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ARTICLE INFO ABSTRACT

Keywords: Parallel manipulators with two end-effectors (PM2Es) enable the design of gripping robots with
Parallel manipulators high dynamic performance. The gripping action is enabled by internal, relative degrees of
Gripping freedom (DoFs) between the two end-effectors. Many standard methods for the analysis and

Two end-effectors
Configurable platform
Jacobian analysis
Screw theory

control of parallel manipulators rely on a Jacobian, where a complete Jacobian analysis includes
constraint relations. These constraint relations have not been consistently included in previous
analyses of PM2Es, while they are specifically relevant for PM2Es because constraints play an
important role in the static force analysis of a PM2E. This is because wrenches applied by the
actuators can be transferred to the end-effectors through internal constraints, an effect which is
not captured by kinematic relations alone. This paper presents a systematic approach to perform
the Jacobian analysis of PM2Es, which is based on screw theory, and that takes all constraint
relations into account. The approach is applied to a PM2E with three legs and one internal
closed-loop chain. An example mechanism was built to experimentally validate the resulting
Jacobian analysis using a static force analysis.

1. Introduction

Gripping is an important aspect of many modern robotic systems, such as pick-and-place robots [1,2], microassembly robots
[3,4], and haptic devices [5,6]. An important category of grippers are those which mechanically engage an object in a multi-point
contact [7,8].

For many applications a driving requirement is dynamic performance, which asks for robotic systems with a high stiffness-over-
inertia ratio. Despite their advantageous stiffness-over-inertia ratio, only few mechanically gripping robots are based on parallel
manipulators (PMs). A PM can have all actuators located at the base, which significantly reduces the effective inertia. However, the
standard solution for adding a gripping capability to a PM is to connect an additional, dedicated gripper in series to the end-effector
as, for example, in Ref. [3]. Because of its placement at the end-effector, the inertia of a gripper can significantly degrade the dynamic
performance of the resulting manipulator.

Parallel manipulators with two end-effectors (PM2Es) are a relatively novel class of PMs and form a promising alternative
solution for gripping robots. PM2Es are an interpretation of parallel manipulators with a configurable platform [6,10—14], where a
closed-loop chain replaces the rigid platform of a traditional PM. This architecture enables the design of gripping robots with all
motors located at the base, which is beneficial for the overall dynamic performance. The first example of such gripping robot was
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a)

Fig. 1. a) A parallel manipulator with two end-effectors (PM2E) interacts with the environment via two specific bodies, where b) wrenches applied by the legs can be
transferred to the end-effectors through internal constraints.

introduced by Yi et al. [10], where the whole closed-loop chain acts as the gripper. This paper focuses on PMCPs where two specific
bodies of the closed-loop chain interact with the environment, which is illustrated in Fig. 1 for the overactuated 7-DoF haptic master
device introduced by Lambert and Herder [6]. Therefore, the term PM2E is preferred.

For the analysis and control of PMs a Jacobian is used [15-18] and therefore various researchers have focused on the Jacobian
analysis of PM2Es. Yi et al. [10] differentiated the inverse kinematic relations to obtain an expression for the Jacobian. Mohamed
and Gosselin [9] performed a Jacobian analysis based on a set of loop-closure equations that must be solved simultaneously.
Lambert et al. [13] applied a stepwise approach in which they first obtained an expression for the motion of the connection point of
each leg, which is a serial chain that connects the internal closed-loop chain to the base as illustrated in Fig. 2a. They then developed
a Jacobian based on the relations between allowed end-effector motions, motions of the leg connection points and motions of the
actuators. Nabat et al. [12] considered the end-effector velocity state of their manipulator as the combination of a platform twist and
an additional velocity term to represent the internal platform motion.

More recently, Hoevenaars et al. [19] made a first attempt to generalize the Jacobian analysis of PM2Es based on screw theory

a) b)
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P serial chain

end-effectors
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. 4

end-effector
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Fig. 2. A planar manipulator as described in Ref. [9], for which are indicated a) the terminal links of the different legs, b) the fact that two terminal links need to be
designated as end-effectors, ¢) one of the four internal serial chain, and d) one of two end-effector serial chain.
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and using a mapping of a set of twists. The resulting Jacobian analysis expresses the velocity state of a spatial PM2E as a
combination of two twists with respect to the ground, one for each end-effector. As opposed to other analyses, the analysis in Ref.
[19] does include constraint relations, but not those within the internal closed-loop chain.

However, internal constraint relations can be particularly relevant for PM2Es, because wrenches applied by the legs can be
transferred to the end-effectors through internal constraints, as illustrated in Fig. 1b. As such, an incomplete consideration of
constraint relations can make the obtained Jacobian analysis invalid for use in a static force analysis. Because gripping is mainly a
force task, a static force analysis is of particular interest in gripping robots. Therefore, the absence of a Jacobian analysis that is also
valid for use in a static force analysis represents a significant gap in the existing knowledge of PM2Es.

The aim of this paper is to develop a systematic approach for the Jacobian analysis of PM2Es. Special attention will be given to
the analysis of constraints so that the resulting Jacobian can be used in a static force analysis. Constraint relations in a Jacobian can
also be relevant in a stiffness analysis [20,21].

The structure of this paper is as follows. First, definitions and assumptions are introduced, which will be used throughout this
paper. Then, a novel structure for the Jacobian analysis of PM2Es with an internal closed-loop chain is developed, which maps the
set of all terminal link twists on the joint velocities of all serial chains. Next, for the example of a three-legged PM2E with an internal
closed-loop chain the matrix which maps the two end-effector twists on the set of all terminal link twists is developed. An example
Jacobian analysis is performed for a three-legged PM2E by combining the novel structure with the mapping of end-effector twists.
An experimental static force analysis is performed to validate this Jacobian analysis.

2. Definitions and assumptions

This paper focuses on PM2Es with a single internal closed-loop chain. This internal closed-loop chain can impose constraints on
the relative motion between the two end-effectors, while the legs may impose additional constraints. All twists introduced in this
paper are expressed in a Cartesian reference frame attached to the body in question. Each twist is expressed as $, = [@" v'[, where
 is the angular velocity vector and v is the velocity vector of the body, expressed in the Cartesian reference frame. The linear
operator that maps $, on the scalar representing power is the transpose of the wrench defined as $,, = [m" f"T, where m and f are
the moment and force applied at the point that coincides with the origin of the Cartesian reference frame of the body in question.

A number of additional definitions and related assumptions are used throughout this paper, namely:

Terminal link. The rigid body of a leg which is also part of the internal closed-loop chain is termed the leg's terminal link, see

Fig. 2a. The terminal link of the leg i is labeled n;.

e Internal serial chain. Each serial chain connecting two adjacent terminal links will be referred to as an internal serial chain.

See Fig. 2¢ for an example.

End-effector serial chain. The closed-loop chain of a PM2E can also be considered as two serial chains connecting the two

end-effectors in parallel. Each of these serial chains will be referred to as an end-effector serial chain and contains one or more

internal serial chains. It is assumed that there are no redundant joints in each end-effector serial chain. This concept will be

important for later derivations. See Fig. 2d for an example.

