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Abstract

A new wire mechanism called “redundant drive wire mechanism” (RDWM), driven by double actuator modules
(DAMs) is introduced. When RDWM is used for producing multi-directional motions using DAMs, the number of wires
increases and the wire matrix would become complicated. This makes finding and checking the candidates difficult.
Therefore, we introduce an easier and simpler approach for judging RDWM candidates, which includes two proce-
dures: conversion of the wire matrix to a new form, and judgment of candidates using the essential component of
the new form of wire matrix related to the global motion. This paper shows a fast and convenient method for judging
whether an RDWM candidate can produce the resultant forces needed to achieve required motions. The examples
demonstrate the validity of the new method in dealing with RDWM candidates containing many wires.
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Background

Development of parallel mechanism for high acceleration
and high precision motions for industrial applications has
been a focus of research for a long period of time. Wire
mechanism has structure of parallel mechanism and it
has been developed to produce high acceleration because
of the small inertial moment of the top plate. For exam-
ple, a high-speed manipulator using wire driven method
called “FALCON” was proposed [1], which attained a
peak acceleration of 43 G. The redundant drive concept
was applied in a parallel mechanism to produce a large
resultant force. In [2], a mechanism called “NINJA” was
proposed; this was made light-weight by arranging the
motors on a base. Its top plate with six degrees of free-
dom (DOF) was driven by four sub-arms with a parallel
link structure. An optimum method was proposed to find
the design parameters of the mechanism while reducing
the inertia of the top plate. In experiments, the compu-
tation from encoders shows that NINJA can achieve an
acceleration of >100 G. A high speed parallel mechanism
for electronic part mounters, known as “constrained
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and indicate if changes were made.

differential drive mechanism” (CDDM), was introduced
[3]. In this research, a typical four DOFs pick-and-place
motion was analyzed, and the trajectory was divided into
two regions A and B. In region A, high precision motions
were produced, whereas high acceleration motions were
produced in region B. Thereafter, the virtual force redun-
dancy (VFR) concept was introduced to the design of
the high-speed parallel mechanism using CDDM. The
experimental results showed that the mechanism could
achieve an acceleration of >20 G. Recently, a mechanism
known as “Capturing robot” which could achieve 100 G
was introduced [4]. To achieve that high acceleration,
spring energy was utilized in the pre-shaping dynamics
of link fingers. However, this robot could only give high
acceleration motion in one direction when moving to
grasp object.

On the other hand, ways of changing the position
and orientation of the top plate have also been studied.
Because a large translational motion is required while
only a small rotational motion is needed, the standard
method is to maintain the translational motion while fix-
ing the orientation of the top plate and installing an arm
on it. A method with a contour crafting construction sys-
tem for automated construction of civil structure known
as “contour crafting cartesian cable robot” (C*) has been
proposed [5, 6], wherein the cables are mounted in pairs,
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and the two cables in each pair are controlled to have the
same length. A parallelogram is then formed by each pair
of cables, the corresponding crossbar and end-effector
edge. By maintaining this parallelism, the orientation of
the top plate remains fixed and only translational motion
is possible. The research [5] presented the kinematics and
statics of the proposed method while the research [6]
presented the dynamics and developed a controller of the
system. Though the working principle is not mechanical,
it heavily depends on the controller. Realizing this idea,
the research introduced the design method of a cable-
driven robot with translational motion focusing on the
tension condition in the cables then showed a prototype
of the system [7]. Using a similar approach, the design-
ers of “Beta Bot” developed a mechanism with six cables
and a spine in the middle of the end effector [8]. The six
cables were grouped into three pairs, and the two wires in
each pair were connected to one side of the end-effector.
The other ends of the two wires were then wound onto
two pulleys driven by the same actuator. The two wires,
together with the line which connected the two contact
points on the pulleys and the end-effector edge, formed
a parallelogram. The three parallelograms ensured that
the end-effector would only perform three translational
motions, with no change in orientation. The design of
“Beta Bot” halved the number of actuators presented in
[5]. In contrast to the idea of maintaining the parallelism
of wires to fix the orientation of the top plate as the above
researches, the authors in [9] developed a power assist
device to help elderly patients and patients with disabili-
ties in moving, without using the parallelism of wires
while fixing the orientation of the supporting element.
The device contained the upper part and the lower part.
The upper part could produce the translational motion
in the horizontal only using a set A including three wires
strung at the same length and a set B including two wires
strung at the same length. The lower part contained three
pairs of wires, two wires in a pair were reeled in and out
to have the same length by the three corresponding actu-
ators put on the upper part. By using these three pairs of
wires, the lower part could move with three degrees of
freedom in the vertical plane for the motions of stand-
ing up and sitting down of the user. The lower part could
also perform a rotation motion around the vertical axis
w.r.t the upper part using a connecting part between the
upper part and the lower part to help the user in chang-
ing the moving direction. Another approach changed
the orientation of the end-effector and installed arms on
the top plate [10—12]. The orientation of the end effector
could be changed by changing the position of the arm.
However, the placement of the actuators on the top plate
gave the mechanism high inertia. One way to reduce the
inertia of the top plate is to introduce a parallel module

