + da2;sin q; are the position coordinates of point B;.
Then,
—pi £ /P — 4gir;
r=fiyt+k, y=——""7-—"— (70)
2g;
where
YBy; — Y1
TB, —TB,
2 2 2 2
ki = T8y Y YB, ~YB, ~ Y, (71)

2(132 —IBI)
pi =2fi(ki — ;) — 2yB,
Ty = x231 +y}231 — dgi + k:f —2ki1zp,

In (70), the sign “+” denotes the two robot assembly modes.
Then, it comes easily from (67) and (68) that:

g2; = tan™* (%) ; (72)
z— g,
31 =T —q11 — q21 + q12 + q22 (73)
Now, differentiating (69) with respect to time, and simplifying, the matrices A, and By, of (15) can be found:
A = C121 S121 — Xgl (74)
P 122 s122 x1,

where c12; = cos(q1; + g2:) and s12; = sin(qu; + g2:) (¢ = 1,2),

_ . |sing21 0
By = —dai [ 0 sinqgg] (75)
leading thus to
@ qi1
A, | B, | =0 76
HEEA (76)
Now, differentiating (66) and (68) with respect to time, it can be found that:
0 = @x0 + ¥yo — d2iy1iq1i — dsiy2i(d1i + 42:) (77)
0= —q11 — 421 — 31 + d12 + G22 (78)
Projecting these equations in the frame of the link 2¢ and developing, it comes that
c12i s12 | |E| _ da; sin g2; 0| [qui (79)
—s12; c12i| |¥ dai cosqai + ds; d3i| |G2i

fori=1,2.
Combining (78) and (79) and noticing that the first line of (79) can be disregarded as the velocity go2; of the passive joints at
B; is not included in this equation, we get

—s121 €121 | g d21 cos g21 + d31 0 i ds; 0 O G21
—5122 €122 [ } = 0 d22 cos g22 + d32 [ } + 10 d32 O 431 (80)
0 0 -1 1 -1 1 -1 G422
which can be rewritten as
Jiov — g, da — I, 4a =0 (81)
with
—8121 €121
Jik = | —s122 c122 (82)

0 0
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d21 cos q21 + d31 0
Jg, = 0 d23 cos qa2 + d32 (83)
-1 1
ds1 0 O
Je,=|0 0 dg (84)
-1 -1 1

and vT = [2 9], @7 = [d11 d12] and @F = [go1 d31 do2).
From (74) and (84), it is possible to observe that
— matrix Jg, is constant and never singular; as a result, the robot does not encounter LPJTS singularities
— matrix A, is singular when x21 and x22 are collinear, which is the condition of Type 2 singularity mentioned in Section 3.1.

All velocities and accelerations quantities can be then computed from (76) and (81) by using the relations (12) and (25) given
in Section 2.3.

B Appendix B: Dynamics of the five-bar mechanism

The inverse dynamic model of the open loop virtual structure of the five-bar mechanism can be obtained by noticing that:
— leg 1 is a planar 3R robot in which the last body is massless
— leg 2 is a planar 2R robot.
Its inverse dynamic model may be found in [38]:

Tt11 = (2211 + ta11 + dgimm) G11 + zz21(q11 + G21)
+ doymaa1 ((2¢11 + o1 ) cos g21 — ¢21(2411 + ¢21) singo1)
+ daimyz1 ((2411 + Go1) sin g21 + ¢21 (2411 + ¢21) cos g21)
+ fs11sign(gi1) + fviidia

Tto, =2221(G11 + Go1) + daimaar (G11 cos gz + 47y singo1)
+ dasmya1 (411 5in 21 — 47 cos ga1)
+ fsa1sign(go1) + fv21do1

Tty =fs31sign(ds1) + fvsids1 (85)

Tty = (2212 +da12 + d3;maz) d12 + 2222 (G12 + G22)
+ d2imxaz ((2G12 + §o2) cos q22 — G22(2q¢12 + ¢22) sin g22)
+ d2imy22 ((2412 + G22) sin @22 + ¢22(2¢12 + ¢22) cos g22)
+ fs12sign(qi2) + fvi2diz