® Connectivity. Similar to Joshi and Tsai [22], it is assumed that the number of degrees of freedom of a serial chain, referred to as
its connectivity C, corresponds to the number of kinematic joints in that serial chain. It is assumed that this also holds for each
end-effector serial chain, so that also within an end-effector serial chain there are no redundant joints.

e Virtual joint. If a serial chain has C < 6, then 6 — C basis twists are constrained. Each basis twist represents the motion of a 1-

DoF joint, and since the joints associated to constrained twists are not part of the kinematic chain, they are termed virtual joints.

See Ref. [21] for more details.

3. Structure for novel jacobian analysis of PM2Es

In this section a novel structure for the Jacobian analysis of PM2Es with a single internal closed-loop chain is presented. The
main idea is to organize the partial inverse Jacobian matrices of individual serial chains based on the structure in the graph
representation. The resulting Jacobian analysis is a function of the twists of the various terminal links.

At the basis of existing Jacobian analysis methods for traditional PMs lies the structured combination of inverse Jacobian
matrices of individual legs,

ql |3
‘1:2 _|J .51 S0
4y I (€Y

where N is the number of legs and $, , is the twist of the end-effector. Also, if the full inverse Jacobian analysis is considered as in Ref.
[23], for each leg i the matrix J7' is a 6 x 6 inverse Jacobian matrix and each vector g; is a six-dimensional vector that contains both
kinematic joint velocities and virtual joint velocities of a leg. Kinematic joint velocities include actuated joints and passive joints. Any
component of $,, that is mapped onto virtual joint velocities therefore implies that there are deformations in the manipulator.
The inclusion of virtual joints, as well as passive joints, is for example important for singularity analysis [16] and is also used in
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Fig. 3. a) An example of a traditional PM with three legs and b) its graph theory representation, as well as ¢) an example of a PM2E with three legs as introduced in
Ref. [24] and d) its graph theory representation.

Jacobian-based stiffness analyses [20,21]. Nonetheless, if the mapping onto virtual joints and/or passive joints is not of interest, the
rows responsible for this mapping can be removed from the full inverse Jacobian matrix.

In this paper the full inverse Jacobian analysis as introduced in Ref. [23] is extended to PM2Es. Therefore, it is helpful to look at
the difference between the graph representations of traditional PMs and PM2Es. Fig. 3 shows a three-legged PM and an example of a
three-legged PM2E, both with their respective graphs. For each twist, the arrow points from the reference body to the body moving
relative to it. Overlaid with dotted lines are the known end-effector twists, $,, in Fig. 3 b and $, ., and in Fig. 3 d$,.,, as well as the
twists related to the two end-effector serial chains, $,,, and $, ,,.

Firstly, in order to compare the associated Jacobian matrices, the twist of the terminal link of each leg i of a traditional PM is
expressed as $,; instead of $, ., so that Eq. (1) can be rewritten as

q; I Ogxs oo Opxo $i1
@ | _ [ 06xs B O || $e2
v Osx6 Osxs .. I3 [[Sen 2

where for a traditional PM it thus holds that

$t,i = $t.e (3)
so that Eq. (2) can be simplified to Eq. (1). On the other hand, for a PM2E Eq. (3) does not hold since the twists of the terminal links
are not all the same.

A second difference with traditional PMs is that a PM2E with N legs and a single closed-loop chain in addition has N internal
serial chains. Each internal serial chain connects two terminal links, so that the twist of each internal serial chain can be expressed as
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$ 1= $t,i+l - $,,,‘ fori = 1, 2,...,(N— 1)
o $1—$n fori=N 4

where $, ,i+1 is the twist of the internal serial chain connecting the ith terminal link with the (i + 1) th terminal link. Eq. (4) states that
the Nth terminal link is connected to the first terminal link.
The full Jacobian analysis of a PM2E can therefore be obtained by extending Eq. (2) with the relations described by Eq. (4),

R
(/23
K $i1
N $
U g Sz
902 |~ I :
qo% $t,N
[ 424 ®)

where ¢_i+1 (or 4,4 ) is the six-dimensional joint velocity vector of the i th internal serial chain, and

JT' O - Ogxe
06><6 JEI 06><6
Ooxs  Ooxs ... Iy
Pt e T e R
066 - 066
(12
-1 _ -l
i Jn}v Opxs - J”}V, )

where the matrices J j L, (or J 1) are the result of including the mappings from the relative twists of Eq. (4) onto the joint velocities of

the internal serial chams Asi 1n Eq. (1), each of the inverse Jacobian matrices in Eq. (6) is a 6 X 6 matrix and can be obtained using
the reciprocity rules of twists and wrenches as described in Ref. [23]. In short, the complex kinematic structure of a PM2E has been
reduced to an organized combination of serial chains with known twists, which is also at the basis of the inverse Jacobian analysis of
traditional parallel manipulators.

As opposed to a traditional PM, the twist of each terminal link of a PM2E can be different. And because typically only the twists of
the two terminal links that are the end-effectors are directly available as inputs, not all twists in Eq. (5) are directly defined. This is
the topic of the next section.

4. Mapping of twists for three-legged PM2E

In this section the matrix is developed that maps the two end-effector twists onto the complete set of terminal link twists for the
example of a PM2E with three legs, whose graph representation was already introduced in Fig. 3d. Thus, a matrix M, is developed
such that

$
11 Si,
$t,2 = Mr
$I.ez
$13 (7)
In the example considered in this paper the terminal links of the first and third leg, n; and ns, are the end-effectors, so that

$t,1 = $r,e1 $t,3 = $t,ez (8)

and the difficulty in developing M, for this example lies in the mapping of the two end-effector twists onto $, .
To enable a mapping of the two end-effector twists onto $, », either $, ,2 op OF $; 3 needs to be expressed, because from Fig. 3d it can
be established that

$t,2 = $r,1 + $t,o]2 ©)
and also
$[2 - $t3 $r a, (10)

To express $,,2 or $, .3, this paper first develops a set of basis twists to express $,,,, which is here defined as the twist of the end-
effector serial chain that connects n; and n3 via n,, see Fig. 3d. In the remainder of this research, this end-effector serial chain will be
referred to as the first end-effector serial chain (and as a logical consequence, the other end-effector serial chain will be referred to as

175



A.G.L. Hoevenaars et al. Mechanism and Machine Theory 109 (2017) 171-194

the second end-effector serial chain). It was assumed that the number of kinematic joints in each end-effector serial chain is equal to
its connectivity, where the connectivity of the first end-effector serial chain is labeled C,,. Then it holds that

Cy = Calz + C023 (1)

where C of is the connectivity of the internal serial chain connecting 7; and n,, and C,, 3 is the connectivity of the internal serial chain
connecting n, and 3. The twist $,,, can then be expressed as

C()
2

. 6-Cop A
$1~0] = Z 9, ,01,j $1001J + Z qa .01 j* $la,;]/ + Z qc,vl',’ $lﬂnu (12)

where
=it Cop (13)

A
is introduced to shorten the notation, and $‘“0u is the unit twist of permission associated to the j th joint of the first end-effector

serial chain, with ¢, ,, . its magnitude. The unit twist of restriction g"'{’u represents the motion of the jth virtual joint of the first end-
effector serial chain, with magnitude Geor These six unit twists together span six-dimensional Cartesian space.