Page 2 of 16

such as “DELTA” [13] or “HEXA” [14] into the the top
plate of wire mechanism.

To develop a parallel wire mechanism with high accel-
eration and high precision motions using the redundant
drive concept, we proposed a mechanism called “redun-
dant drive wire mechanism” (RDWM) [15]. The goal of
this research was to develop a wire mechanism capable
of high acceleration using only the translational motion
that could also perform high-precision local motions in
3D space. This research introduced a wire mechanism
using double actuator modules (DAMs) and internal
DOFs to produce global coarse motion with high accel-
eration and local motion with high precision. In [16-18],
velocity constraint modules (VCMs) were introduced to
reduce the number of actuators, to produce translational
motion, and to fix the orientation of the top plate in an
RDWM.

When constructing an RDWM, it is necessary to judge
whether the mechanism can produce the resultant force
in all directions. Since the number of actuators in an
RDWM is large, especially in the 3D case, the size of the
wire matrix also becomes large. This creates difficulties
in judging the configuration of the mechanism using the
conventional method. In our approach, the wire matrix is
based on the structure of the DAM, and only the essen-
tial component is used to judge the configuration of the
RDWM.

In this paper, we present a method for judging whether
a candidate RDWM can produce the resultant forces nec-
essary for achieving the required motions. The paper is
organized as follows. First, the basic concept of RDWM
is presented, and some candidate mechanisms are pro-
posed. Second, a method for deriving the wire matrix
of an RDWM based on DAMs in normal expression is
presented. Third, a new method for judging candidate
RDWMs is introduced, including a new form of wire
matrix. The proposed judgment of candidates uses the
essential component of the new form. This component
has the size equal to only a quarter of the size of the wire
matrix; hence, it makes finding and checking candidate
RDWMs to be easier and simpler. Next, numerical exam-
ples of RDWM in 2D and 3D cases are introduced to test
the validity of the new method in checking vector closure
condition. Designing the configuration of an RDWM is
then discussed. Finally, the findings of the research are
summarized in the conclusions section.

Basic concept for developing a redundant drive
wire mechanism

Figure 1 shows that fast motion and high precision
motion are not simultaneously required. The pick-and-
place motion can therefore be divided into two separate
stages. In this figure, the top plate can move an object
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Fig. 1 Pick and place motion [3]

from point P, to P, following the trajectory P;—P,—P; P,.
For time reduction, all the motions in region B should be
kept short. In contrast, all the motions in region A must
be precise.