Ttoy =2222(G12 + G22) + d2imaaz (G12 cos g2z + 475 sin ga2)
+ dasmyaz (d12 sin gaz — 475 cos q22)
+ fs22sign(g22) + fv22q22

where
— parameters zzji, iGj;, Mji, MTji, MYji, [Sji, fvji are defined in Section 2.2 (5 = 1,2, 3),

— angles g;; and length dp; are defined in Table 1 and Fig. 4,
— Ty, is the torque of the virtual actuator located at point A;, 7¢,, is the torque of the virtual actuator located at point B;, and

Tig; is the torque of the virtual actuator located at point C;. The vector ¢, of (3) stacks all components T+, = [7t;, Tty5]"

while the vector T+, of (4) stacks all vectors T¢, = [Tty Tty Ttgs]® -

The inverse dynamic model of the free body corresponding to the end-effector (body 4) in the virtual system is
Tpy =My

. (86)
Tpy =M4Y

with 75, being the j-th components of the vector 7p, of (9); ma is the end-effector mass.
Combining these expressions with those of Appendix A into the equations of Section 2.3, the inverse dynamic model of the
five-bar mechanism can be straightforwardly computed.
Then, for analyzing the degeneracy conditions of the expression (37), let us compute the term wy,. For that, let us rewrite the
vector 7¢, under the form:
Tty = Ma(qe)d: + cq(ae, 4t) (87)
where
'm,(lj1 0 22210 O
My=1| 0 0 0 0 O (88)

0 m32 0 OZZQQ

with m(ll1 = zz21 + da;(Mmx21 cos g21 + Mmy21 sing21), mZQ = zz22 + da;(Mz22 cos ga2 + My22 sin g22), and

d21mx21 sin g21 — d21My21 cOS g21 0 9
_ di1
cd 0 0 |:-2 }
0 daamzas sin gao — daamyas cos gaz | 1112
fva1 0 0 G21 fs21sign(ge1) (89)
+| 0 fuar O g31 | + | fs31sign(gs1)
0 0 fuea| |G22 fs22sign(ge2)

-2
—c {g%ﬂ + Fu,dq + F,
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Introducing (14), (20), (22) and (25) into (88), simplifying and skipping all mathematical derivations, we get

Tty = MJ(x,q:)Vv + ¢c5(x,q¢, v) (90)
where
. It
i=My |y (91)
4d
and 4 ) )
J jrnv
ci =My [Jj’] v+ Cj [EJlln”vgz} +Fy g, v+Fs, (92)
ad J2 Vv
. sinv
with ji™? the ith line of the matrix J;l = —B;IAP = |:jém):| defined in Appendix A, and Jg,, Jg and Jgd are three matrices

defined at (20), (22) and (25).

C Appendix C: Kinematics of the Tripteron

For the Tripteron, the loop-closure equations (10) can be written as (i = 1,2, 3):
0 = xx0 + yxo + 220 — XA, — XD, P — q1iX1i — d3iX2; — d4iX3; (93)
which can be expanded in the leg ¢ frame (Fig. 6(b)) as

0="zp, —'ma, — daicos gz — d3; cos(qz2i + gai)
0 ="yp, —"ya,; — d2;sinqa; — ds;sin(g2; + g3:) (94)
0="zp, —r1s

and
0= q2i +q3i + qa: (95)

where ixDi, ini and izDi are the point D; coordinates expressed in the frame of the leg 1,

'zp, =z, 'yp, =y, '2p, =2 (96)
zng =Y, 2yD2 =z, 2ZD2 = (97)
S2p, =2, Syp, ==, zp, =y (98)

(99)

i:cAl. , iyAi and izAi are the point A; coordinates (also regrouped in the vector x 4, ) expressed in the frame of the leg i, xp, p = ﬁ
(P is the platform centre) and ry; is defined in the Table 5.
From the last line of (94), we directly get:
T=q2—a
Yy=q3+a (100)
z=qu1

From (94), by deleting the terms in cos(g2; + ¢3i) or sin(g2; + ¢34 ), it is possible to obtain (for ¢ =1...3):
2 . 2
d3; = (zB;p; — d3i c0sq2i)” + (yB; D; — d3i sinqz;) (101)

where z4,p, = irDi — ixAi and ya,p, = ini — iyAl..
Then, expanding (101)