Next, the set of unit twists introduced in Eq. (12) is also used to express $’»”12 and $,, 3 However, each unit twists of permission in
Eq. (12) is constrained in one of the internal serial chains. Therefore, this paper makes a distinction between three types of unit
twists, expressed using their magnitudes:

o Permitted twist magnitudes. The unit twists associated to joints that represent a kinematic DoF of the considered internal
serial chain are given a magnitude g, ,;+1;-

o Simple constrained internal twist magnitudes. The unit twists associated to joints that represent a constraint in the
considered internal serial chain, but which represent a kinematic DoF in the first end-effector serial chain, are simple constrained
internal twists. These twists are given a magnitude Gegoi*1 0

® Multiple constrained internal twist magnitudes. The unit twists associated to joints that represent a constrained DoF in
the first end-effector serial chain necessarily also represent a constrained DoF in both internal serial chains of which it is
constructed. These twists are therefore multiple constrained and in the considered internal serial chain are attributed a magnitude
ey

With the distinction as above, each internal joint velocity vector is then constructed as

G, i+l
i)
q'nii+1 = [ 90+

qu_ oi*1 (14)

Now, $,,2 and §,, 3 can be expressed respectively as

c, 3
C .2 6—Co, 2
p— o 1 .
$t,nl7- = Z} l] qg ,712]$m0” + Z q(‘v of J$"‘"1/ + Z q(‘m’()lzvj$t('g]‘]
(15)
and
C A 012 A 6—-C, A
3. . -Cop
— o
$’*”23 - ijzl qa»bf,j$f“01‘f* + Z qf:.oz?’.j$’“01.j + Z,-zl qu-Ulz..f$m’l.j
j=1 ' (16)

where j* was introduced in Eq. (13). The remaining challenge is to obtain expressions for all twist magnitudes in either Eq. (15) or
Eq. (16).

To express the twist magnitudes in Egs. (15) and (16) velocity relations are derived from the knowledge that the sum of all twists
in a closed loop is zero. Therefore, as can be observed from Fig. 3d, for a PM2E with three legs it holds among others that

Sto2 + $103 + S0t = 0 a”
Additionally, using another loop, $, .} can be expressed as
$t,03 =8$1-%3 (18)

and because Eq. (8), it is possible to combine Egs. (17) and (18) into
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$t,e2 - $t,z'1 = $t,012 + $t,o§ (19)

Furthermore, because the first end-effector serial chain was defined as the combination of the internal serial chain connecting n; and
ny, and the internal serial chain connecting n, and n3, it also holds that

$re = 8100 = 810y (20)

4.1. Expression for actuated and simple constrained joint velocities in the first end-effector serial chain

In this subsection expressions are derived for g, , 2 beyops Gaojs andg, , 3 as introduced in Eq. (14), using the method and notation
as introduced in Ref. [23]. These expressions are necessary for later steps in the proposed analysis and are based on the definition of
the first end-effector serial chain as the series connection of two internal serial. Thus, each of the kinematic joints in the first end-
effector serial chain is part of either the internal serial chain connecting n; and n,, or the internal serial chain connecting n, and ns,
and therefore it holds that

qﬂ.OIJ = qaﬂolz,j forj =12, "'Ca|2 (21)
q‘a,ou* = q‘a,oé‘_j forj =1,2, C023 (22)

where j* was expressed in Eq. (13). Then, using Egs. (12) and (21)—(22) can be expressed as

€2 6-Coy
. A C,3 . A . A
$fv€2 - $fv€] = Z qa.(l]2J$far)1J + 21:21 qa,ng’,j$fanl_i* + Z q(',()]_j $f€/}u
j=1 j=1 (23)
Alternatively, inserting Egs. (15) and (16) into Eq. (19) gives
€03 Cop
Coa . A . A 6-Co; . A . A C,3 A
$r,e2 - $r,el = Zj:]1 %,olz,j$mol,j + Z qCVv012J$m01J‘* + Z,-;l quv012~j$tcul,j + Z q%ﬂ%j$’“01,j + z,':zl qﬂﬂ? $’“01J*
j=1 j=1 ’
6-Coy N
+ Z qu.ozf‘../' $’”01.j
j=1 (24)

Using the methodology presented by Huang et al. [23], for each unit twist of permission a unit wrench of actuation can be defined
which only does work on the considered twist of permission, but that is reciprocal to all other unit twists. Left-multiplication of Eq.

A
(23) with the transposed unit wrenches of actuation associated to the first C > unit twists $,,, ; leads to
Ja_'lolz($r,e2 - $t,el) = qu’,,]z (25)

where

AT AT A
$W“01_1 /($wa0|’] $1a0111)

AT AT A
-1 ﬂswasz2 /($W“UL2 $ta0112)

=
a,o0f

A
, (8,
$W“ol,(‘nlz ($‘mal,cn]2 $’”01,c012)

(26)
while left-multiplication of Eq. (24) with the same transposed wrenches results in
Ja_,1012($r,ez - $t.('1) = qu,()IZ + qL3,()§ (27)
where J-!, was defined in Eq. (26). Egs. (25) and (27) can be combined into
0.01
Go.03 =0 (28)

which confirms that a motion that is kinematically allowed by the internal serial chain connecting n; and n,, will have zero magnitude
in the internal serial chain connecting n, and n3, in which this motion is constrained.

Similarly, left-multiplication of Eq. (23) with the transposed unit wrenches of actuation associated to the last C, 3 twists of
permission of the first end-effector serial chain leads to

J;loz;(sirq - $r,e1) = q‘g.g% (29)
where
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[ AT AT A 1
$wa(’l,l+C”12 /($W410H+C”12 $ltl0111+c{}12)
AT AT A
-l= $Wﬂnl,z+c 2/($W"01,2+c 2 $’“01,2+cuz)
003 of of :
AT AT .
i $wa,,L cn 1Ga, Cor $mﬂlvcnl) (30)
and left-multiplication of Eq. (24) with those same twists gives
Ja_,loiz(s;r,ez - $r,el) = q‘cx'glz + qg,g% (31)
where J;lo 5 was defined in Eq. (30). Egs. (29) and (31) can then be combined into
103
Gevop = 0 (32)

which confirms that the magnitude of the constrained motion in the internal serial chain connecting n; and n, is zero for those
motions that are kinematically allowed by the internal serial chain connecting n, and ns.