The concept of RDWM uses DAMs to produce high
acceleration and high precision motions. The DAM con-
tains two actuators that move the top plate and rotate
the local pulley, as shown in Fig. 2. Actually, there is
a research introduces about DAMs [19], however the
research focuses on the rotational motions to control
their tendon-driven robotic hand without any utilization
of the translational motion for producing fast motion. In
this proposed DAM, when the two actuators rotate in
the same direction, the translational motion is produced
as global motion. Then, when the two actuators rotate
in different directions, local motion will be produced by
the rotation of the local pulley, this is utilized to perform
precision motion. In this schematic figure, the points A;;,
Ajo, Bi1, Bj are shown as holes for making the figure to
be simple; however, in the real mechanism, some small
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pulley systems need to be introduced into the DAM and
into the top plate such that those points are the tangential
points between wires and the outlet pulleys. An exam-
ple of the pulley system to reduce the affect of friction is
shown in Fig. 13. This system allows the wire to change
its direction in response to the posture of the top plate
and therefore it helps to reduce the affect of friction.

The wire mechanism has the ability to move an object
in a wide range of motions using translational motion.
To change the orientation of an object, only a small
range of motion is required. Translational motions are
used to realize global fast motion only when the orienta-
tion can be fixed. Local motions are then used to change
the orientation of the manipulator and realize precision
motions. Figure 3 shows that in the RDWM, the top plate
is controlled by 14 wires in seven DAMs. It can move
through a large working space with fast motion and can
also undertake specific tasks with highly precise motion
using the three fingers on the top plate. The three fingers
can perform grasping tasks using a common DOF, and
can hold the object using two DOFs for each finger.

Wire matrix and problem statement

Derivation of wire matrix

In the ith DAM shown in Fig. 2, Zpp; is the velocity of

the wire end points on the top plate w.r.t the base coor-

dinate, Bp is the velocity of the center of the top plate

w.r.t the base coordinate, Zw is the angular velocity of the

top plate, and BpBij is the position of the wire end points

on the top plate w.r.t the base coordinate. The following

relationships can then be obtained:

Pppy ="pr +%0 xPpg;, i=1,... ,Nij=1,2 (1)
The operator x in Eq. (1) represents the cross product

of two vectors Bw and Bp ;- 1he wire velocities are given

by

Zil = Be;EBI"Bﬂ + Riéi»
2

i _B,TB: ;
lip = "e;"ppip — Rib,

where Ll, L'z are the wire velocities, Ze;1, Be;y are the wire
vectors with unit length, R; is the radius of the pulley, and
6; is the angular velocity of the pulley.

Substituting Eq. (1) into Eq. (2) and applying the scalar
triple product gives

. Ppr
[lil ] _ [BetTl Cppin x Pe)™ R 5, 3
lio Pely Cppn xPe)t —R;

;
Applying duality, the resultant force caused by 7;; and Ty
are:
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Fig. 3 Animage of the target wire mechanism
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When the wire mechanism containing N DAMs is con-
sidered in the n directional space, the relationship
between the resultant force vector and the wire tension
vector is given by

F=WT, )

T .
where T = [Tn Ty To1 Ty ... T TN2]2N><1 is the

wire tension vector, F(= [fxfyfz My Hy Nz N1 ... nN}

B
Wy =

B B B
€1l €12 ()] €27

B B, B B, B B, B B
PB11 X "€11 “Ppi12 X “€12 "Ppay X T€21 “Ppyy X €

(Tn +N)x1 in the case of n = 6) is the resultant force vector,

W is the wire matrix defined as

W4

W= [WB (6)

} (n+N)x2N
Here, the size of the wire matrix W is (n + N) x 2N,
where (n + N) is the number of rows and includes n
DOFs in the global motion space and N DOFs in the local
motion space. The number of columns is 2N, which is
two times the number of DOFs in the local motion space.
The matrix W, which contains the matrix W 4 contribut-
ing to the resultant force exerted on the top plate, and the
matrix W p contributing to the local moments of the local
pulleys. The two matrices are as follows:

B B

en1 en2

B B B B )
©r* "PBN1 X "€N1 "PBN2 X TeN2 |, 0N

(N
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R — R O 0 --- 0 0
0 0 Ry —R --- O 0

L ®)
0O 0 O O --- Ry —Ry NxIN

Problem statement

The matrix W with size (n + N) x 2N becomes very large
when developing wire mechanisms using a large num-
ber of DAMs to move in a multi-directional space. This
is inconvenient, making it difficult to judge whether the
wire mechanism has a proper configuration using stand-
ard approaches. A method for dealing with large wire
matrices is therefore necessary for developing a multi-
directional RDWM.