0 = a; cos qa; + b; singa; + ¢; (102)
where
a; = —2d3;w A, D,
b; = —2d3;ya,D, (103)

_ 2 2 2 2
¢i =x),p, tYa,p, +d3; —di;

Finally, by using the tangent half-angle formula, we can obtain

—b; +4/b%? — 2 +a?
2 = 2tan~1 | — Lo (104)

Ci — Qy

In (104), the sign “+” denotes the two robot leg working modes.
Then, it comes easily from (94) and (95) that:

i i
ggs = tan~1 [ 2R YCi ) (105)
izp, — iz,

with *zc, ="z 4, + d2; cosqai, ‘yo, = 'ya, + dz2;singa;, and

q4i = —q2i — q3i (106)
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Now, differentiating (100) with respect to time, and simplifying, the matrices A, and By of (15) can be found:

010
A,=1I3,B,=|001 (107)
100
where I3 is the identity matrix of dimension 3 leading thus to
z 411 z 411
Ap |9| +Bp |q12| = |9| — |d12| =0 (108)
z 413 z q13

Now, differentiating (94) and (95) with respect to time, it can be found that:

=l&p, + d2; sin gaida; + da; sin(ga; + g3:)(d2i + d3i)
0 ="yp, — d2; cos g2id2; — d3; cos(q2; + g3i)(d2i + d3:) (109)
0="2p, — 1.
0 = q2i + ¢3i + Gai (110)

for ¢ = 1,2,3 and where ii?Di, ini and iiDi are the point D; velocities along the axes of the frame of the leg ¢,

Yip, =&, YYp, =9, Y4p, =2 (111)
*ip, =9, 2Yp, = %, 2ip, =@ (112)
3ip, =2, 3Yp, =, 3ip, =79 (113)

(114)

Combining (109), (110) and (114) and noticing that the last line of (109) can be disregarded as the velocities of the passive
joints are not included in this equation, we get

o4 0 da; sin go; + d3;sin(qz; +q3i)  dsisin(q2; +4g3i) 0| [d2:
Tk, |9] = |0 dri + | —dai cos g2; — dzi cos(q2i + g3i) —da; cos(qa; + g3i) 0| |ds: (115)
z 0 1 1 1 qa;
which can be rewritten as
Jir, v — I, 416 — Jg,;4as = 0 (116)
with
100 010 001
Ju, = 010], Iy, = [001], Ty, = {100 (117)
000 000 000
Jy,, =[000]" (118)
da; sin g2; + d3; sin(q2; +g3:)  dsisin(qai +g3:) 0
Jiy; = | —d2icosqai — ds; cos(g2; + g3i) —dsi cos(gei +g3i) O (119)
1 1 1
and vT = [& ¢ 2], and &7, = [dos d3s duil.
Now, considering the legs 1 to 3, we obtain
Jiv —Jg, 40 — I, 40 =0 (120)
with
thl
ik = | Tk, (121)
Jikg
Jk, = 09x3 (122)

with Ogx3 a (9 X 3) zero matrix and
Jr, 03x3 O3x3
Jky = |03x3 Jky, O3x3 (123)
03x3 03x3 Ji
with 03x3 a (3 x 3) zero matrix and g% = [¢Z] ¢, ¢T,].
From (107) and (123), it is possible to observe that

— matrix Jy, is singular if one block matrix Jy,, is singular; Jy, . is singular if and only if g3; = 0 or 7 (i.e. x2; is collinear to
X3i),
— matrix A, is constant and never singular; as a result, the robot does not encounter Type 2 singularities.