Thus, ¢, 02 =0:4,,3=0, and Egs. (25) and (29) respectively express a0 and g, jasa function of the two end-effector twists
and the kinematics captured by partial Jacobian matrices. What remains in order to define q,? and g, 3 as in Eq. (14), is to derive
expressions for Gippop and o0}

4.2. Expression for multiple constrained joint velocities in the first end-effector serial chain

Unfortunately, the multiple constrained joint velocities, Qoo and g, , 3 as part of Eq. (14), cannot be expressed directly as a
function of unit twists and unit wrenches. This becomes clear when the result of left-multiplying Eq. (23) with the 6 — C,, unit
wrenches of constraint of the first end-effector serial chain is compared with the result of left-multiplying Eq. (24) with those same
unit wrenches. Left-multiplication of Eq. (23) with these unit wrenches of constraint gives

J;.]ol($t,e2 - $L8]) = qz',()l (33)
where
AT AT A
$wc,,l.] /($wc,,1'] $YL‘01>1)
A
JZ}}I = $W‘01,2 /($W‘701,2 Erf”‘%l,z)
AT AT ' A
$wc(,1767C01 /($W'L'"]767C01 $[C”L6—C,;l) (34)

On the other hand, left-multiplying Eq. (24) with the same unit wrenches of constraint gives

JooSrer = Ste) = dy02 + b0} (35)
Egs. (33) and (35) can be combined into

Yoo T oo = e (36)

where ¢, is defined by Eq. (33). Eq. (36) cannot be solved for ¢, ,> and g, ,3 directly.

To obtain a closed form expression for G0 andg, , 3 Bq. (36) is complemented with an additional set of equations, which are
based on static force relations. For each node of the PM2E it holds that in a static equilibrium the sum of all wrenches is zero. In a
quasi-static equilibrium, also the derivative with respect to time of this sum is zero, and for body n, it holds that

ds,, + dSy.02 _ 8,03 -0
dr dt dt (37)

In order to complement Eq. (36), only the motions that are multiple constrained by the internal serial chains are of interest. To
simplify the further derivation, it is assumed that the change in wrenches is dominated by stiffness and that along those directions
the stiffness of the second leg is significantly less than the stiffness of the internal serial chains. Then, the term d$,, »/dr in Eq. (37)
can be neglected for those directions. Next, because the two internal serial chains share the same joint coordinates, Eq. (37) can be
also expressed in those multiple constrained joint coordinates, so that

Kyt onop = Koy, p38an03 = 0 (38)

where K, , is the stiffness matrix of the internal chain connecting n; to n, and K,  , is the stiffness matrix of the internal chain
m>Of m.03

connecting n, to n3, both expressed in the multiple constrained joint space of the first end-effector serial chain.
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Egs. (36) and (38) can be combined into
Io-cop  T6-cop 02 B Ie-c,p i
ch,,,‘af - Kfipm,og Qcm,og O6-cop | " (39)

in which the identity matrix I6-c,p» and the stiffness matrices K, , and K, , are all of size (6 — C,)) x (6 — C,)). Eq. (39) can be
em.of m03

written as

; r -1
epo? Lo-cop  Lio-cop I6-cop | .

. = _ q

oo | [Ktonop ™ Kao3 | | O6-cop | " (40)

which can be developed using matrix inversion rules into

[ -1
. K;' |K!' +K!
[qwlz ] Iamod| om0 " a0}

. q(‘ 0
3 201
qc,,,.oz !

K;!' |K!'  +K!
| qc,wg( Yemof om0} (41)

where ¢, , was expressed in Eq. (33) as function of the two end-effector twists. As such, Eq. (41) expresses Gopop and o0} 85 @
function of the two end-effector twists and the relative compliance of the two respective internal serial chains.

4.3. Internal mapping of twists

Egs. (25), (27), (29), (32) and (41) have expressed all joint velocities of the two internal serial chains that make up the first end-
effector serial chain as a function of the two end-effector twists. Then, forward Jacobian mapping can be used to express the twist of
ny as a function of the two end-effector twists. There are two equivalent options to do so, namely those introduced in Egs. (9) and
(10). In this paper the representation in Eq. (9) is chosen, but it should be noted that this is an arbitrary choice and does not affect
the results.

The twist of the first internal serial chain was expressed as the sum of six unit twists in Eq. (15), which can also be expressed in
matrix form as

4,02
$t,o]2 = [Ja,r)|2 Ja,o; J(‘,ol] qL:Yv()]z
9ep0? (42)

where

A A A
Ja.olz = $la(,111 $la0112 v $ta”1_(702
1

(43)
A A A
Yooj = [$ S,y $] "
A A A
Jeor = [$”'01,1 $rco, o $"'Ul.(b—C,)l)i| 5)
Then, using the part of Eq. (41) that expresses 4g.02» EQ- (42) can be rewritten as
94,07
$102 = aop Juo} Jeol| oo}
Mf’wﬁq‘*“‘ (46)
in which
-1
M =KLl i) w

Next, the expressions for ¢, ,> and ¢, ,, as introduced in Egs. (25) and (33), and the relation ¢, ,» = 0 as introduced in Eq. (32),
allows Eq. (46) to be written as

$l.ol = (Ma.olz + MC.UIZ)($?e2 - $tgl) (48)

where
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Fig. 4. The example Jacobian analysis was performed for a 2-DoF PM2E where the second joint of each leg was designed as a compliant joint.

Ma,012 = Ja,o ZJ;1012

i (49)
_ -1
ML',(JIZ - Jc'oqufmv"lch‘ol (50)
Finally, Egs. (48) and (8) can be inserted in Eq. (9), such that M, in Eq. (7) is developed as
I 0
M, = (I - Ma,nlz - Mc,olz) (Ma,ol2 + Mc,olz)
0 I (61

where all matrices on the right side of the equal sign are 6 x 6 matrices. Eq. (51) maps the two end-effector twists onto the three
terminal link twists, which can be subsequently mapped onto the complete set of joint velocities as in Eq. (5).

5. Example jacobian analysis of a three-legged PM2E

In this section the inverse Jacobian analysis is performed for the three-legged 2-DoF PM2E shown in Fig. 4, where n; and n; are
considered as the end-effectors. The architecture of this PM2E was introduced as part of the kinematic design exercise in Ref. [24]
and is also represented in Fig. 3c. The PM2E has two DoFs, as described in Ref. [24]. The first DoF is a motion along the Z-axis,
shared by both end-effectors, and the second DoF is a relative motion between the end-effectors along the X-axis, i.e., gripping. For
the purpose of experimental validation, the end-effectors are connected to wrench sensors, which measure both force and moment.
Additionally, the second joint of each leg is realized using a compliant joint, so that a pose-dependent wrench is applied on both end-
effectors without the need of an actuation system. All other joints are realized using ball-bearings and are therefore considered as
zero stiffness joints.

The inverse Jacobian matrix J-!, introduced in Eq. (6), for a three-legged PM2E with an internal closed-loop chain is obtained by
combining the results from Sections 3 and 4. Then,
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G
9
q3 $
. — J-1| Tt
q”lz ‘] |:$t’82:|
403
904 (52)
with
=M, (53)

where the matrix M, was introduced in Eq. (51) and for a three-legged PM2E with one internal closed-loop chain J;! in Eq. (53) is
developed as in Eq. (6), namely

[ ) R | VP | P
Ogs  J2' Ogus
06 Opxs I3

L'=[=00 I O

o] ]
Ogxs  — J;% J;%
2 2

-1 0 — J-1
T fee — 3] (54)

The partial inverse Jacobian matrices in Eq. (54) are introduced in Appendix A, where they are expressed using the unit twists
and unit wrenches for each serial chain. As explained in Section 4, the unit twists and unit wrenches that are identified for the two
end-effector serial chains are also used in the analysis of the three internal serial chains, because they share the same kinematic
structures.