Configuration of an RDWM

Conversion of wire matrix

The proposed method consists of two procedures. The
procedure for converting the wire matrix by considering
the sums and differences of the sets of two wire tensions
of the DAMs is described first. The procedure for judging
a candidate mechanism using the components of the wire
matrix that relate the resultant forces and the combina-
tion of the sums of the sets of two wire tensions of the
DAMs is presented in the following section.

Defining " prc; Ri, " prp;and " pg;;

Figure 4 shows the relations between the parameters of
a DAM. Here, T py(; is the position vector of the center
point C; of B;1Bj> w.r.t the top plate’s center Or; TpBﬂ
and T py;, are the position vectors of B;; and Bj, w.r.t Or;
TpTDL» is the position vector of B;; w.r.t C;, and it has the
norm equal to the pulley radius R;. As shown in the fig-
ure, the three vectors T pg;1, Tprc; and T pp; create a tri-
angle; the three vectors T pgi», T prc; and T ppp, also create
a triangle; therefore the below relations can be derived:

Or
p .
B Bil
Prpi
Prci m
n;
Prpj Pzsi2

Fig. 4 The set of force and moment equivalent to a set of wire ten-
sions applied to a DAM
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T T T
i1 — ; + 1]
{ Tszl Prci Prp; ©)

P = "Prci— Tpp;.
Set of position Bp; and orientation BRt of the top plate
The initial position p; and orientation 2R of the top
plate can have an arbitrary value inside the working space

of the top plate.

Position of wire end points on the top plate
This is given by the following equation:
B B Bp T
Ppij = "Pr+ “Rr ppijs (10)

where BR7 is the rotational matrix from the base coordi-
nate to the top coordinate.

Position of wire end points on the frame

The positions of the wire end points on the frame Zp Aij
need to be chosen so that the wire vectors span the
motion direction of the top plate.

Calculating the wire vectors 8 €jj
The wire vectors can be derived from the following
equation:

B B
B, _ Paj— Psj
€ij = 13 — B . (11
I°Pai; — Pl
T -
Here, BpAi]. = [BxAij By aij BzAij] are the positions of
the wire end points on the fram% w.r.t the base coordinate
and BpBij = [Bxgij Bypij BzBij] represents the positions
of the wire end points on the top plate w.r.t the base coor-
dinate. The symbol || - || in Eq. (11) represents the Euclid-

ean norm of a vector.

Checking if the two wires in a DAM are in parallel

Because the top plate can change its orientation when
the system is operating, there will have cases where the
two wires in a DAM are twisted and contacted with each
other, which make bad affect to the operation of RDWM.
This paper assumes that the change of the orientation of
the top plate is small enough and the set of two wires of
DAM can be treated to be parallel. The method to fix the
orientation of the top plate to ensure this assumption will
be discussed in another topic.

Derivation of the wire matrix in normal form
The derivation of the wire matrix in normal form is
shown in Egs. (6), (7), and (8).

Derivation of the wire matrix in new form
With the structure of DAM shown in Fig. 4, the two wires
in each DAM are in parallel so the two wire vectors Bes,
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B,y can be represented as one vector Be, with the same

direction at the center point C;. Then Be, can be derived
as follows:

B B
e = el'/'.