All velocities and accelerations quantities can be then computed from (108) and (120) by using the relations (12) and (25)
given in Section 2.3.
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D Appendix D: Dynamics of the Tripteron

As mentioned in Appendix C, the Tripteron encounters only LPJTS singularities. Thus, let us now compute the criterion (48).
The inverse dynamic model of the open loop virtual structure of the Tripteron can be obtained by noticing that each leg is
composed

— of a first active prismatic joint,
— followed by a planar 3R robot in which the last body is massless

The inverse dynamic model of the leg i is:

Te; =(m1i + maq + m3; +ia1i)d1i + fs1isign(dis) + fuiidui + 7oy,
Ty, = (222i + d3;mai) Gas + 223i (G2i + G34)
+ dzimaxs; ((2G2: + d3i) cos q3i — 43:(242; + d34) sin g3;)
+ dzimysi ((2d2i + §3i) sin g3; + §3:(2d2; + d3i) cos g3:)
+ fsaisign(gei) + fv2idai + Ty, (124)
Tea; =223i(G2i + G3i) + dgimas; (G2q cos gsi + 43, sin q3:)
+ d3imys; (G2i sin gs; — 43; cos q3;)
+ fszisign(dsi) + fvsidsi + Tgs;
Tty; =fs4i5ign(das) + fvaidas

where
Tgi1 = g (m11 +ma1 +m31), Tgi, = Tg13 =0 (125)
Tgor = 0, Tgo; = g (ma2; +m3ids;) cos g2, — gmys; sinqa; + 7gy, for i =2,3 (126)
Tgz1 =0, Tgs; = gmaxa; cos(qa; + q3i) — g mys; sin(gz; + ¢3;) for i =2,3 (127)
and

— parameters zzji, iGj;, Mji, MTji, MYji, [Sji, fvji are defined in Section 2.2 (j =1...4),

— parameters ¢;; and length ds; are defined in Tables 5, 6 and Figs. 6(b) and 17 (j =1...4),

— T¢y; is the torque of the virtual actuator located in the prismatic pair, 7¢,; is the torque of the virtual actuator located at
point Bj, T¢,, is the torque of the virtual actuator located at point C; and ¢, is the torque of the virtual actuator located

at point D;. The vector T, of (3) stacks all vectors T+, = [Tt;; Tt;5 Tt15)° while the vector T4, of (4) stacks all vectors
Ttq = [Ttq1 Ttas Tidg]T with 7¢y; = [Tty; Teg; 7—7541']T

The inverse dynamic model of the free body corresponding to the end-effector (body 5) in the virtual system is

Tpy =mMsT
B (128)
Tpy =ms5(Z+g)

with 7, being the j-th components of the vector 75, of (9); ms is the end-effector mass.

Combining these expressions with those of Appendix C into the equations of Section 2.3, the inverse dynamic model of the
Tripteron can be straightforwardly computed.

Then, for analyzing the degeneracy conditions of the expression (44), let us rewrite the vector 7¢, under the form:

Tty = Ma(as)dr + cq(a, qr) (129)

where
03x3 My; O3x3 O3x3
My = [03x3 O3x3 Mgz O3x3 (130)
03x3 03x3 03x3 Mys

and
Cd1
Cq = |[Cq2 (131)
Cd3
in which 1o
m% mys 0
My; = |myf 223; 0 (132)
0 0 0

: 11 _ 2 : 12 _ :
with mg; = zz9; + d5;m3; + 223; + 2d3;(ma3; cos q3; + mys; sings;), my; = zz3; + d3;(ma3; cos g3; + mys; sings; ), and

0 o 22| [
cq; = |dzimx3; — d3;mys; cosqz;singz; 0 0 43,
0 0 G3iq2i
fv2s 0 0O G2; fs2:8ign(qai)
+| 0 fus O G3i| + | fszisign(4a:) (133)
0 0 foai| |qai fsaisign(qai)

=Cy; | d3; | + FogQai +Fsy,
43i92i
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with c}if = —dg;(mx3; sin g3; + mys; cos q3;).
Introducing (14), (20), (22) and (25) into (129), simplifying and skipping all mathematical derivations, we get
Ttqg = Mﬁ (X, qt)v + Cg (X, at, V) (134)
where
-1
=My {Jp } (135)
94
and
Jd Ci
ci =My {ch} v+ |cly (136)
qd c33
with
(3,,v)?
cg; = Cy (qu-v)Q + Fog;Jaq; v+ Fsy, (137)
(g0 V) (G54, V)

in which:

- Jqus Jg and Jgd are three matrices defined at (20), (22) and (25),

- jfmi the line of the matrix J,, corresponding to the variable qd; ;-

Thus, for one given robot configuration, 7¢, is a function of v and v only.
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