To develop the matrix M;, which maps the end-effector twists on the full set of terminal link twists, Ma,,,lz and MC,,,lz need to be
developed. Because Cr=12, the matrix M, ,2 is obtained using Eq. (49), in which J,,2 is expressed by Eq. (43) as

= .
Ja,o]2 = $ra0171 $la(,]'2 (55)
and J-!, is expressed by Eq. (26) as
ll,Ul
[ AT AT A
1 $“’“01.1/($W”01.1$’””1«1)
a‘olz T AT AT A
_$wuul,2 /($wa01'2 $’”UI,2) o

The matrix Mcy,,lz is constructed from three matrices: J.,,, J;}?l, and M, ,, as expressed in Eq. (50). Because C,, = 3, it follows from
emof
Egs. (45) and (34) that

[ A A A
J(',()] = $TL'01'1 $IL'01_2 $rc01'3 (57)
[ AT AT A
$W‘”l‘l /($w1‘,,1‘1 $t(.‘(11'1)
1 AT AT A
Ji'v”l - $wc012 /($wc,,]_2 $l001,2)
AT AT A
$WC013 /($WL‘0L3 $Lcn1_3) (58)

To express M, , using Eq. (47), the compliance matrices K;' ,and K, . are required, which are the compliance matrices of the
m-0f Cm-0f m»03

internal serial chains expressed in the multiple constrained joint space, which is spanned by the twists associated to the virtual joints

of the first end-effector serial chain. The compliance in these directions is assumed to originate solely in the links. Each internal

serial chain contains one link, each of which was designed as a rectangular bar. The required compliance matrices are therefore

developed by mapping the relevant link compliance matrix onto the constrained joint space of the first end-effector serial chain,

q,

Cms0

-1 _ oyl -1 T -T

K 12 = vaglAngl,l KS*]Ol,lAngH Jc.ol (59)

K;' ,=J!Adgw K]
5 ! %)

Demeo S.loj o

AdT, Jo)
Hgl,z ! (60)

where J_}, was introduced in Eq. (58), and AdH,O is the Adjoint matrix which transforms a twist expressed in the reference frame
01,i

connected to the end of the i th link of the first end-effector serial chain into its equivalent twist expressed in the inertial Cartesian
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reference frame, and K;}al _is the compliance matrix of the i th link of the first end-effector serial chain. Both links were designed
oy ;
equal, such that

[ 0 0 0 0 o]

o
0 L o o o L
Ely 2EI,
0 0 Lo % 0
K:l = z 4
i lo 0 o0 L oo 0
0 o Lo L
2EL 3EL
L2 L3
] = 2El 000 3Ely | (61)

For the developed mechanism, L, = 0.12 m, E = 1.95-10° N/m?, and G = 740-10° N/m? was subsequently calculated using
G=E/2+ 2v) (62)

with v = 0.32, where E and v were determined as the average values of two tensile tests, which were performed on samples of the
material used for the construction of the links, namely Stratasys ABS plus material in combination with a Stratasys Dimension BST
1200es 3D printer. Individual determined values for £ had a 4% difference from this value. Furthermore, the area and the area
moments of inertia, respectively, are

A=0bh I.=1/12bh(R® + b%), I, =1/12bk3, I =1/12bh

with » = 3 mm and 4 = 16 mm.

With the matrices introduced in Egs. (55)—(61), the matrices M2 and M., are developed according to Egs. (49) and (50).
Subsequently, M, was developed using Eq. (51) and J,' was constructed as in Eq. (54) using the partial inverse Jacobian matrices
developed in Appendix A. Finally, the complete inverse Jacobian matrix of the PM2E presented in Fig. 4 was obtained using Eq. (53).

6. Experimental validation method

To validate the developed Jacobian analysis, an experimental static force analysis was performed for the PM2E introduced in
Section 5. The reason for using a static force analysis is because it is relatively easy to control the pose, which determines the torques
applied by the compliant joints, and measure the resulting six-dimensional reaction wrenches at both end-effectors. On the other
hand, it is considered much more difficult to simultaneously control the end-effector twists and measure the complete set of joint
velocities. This is especially true for the constrained directions.

6.1. Static force analysis

In a static force analysis, the transpose of an inverse Jacobian matrix can be used to map a known joint torque vector onto the
equivalent wrenches applied by the end-effector on the environment. Therefore, if the compliant mechanism with two end-effectors
as introduced in Fig. 4 is fixed in a specific pose through its end-effectors, the interaction wrenches can be predicted as a function of
the pose, namely

Pwi:ru

ez (63)
where $,,., and $,, ., are the net wrenches applied by the PM2E on the first and second end-effector respectively, J-T is the transpose
of the full inverse Jacobian and 7 is the applied joint torque vector, which is expressed as

T
_ T _ T T T T T
T= [1] T, T3 10% rog 1031]

(64)

where 1; is the six-dimensional joint torque vector for leg 7, and To+1 (or T, if i=N) is the six-dimensional joint torque vector of the
ith internal serial chain.

For the example that was introduced in Section 5, the internal serial chains do not contain any actuated or compliant joints
joints. And although constraint forces may be transferred by the internal serial chains, they are not generated by the internal serial
chains, so that

T} = Ty = oy = Uoi (65)

The only torques generated by the legs are due to the compliant revolute joints, so that

=107, 0000, fori=1,2,3 (66)
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Table 1
The 18 poses at which the Jacobian analysis of the example PM2E has been validated using a static force analysis.

Pose Pr.ep [m] Prep [m] Pr.ep [m] Prep [m]
a0 -0.0525 0.2165 0.0525 0.2165
al -0.0575 0.2165 0.0575 0.2165
a2 -0.0525 0.2215 0.0525 0.2215
b0 -0.070 0.2165 0.070 0.2165
bl -0.075 0.2165 0.075 0.2165
b2 -0.070 0.2215 0.070 0.2215
c0 -0.065 0.200 0.065 0.200
cl -0.070 0.200 0.070 0.200
c2 -0.065 0.205 0.065 0.205
do -0.055 0.205 0.055 0.205
d1 -0.060 0.205 0.060 0.205
d2 -0.055 0.210 0.055 0.210
e0 -0.055 0.190 0.055 0.190
el -0.060 0.190 0.060 0.190
e2 -0.055 0.195 0.055 0.195
fo -0.060 0.220 0.060 0.220
fl -0.065 0.220 0.065 0.220
f2 -0.060 0.225 0.060 0.225

where 7, ; is the joint torque resulting from the deflection of the compliant revolute joint that makes up the second joint of each leg,
so that

T = —ki(qp — Gypy), fori=1,2,3 (67)

To express the stiffness k; (Nm/rad) of the designed cross-type compliant revolute joint, the model presented by Trease et al. [25]
was used, namely

4
ki = [K - 0.373) 4G fori=1,2.3
where the designed cross-type compliant joint has width w = 9 mm, thickness r = 2 mm, length L; = 40 mm, and is made of the same
Stratasys ABS plus material as the links in the end-effector serial chains, so that G = 740-10° N/m? and E = 1.95-10° N/m?. The angle
of zero deflection, g, ,, (rad), was designed as

3z .
Ging = > fori=1,2,3 (69)

An expression for the angles g;, can be found in Appendix B.