12)

The vectors 2p;c; and Bpyp,; are derived from the posi-
tion of points Bj; as follows:

{ Bprei = Cogn + 2pgin) /2,

(13)
Bproi = Cppin = Pppn) /2.
Then Eq. (4) becomes

B B,

Bfi B B g B Tin +Tn

Bi| = | Prci* "€  PrpiX "€ | |1, Tyl

n; 0 Ri
(14)

The expressions in Egs. (5) and (6) can be converted into
a new expression as

F=WT. (15)
Here, T L= [Ts TDEN><1 is the new expression of the
wire tension vector, Tg = [(Tu + T12) --- (In1+

Tn2) ];{,Xl is the vector of the sums of the sets of two
wire tensions of the DAMs, and Tp = [(Tu —T1p) ---
(Tn1 — Tn2) ]lel is the vector of the differences of the
sets of two wire tensions of the DAMs. The new expres-
sion of wire matrix W' is given by

, {W;\ W

W= / } : (16)
0 Wg (n+N)x2N

Inside the matrix W,/ the matrix W;s contributes to pro-
ducing local moments of pulleys on the top plate while
the set of matrices W:«x and W ¢ contributes to produc-
ing the resultant force and resultant moment on the top
plate. The contents of W/A, ng, and W ¢ are shown below:

B B B

W’ _ el ey eN
4 BI’TC1 xBey BI’Tcz x Bey BPTCN x Bey an’
17
Ry O 0
, 0 Ry --- 0
We=|. . . . ’ (18)
0 o0 Ry NxN
(0]
Wc = B B B ] .
Prp1 X €1 Prpy X "€2 -+ PTDN X €N |, N

19)
The converted matrix W,/ describes the geometrical
meaning of the sums and differences of the sets of two
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wire tensions of the DAMs. In Fig. 4, the set of wire
tensions [T;1, Tj2] is equivalent to the set of force and
moment [f;, nc;] derived from the sum (7j; + Tj») and dif-
ference (T;1 — Tj2). The component BpTCi x Be;, which
produces the moment at the center of the top plate
comes from the sum (Tj; + Tj») while the component
Bp . x Be; produces the moment at the center of B;; B>
from the difference (T;; — Tj2).

Judgment of a candidate

The procedure for judging whether a candidate RDWM
can produce the resultant forces for achieving the
required motions is discussed in this section. Figure 5a
shows the wire vectors on the top plate with four sets of
DAMs. When two wires in the DAM are in parallel, the
two wire vectors Be;; and Be;j, can be expressed as a com-
mon vector in the center of B;; Bjy labeled Ze; as shown in
Fig. 5b.

We found that in order to check the ability for produc-
ing force in any direction, it is not necessary to evaluate
the whole matrix W. Instead, matrix W is converted into
matrix W. Although the two matrices are of the same
size, this matrix is already divided into small components
by Eq. (16), and only the matrix W;‘ relating to the global
motion needs to be checked for vector closure condition.
Note that neither of the matrix W nor the matrix W is
necessary to be derived from now. What we need to do is
to derive Be; and Bp ., then substitute them to Eq. (17) to
get matrix/ W;\ for the process of judgment of a candidate.
Matrix W , has size n x N with rows equal to the number
of DOF # of the motion space and columns equal to the
number of DAMs N. This is a quarter of the size of the
matrix W, making the judgment much more convenient.

From the statics relationship between wire tensions
and the resultant force in Eq. (5), the new expression of
statics relations is given by Eq. (15). The resultant force
and moment on the top plate are given by

€12 €11€42, €41 el ey

% N\
€922 a €31 €2 b €3

Fig. 5 Wire vectors on the top plate with DAMs and the simple
expression a shows the wire vectors on the top plate with DAMs and
b shows the simple expression of wire vectors
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J2 = [ W,Af Tp,

Am

(0]
Ts + [ ]
Wan (20)

where:

Wy =[Per Per oo Pen], v @

is the part of matrix W;m in Eq. (17) which is related to the

resultant force on the top plate;

' _[B B B B B B
WAm_[ Prc1 X €1 "Prcp X 7€ - "PrceN X eN}nme

(22)

is the part of matrix W:4 which is related to the resultant
moment on the top plate;

0 = [0}, n

is an ne X N zero matrix;

(23)

_ B B B
Wen, = [pTDl X 7e1 Prpy X "€y -+ PrpN X eN]nme

(24)

is the non-zero part of matrix W¢ in Eq. (19). Here,
ny + ny = n, where ny is the number of DOFs under
the resultant force, n,, is the number of DOFs under the
resultant moment and # is the total number of DOFs of
the whole motion space.