6.2. Measurement procedure

The mapping of the applied joint torque vector onto the resulting interaction wrenches was performed in the 18 poses as
introduced in Table 1. These reaction wrenches were measured using an ATI Mini40 wrench sensor with SI-40-2 calibration. The
specified force measurement accuracy of this sensor along the X- and Y-axis is 1/100 N and 1/50 N along the Z-axis. The torque
measurement accuracy is 1/4000 Nm for all three directions. Both wrench sensors were connected in series between one of the end-
effectors and the inertial measurement frame, as can be seen in Fig. 5b. As such, the wrench sensors were displaced together with the
end-effector bodies. Before the start of every measurement series, the wrench sensor was initialized at the pose where the net wrench
on the end-effectors is approximately zero, which is pose a0 as introduced in Table 1. The position of the end-effector within the
measurement frame was controlled manually using a caliper. This was done by moving the attachment beams of the two end-
effectors in the X- and Z-directions, as shown in Figs. 5b and ¢, where where arrows indicate how the positions p, ,, p, .,, P, ., and
P.., are changed by adjusting the measurement frame.

There are various sources that may influence the measurement precision and accuracy. Firstly, next to the finite resolution of the
wrench sensors, there are inevitable inaccuracies in the manual positioning of the end-effectors. Secondly, the model will not be
perfect, because the change in gravity is not considered, nor is any friction in the ball bearings. Furthermore, the 3D-printed
compliant joints will likely show some variation in their properties, and therefore not perfectly agree with the modeled joints.

6.3. Post-processing

Post-processing of the data was necessary to express all wrenches in the measurement reference frame of either the first or the
second end-effector, so that measured and predicted wrenches could be compared. The wrenches that are expressed using the
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Fig. 5. The set-up used to validate the developed Jacobian analysis, a) in pose a0, in which the net wrench is approximately zero, b) in pose f0, and c) pose f1.

Fig. 6. The inertial reference frame and the measurement reference frames as used in the example Jacobian analysis.

Jacobian-based mapping of the compliant joint torques are all expressed in end-effector body-fixed reference frames collocated with
the inertial reference frame. However, the measurements are made in measurement reference frames, as shown in Fig. 6. The
mapping of the two predicted interaction wrenches onto the measurement reference frames was done using
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Fig. 7. The correlation between the measured force values and those predicted using J-T at the poses as listed in Table 1 along the axes spanned by the DoFs of the
PM2E.
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Mi Adg, 05 o
$w,el,pred HM] $w,e1,pred
My - T o
$w,e2,pred 06 Adl—[‘/{/‘2 $uerpred (70)
where $9,, prea and $f3vez,md are the predicted interaction wrenches expressed in the inertial reference frame and $‘/fe‘]’pred and $ﬁ}z,wd

are the equivalent wrenches expressed in their respective measurement frames. Matrices AdH% and AdH,OV( are the adjoint matrices
1 2

associated to the homogeneous matrices H?wl and H(K,(z. These homogeneous matrices were expressed as
w, = Pulug,=| B e
Y0 1 [0 1

Py = [Peoy O Py + 11Dy = [Peey O Py + Il

with

where hg=42.6 [mm] was the distance between the end-effector reference frame origins, as shown in Fig. 5, and the measurement
reference frames, as shown in Fig. 6. After mapping as in Eq. (70), the wrenches predicted by Jacobian mapping can be compared
with those measured.

7. Results

This section presents the results of the experimental validation as described in Section 6. The results are visualized in Figs. 7-9.
Fig. 7 plots the predicted interaction force values against those measured for the X- and Z-axis, which are the axes spanned by the
DoFs of the analyzed PM2E. In Fig. 7, the individual measurement are organized by axis as well as by end-effector. Additionally,
linear trend lines are shown for the complete set of measured forces along both the X- and Z-axis.

In Fig. 8 a similar plot is shown for the Y-axis, which represents a constraint of the PM2E for both end-effectors. Finally, the
predicted and measured interaction moments are plotted against each other in Fig. 9, where the example PM2E is constrained in
rotational motion along all three axes. The complete set of measurement data can be obtained from Ref. [26].

To express the percentage of variability in the measurements that has been accounted for by the Jacobian-based predictions, the
coefficients of determination, R?, are used. These coefficients are shown in Table 2 for the data shown in Figs. 7-9. The R? values
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Fig. 8. The correlation between the measured force values and those predicted using J-7 at the poses listed in Table 1 along the axis in which the PM2E is
constrained.
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Fig. 9. The correlation between the measured moment values and those predicted using J-T at the poses listed in Table 1 along all three axes, all of which are
constrained directions for the analyzed PM2E.

express the variability around the linear trend lines which are included in Figs. 7-9. Also, for comparison, the ideal linear trend lines,
namely 4Af,, ., = Af,,,, are also shown.

8. Discussion

The results from the experimental validation of the Jacobian analysis demonstrate that the presented Jacobian analysis is valid
for the analyzed three-legged PM2E with a single internal closed-loop chain. This is concluded from the high coefficients of
determination for the three separately analyzed sets of predicted and measured force and moment values, as presented in Table 2.
Although the coefficient of determination for the angular constraints is somewhat lower, this can be explained by the large number of
values close to zero, which are more affected by measurement errors. Nonetheless, these values are considered sufficiently high to
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Table 2
The coefficients of determination of the different sets of measured and predicted values.

considered set related figure R?[-]
DoFs (f,,) Fig. 7 0.996
linear constraints (fv) Fig. 8 0.962
angular constraints (1m./y/;) Fig. 9 0.876

conclude that the Jacobian analysis that was used to predict the interaction wrenches is valid.

Although the presented Jacobian analysis was developed based on velocity relations, it was validated using a static force analysis
for three reasons. Firstly, it was considered more practical to control the pose during static wrench measurements than during
velocity measurements. Secondly, it was deemed much simpler to include the constraints in static force measurements than in
velocity measurements. The third reason is that constraint relations are especially important in the static force analysis of PM2Es,
since wrenches applied by the legs can be transferred via the constraints of internal serial chains. The inclusion of these constraint
relations in the matrix M;, which represents the mapping from the two end-effector twists onto the full set of terminal link twists, has
been one of the main innovations of this paper. Therefore, a static force analysis has allowed a direct validation of this innovation.

It is argued that the example PM2E is a representative example of more general PM2Es with an internal closed-loop chain. The
main difficulty of the analysis was to find an expression for the mapping from the two end-effector twists onto the complete set of
terminal link twists. A combination of velocity relations and static force relations was derived to deal with the internal constraints. As
a result, the obtained expression is a function of the kinematic structure of the mechanism as well as the relative compliance of the
internal serial chains. The proposed systematic approach can be extended to PM2Es with an internal closed-loop chain with more
than three legs, knowing that more, comparable relations will need to be expressed to reflect its corresponding graph representation.

Furthermore, it is expected that the presented systematic approach can be easily adapted to other variations of PM2Es. Because
the analysis relies on a Jacobian interpretation of a PM's graph theory representation, the same approach can also be applied to
other, more complex parallel manipulators, e.g., with more than one internal closed-loop chain or with more than two end-effectors.
Such manipulators will have different graph theory representations, which means that the structures of the corresponding matrices
J;! would be different than the one presented in Eq. (6). Nonetheless, the approach would be the same. As such, the systematic
approach presented in this paper could be used as a baseline for a wide range of more complex parallel manipulators.

9. Conclusions

This paper introduced a systematic approach for the Jacobian analysis of PM2Es with an internal closed-loop chain, based on two
novel insights. The first insight is that the structure that is revealed by graph theory can be translated into a Jacobian analysis. The
resulting Jacobian analysis consists of a systematic combination of partial Jacobian matrices, which describes how the full set of
terminal link twists is mapped onto the complete set of joint velocities.

However, the full set of terminal link twists is generally not available and cannot be derived based on velocity relations alone.
This was demonstrated for a three-legged PM2E with an internal closed-loop chain. The second insight is that these relations can be
complimented with static force relations so that the full set of terminal link twists can be expressed as a function of the known end-
effector twists. The static force relations, which appear in the expression as compliance ratios, are required to deal with internal
constraints. The possibility for internal constraints is typical for PM2Es and is particularly relevant if the resulting Jacobian is used
in a static force analysis, because wrenches applied by the actuators can be transferred to the end-effectors via the internal
constraints. The resulting dependency of a Jacobian analysis on mechanical properties is unprecedented in the field of parallel
manipulator analysis.

The developed Jacobian analysis was validated using a static force analysis in an example PM2E with three legs and a single
internal closed-loop chain. Compliant joints were implemented so that pose-dependent wrenches were applied to the end-effectors
without the need of an actuation system. The end-effectors were fixed to an inertial frame via wrench sensors, so that the resulting
interaction wrenches could be measured. The interaction wrenches were measured along directions corresponding to the allowed
DoFs as well as along constrained directions. These measurements were compared with predicted interaction wrenches based on the
developed Jacobian analysis. It was shown that the variability in the measured values is predicted for 99.6% along directions
corresponding to the allowed DoFs, and respectively 96.2% and 87.6% for the forces and moments along the constrained directions.
Based on these values it is concluded that the example Jacobian analysis is valid.

This paper presented and validated the first example of a Jacobian analysis of a PM2E that takes internal constraints into
account. Although the Jacobian analysis presented in this paper was developed for PM2Es with a single internal closed-loop chain
and three legs, it was argued that the analysis can be adapted to other PM2Es with relative ease. This is thanks to the structure of the
analysis, which can be directly derived from the graph theory representation of a mechanism. As such, the structured approach
introduced in this paper sets the stage for the Jacobian analysis of more complex PM2Es.
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Appendix A. Basis twists, basis wrenches and partial inverse jacobian matrices of the analyzed PM2E

All twists and wrenches introduced in this appendix are expressed in a right-handed Cartesian reference frame connected to the
moving body of the serial chain in question, whose origin coincides with the point O. This reference frame is an arbitrary choice, but
considered most convenient and logical. Whatever reference frame is chosen, it is important that all vectors are expressed in this
same reference frame.

A.1. Full inverse jacobian for first and third leg

The first and third leg are identical RRR serial chains, and are shown in Fig. A.10. Their linearly independent basis twists of
permission were obtained as

A [ 5
Suir = | — (Fi1 + bFip + Bfis — a;) X 51] (A1)
§ - [ §

2 = | — (bFip + BFi3 —a) X § (A.2)
3 [ 5

s |- (bFiz —a) X §; (A3)

where §mi‘l, ﬁmi,Z’ and {3?,[,,33 are the basis twists of permission associated to the first, second, and third joints respectively. Furthermore,
§| = —&, and §; = &,, where &, is the unit vector aligned with the Y-axis. The other vectors are illustrated in Fig. A.10, where 7, is the
unit vector pointing along the /™ link of leg i and 4; is the vector pointing from O to the center of the third joint.

Next, taking the conditions posed by [27] into account, a set of basis wrenches of constraint were identified,

- 703x1:|
weil = S
| 5 (A4)

A é3
$wc,' = :

? _03x1] (A.5)
§ & x i]
wei 3 | 03 (A.6)

Following the methodology described by Huang et al. [23], the set of basis twists of permission described in Egs. (A.1)—(A.3) and the
set of basis wrenches of constraint presented in Egs. (A.4)—(A.6) can be used to identify a set of basis wrenches of actuation. Namely,

gwa” _ [— (573 - a;) X 'A‘i,z]

| Fin (A7)
%sz _ - (i3 : a;) Xf,-\_g}

i S (A.8)

%Wm _ [— (bFi2 + 13fi.3 —a) % fi,l]

2 il (A9)

with

> hfiy + bfia
f2= 471 + sl (A.10)

and finally also a set of twists of constraint was identified,
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§ _ 03x1]
tei1 = ~
s (A11)
§ _ [ e
@2 = | g (A12)
§ - [&; x @]
i3 | 031 (A.13)
Egs. (A.1)—(A.13) were then used to obtain the full inverse Jacobian for the first (i = 1) or third leg (i = 3),
[ AT AT A ]
$wa,-v 1 /($wa,',1 $1(li, I)
AT AT A
$wu,"2/($wa,"2 $mi,2)
AT AT A
—1 $wa,',3/($wa,',3 $mi.3)
Ji = AT AT A
$wc,'v1/($wci'1 $f€i,l)
AT AT A
$»1r'c',"2/($w'(‘[,2 $?L‘[,2)
AT AT A
| $wc,’y3/($uw,g3 $TL'i.3) i (A.]_4)
A.2. Full inverse jacobian for 2nd leg, J;'
The second leg is an RRRR serial chains, and a set of linearly independent basis twists of permission was obtained as
§ _ [ §2,|
T = (P + b + By — @) X @ (A.15)
§ [ G
27| = (bfan + By — @) X & (A.16)
8 [ $23
3T (B — @) X & (A.17)
§ _ [ 52,4
s |- (bF23 — @) X & (A.18)
where § | = §, = $»3 = € is the unit vector aligned with the X-axis, and §, 4 = &; is the unit vector aligned with the Z-axis.
Subsequently, a set of basis wrenches of constraint was identified as
A _az X é\l
$uery = N
€ (A.lg)
Y22 03 (A.20)
The set of basis twists of permission described in Egs. (A.15)—(A.18) and the set of basis wrenches of constraint presented in Egs.
(A.19)—(A.20) enabled the identification of a set of basis wrenches of actuation as
A [— (P23 — @) x o
$wazs = o
i Lo¥) (A.22)
3 |~ Pz — @) Xfm}
waz 2 = ~
| b (A.23)
A [— (bfs + B2y — @) X le]
$wa273 = ~
i r2v1 (A.24)
§ _ _03><1:|
way.4 — ~
| & (A.25)
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where fz,z was already described by Eq. (A.10). A set of twists of constraint was then identified as

b= on
21T 03y (A.26)