From Eq. (20), the resultant moment can be derived as

n =mng + np. (25)

Here, n=[n, n, n )Y is the resultant moment on
the top plate, ng = W;\st is the moment from the
sum of the sets of two wire tensions of the DAMs, and
np = Wcyu, Tp is the moment from the difference of the
sets of two wire tensions of the DAMs. Matrix W/;‘m is
the part of matrix W;‘ related to the resultant moment
while matrix W ¢, is the non-zero part of matrix W¢.

Figure 6 shows the vector form of Eq. (25). Theoreti-
cally, because ng always has a positive value and np has
much smaller value than ug, n always has a positive value
and can be produced in any direction. To check the abil-
ity for producing force in any direction, the moment ng
will be used; however, to produce global motion, the
resultant moment # needs to be in any direction.

To check whether a conventional wire mechanism can
produce force in any direction, the force closure condi-
tion is used for workspace analysis [20, 21]. On the other
hand, the vector closure condition is discussed in [1, 22]
as a simpler way to evaluate the ability to produce force
in any direction of conventional wire mechanism. For
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n ’n,D

0) &

nx

Fig. 6 Moments on top plate

ny

developing RDWM, the modified vector closure condi-
tion is expressed as follows:

In an n-dimension space, an RDWM with N DAM:s
(N > n+1) is said to satisfy the vector closure condition
if the wire matrix of global motion V(/:4 satisfies the follow-
ing two conditions:

(C1) rank (W;‘) =n

(C2) There exists a vector Tg > 0 that satisfies
W, Ts=0.

Any wire mechanism wherein matrix W/A satisfies the
two conditions (C1), (C2) will satisfy the vector closure
condition and the resultant force can be produced in any
direction in the motion space.

Numerical examples

Mechanisms do not satisfy vector closure condition

The mechanism does not satisfy the 1st point of vector
closure condition

A planar RDWM does not satisfy the 1st point of vec-
tor closure condition is shown in Fig. 7. Here, the unit of
the values of parameters related to length are assumed to
be [cm]. The processes for deriving the matrix W;Q and
checking the vector closure condition are shown below:

Defining " prc;, Ri, " prpiand pg;;
Select the parameters for the mechanism in Fig. 7 as
follows:

Tprey =1-6 —10]",
Tpres =16 1017,
Radii of the pulleys: Ry = Ry = R3 = R4 = 2.

Tprea =16 —10]%,
Tprea=1-6 10"

Tpmpr=1-2 0%, Tprppy=[-2 0,
Tprps =12 0%, Tprpa=12 0.

Position of wire end points on the top plate w.r.t the top
plate coordinate:
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Fig. 7 The mechanism does not satisfy the 1st point of vector closure
condition

Tppn =[-8 —101", Tpg,=[-4 -—10",
Tppn =14 —101",  Tppy=[8 —10]",
Tpps1 =18 1017, Tppsy =1[4 10,
Tpg =14 10",  Tpgyp =[-8 10]".

Set of position Bp; and orientation BRy of the top plate
1 0
BpT = [50 50]T7 BRT = |:0 1:| (26)

Position of wire end points on the top plate
From Eq. (10), we have:

)

Py = [46 40T,
pro = [58 40,
P = [54 60,
Pri = (42 60]T.

Bpp =42 40]",
Bppy = [54 40]",
Bpps =58 60]7,
By =[46 60]7,

W W w
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Position of wire end points on the frame
The DAMs are arranged on the frame such that the posi-
tions of the wire end points on the frame are as below:

Bpan =142 20Y, Bpu, =46 2017,
pan =54 2017, Bp,,, =1[58 201,
Bpus =158 90T, Bp,s, =[54 901,
Bpa =146 90T, Bpu, =142 90"

Calculating the wire vectors & €jj
The wire vectors & e;j can be calculated using Eq. (11), and
the results are shown below:

B B B
ell = 612 =

B B B
831 = 932 =

Beyy =[0 —1]%,
3642 = [0 l]T.
Checking if the two wires in the DAMs are in parallel

With this configuration, the two wires in the DAMs are
in parallel.