§ _ [@,2.2]
o2 0351 (A.27)

where
1

3:(',2,2 =
A (dz,y/(lz,z)z + 1

in which a,, and a, . are the elements in the vector a, aligned with respectively the Y- and Z-axis.
Egs. (A.15)—(A.27) are then used to obtain the full inverse Jacobian for the second leg,

[0 azyy/az,z ]]T

AT AT A 1
$waz 1/($waz |$Ia2 1)

AT
$

AT AT
$wu2_3/($wa2'3 $ra2v3)
T A A

waz 4 ($wa2 4 $za2 4)

S/
$mcz |/($wcz ]§Icz 1)
AT AT
_$H(.2'2/($WL'2<2 $TL'2.2)_ (A.28)

A.3. Full inverse jacobian for internal serial chains, J-1, J-}, and J-|
of 03 03

In order to develop matrices J 2 J-} b and J ‘1, first a set of basis twists and basis wrenches is developed for the end-effector serial

chains. Both these serial chains are RRR chalns and their linearly independent basis twists of permission are

A 5,
$mui‘] = - (lz);‘;),;l + l()i)jl - a}) X §a:| (A29)
A I S,
$’“0i.2 = - (lo’Ab,-,z_a3) x go:l (A.30)
ﬁ"’viz = v ":|

2= e xs (A.31)

where §fuo,,1’ §fuo,-.|’ and gm”i.l are the basis twists of permission associated to the first, second, and third joints encountered in each

end-effector serial chain, going from the first to the second end-effector. The vector §, is the unit vector along the Z-axis, ;. This

vector, as well as examples of scalars and other vectors in Egs. (A.29) and (A.31), are illustrated in Fig. A.12, where [, is the length of

all links in the end-effector serial chains. As such, ,, is the unit vector pointing along the /" link of the i th end-effector serial chain.
Next, taking the conditions posed by Ref. [27] into account, a set of wrenches of constraint was identified. Namely,

§ . _ _03><1_
wo = |y | (A.32)
$oo =] ]
"2 7| 0y | (A.33)
-
M3 ] 03y || (A.34)

Following the methodology described by Huang et al. [23], the set of basis twists of permission in Egs. (A.29)—(A.31) and the set of
basis wrenches of constraint in Egs. (A.32)—(A.34) enabled the identification of a set of basis wrenches of actuation as

§ [a3 : ;\bivzjl
Wdo; | ;‘;)[,2 (ASS)
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a @ Xf(;i,Z
Wag; p = ~
oz

A - (lflra,"z - a3) X ';7,',1
$wa”i,3 = ;\‘0. |

i,

with

~ lo';z,"l + lnrr)iyz
f;i,z -

ooy 1 + loFo; 5 |

and finally also a set of twists of constraint was identified,

§ _ |0
o1 — &
A _ é]

Sigy = 035
_| &

Sy = 035
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(A.36)

(A.37)

(A.38)

(A.39)

(A.40)

(A.41)

The basis twists and wrenches presented in Egs. (A.29)—(A.41) were then used to develop J—z, J > as well as J 1. With joint

velocity vectors defined as in Eq. (14), and considering that the internal serial chain connecting n1 and no contalns the first two

kinematic joints of the first end-effector serial chain, then

AT AT A
$W“01,1 /($waa]’] $1(l,;1’])

AT AT A
$W{101'2 /($W{101'2 $ta(,]’2)

AT AT A
1 $W(101.3 /($waoL3 $'“01,3)

El O
Weoy | ( Weop | “"’l,l)

AT AT A
$WL‘,,1 2 /($wc,,l 2 $lc,,l 2)

AT

$wc,,1 3 ($u(‘,,] 3 $tc1 3)

(A.42)

where the first and second row of Eq. (A.42) map the relative twist between the two end-effectors onto g, , 1 andg,, 225 the third row
Ul s ” ’

maps that relative twist onto Geyo2. 1 and rows four to six map it onto ¢4, , i

The internal serial chain that connects n, and n3 contains the third kinematic joint of the first end-effector serial chain, so that

[ AT AT

Sy s/ Gy, St )

Wao 3 wao 3

AT

AT A
$wa(,l 1 /($wa01‘1 $la(,l.])
AT AT A
Suaoy /Gy, Sy
AT AT A
$W“"1,l /($‘4’C()lyl $lc,)1_ 1)
AT AT A
$w¢:0|2 /($wq,]_2 $tr,,1_2)

AT AT

A
i $wc01_3 /($WCUL3 $tCl,3) ]

(A.43)

where the first row maps the relative end-effector twist onto ¢, , 310 and the second and third rows map the relative end-effector twist

onto g, ,3 and ey03 20 while again rows four to six map this twist onto g, 1.

Finally, because in Eq. (54) the internal chain connecting n; and ns is defined in the opposite direction as the twists in Egs.

(A.29)-(A.31),
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Appendix B. Inverse kinematics of 2-DoF PM2E

[ AT AT A
- $wa,;271 /($wa,,2_] $ta{,211)
A
- $wa022 /($wa02’2 $Ian2’2)

-3

T AT A

AT AT

A
1oy Sty 5)

Waoy 3

AT
$

Weon, |

AT

A
Iy, Stcry)

AT AT A
$WL'02'2 /($w¢'02'2 $t('02_2)
T

AT A A
Suer, /Grers - Sier)

WCop 3 Weop 3
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(A.44)

The inverse kinematics of the example 2-DoF PM2E are developed for each individual serial chain. First the inverse kinematics of
the legs are developed, where expression for the angles as shown in Figs. A.10 and 11 can be obtained as

Fig. A.10. Legs one and three and examples of all vectors and scalars that are used in the expression of the basis twists, the basis wrenches, and the inverse

kinematics.

Fig. A.11. Leg two and examples of vectors and scalars that are used in the expression of the basis twists, the basis wrenches, and the inverse kinematics.
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>
=3

a)

l ’f‘ ' qol-,2

Fig. A.12. a) the first end-effector serial chains and b) the second end-effector serial chain, which is also the third internal serial chain, both with examples of vectors
and scalars that are used in the expression of the basis twists, the basis wrenches, and the inverse kinematics.

7+ sin”! ( AL in (1) it IBAR < 12+ 12

7) T
ga=7m+a+pg,= BA %3= 7 4~ i
2 — sin-l( A in a) it BAR > 12+ 1}
where ; = 135 mm, , = 150 mm, and
Lpy + pe, Ly = Pre Lps = 0.5/l = (P, = Powy)’ 2 — 12 + BAP
BA, = 0 BA; = 0 BA; = 0 a = cos™! W
Poey — b= I Prey — b= hp Poey — b= I '

= tan~! B,
BA,

where Ly = Lp3 = 187.5 mm, Ly, = 242.5 mm, [, = 120 mm, hz = 24 mm, and where it is assumed that p,, = p,_,,. Next the inverse
kinematics of the end-effector serial chains are developed, where expression for the angles as shown in Fig. A.12 can be obtained as

9o, = 2m =, Qo1 = 2, o3 = n—¢ (B.1)
Gop1 =& oy = 27 = 26, o3 = ¢ (B.2)
where
E= cos"'(ipjﬁe2 — Px’q)
21, (B.3)
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