€1 =
€41 =

Derivation of the matrix W;\z

From Egs. (6) and (16) with n = 3, N = 4, it is easy to see
that the matrices W5 and \/‘(//2 have size 7 x 8. As men-
tioned in the previous section, both of them will not be
used in the proposed judgment method. Therefore they
are not necessary to be derived, only the matrix W;lz will
be used for the judgment and it is derived as follows:

From Eq. (12), the vectors Ze; can be derived as:

Bey = Bey =10 -1,
Pey = Pes=[0 11,

From Eq. (13), the vectors Zp; can be derived as:
[44 4017,
[56 60]%,

Bpre, = [56 4017,
Bpres =44 60]".

I’Tc1
PTC3 =

Then the wire matrix W;xz from Eq. (17) becomes:

0 0O o0 O

Wo=[(-1-1 1 1 , (27)

6 -6 6 —6],,

The matrix W;lz has size 3 x 4, with the row is equal to
the number of DOFs in the planar global motion space
and the column given by the four DOFs in the local
motion space. It is about a quarter of the size of the wire
matrix Wo.

Vector closure condition check

Easily to see in this case that rank (W;u) = 2, it is smaller
than the number of dimension space of this wire mech-
anism (=3). Therefore, this mechanism can only real-
ize the motion in two dimensions and it cannot realize
motion in the remaining one. The first row of W:Q
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corresponds to the resultant force in X direction, and all
the elements of the row are zero, which causes the rank
(W',,) to reduce one. The resultant force in X direction
is zero so the motion in X direction can not be realized.
This mechanism does not satisfy the 1st point which also
means it does not satisfy vector closure condition.

The mechanism does not satisfy the 2nd point of vector
closure condition

A planar RDWM does not satisfy the 2nd point of vector
closure condition is shown in Fig. 8. Here, the unit of the

values of parameters related to length are also assumed to
be [cm]. The processes for deriving the matrix W 4, and
checking the vector closure condition are shown below:

Defining " prc; Ri, " prpjand pg;;
Select the parameters for the mechanism in Fig. 8 as
follows:

—20]7T,

Tpreo =120 —101%,

Tprca=1-16 20]".

Tprc1 =16
Tpres=1[-4 20,
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Radii of the pulleys: Ry = Ry = R3 = Ry = 2.

Tpmr=[-2 0%, Tpmpy=[0 -2,
Tprps =12 0%, Tprpa=12 0%

Position of wire end points on the top plate w.r.t the top
plate coordinate:

Tpp =114 —201T, Tpg, =118 —20]",
Tpen =120 121, Tpgyp =120 —8]7,
Tpps =[—2 2017, Tppsy = [—6 207,

~

Tppay = [—14 2017, Prar =[—18 20]".

Set of position p; and orientation Ry of the top plate

(28)

Bpr =150 50]7, Bm:{é ‘1’]

Position of wire end points on the top plate
From Eq. (10), we have:

Bppy =64 3017, Bpg, =168 30]T,
Bppoy =170 381%, Bppyy=[70 42],
Bppsy =48 7017, Bppy, =44 70]%,
Bppy =136 701, Bpg, =132 70"

Position of wire end points on the frame
The DAMs are arranged on the frame such that the posi-
tions of the wire end points on the frame are as below:

Bpa =64 0],
Bpaoy =118 2]%,
Bpasi =48 100]", Bpuy, =[44 100",
Bpaan =136 100",  Bpyu, =[32 100"
Calculating the wire vectors B ejj
The wire vectors Bei,' can be calculated using Eq. (11), and
the results are shown below:

Bpary = (68 OJT,T
Bparp =118 6],

Beyn = Bery=1[0 —1]T, Beyy = Bexy = [4/5 —3/5]%,

B B B B T
e31 = “e3 = “ey = Peqn =1[0 1],

Checking if the two wires in the DAM:s are in parallel

With this configuration, the two wires in the DAMs are
in parallel.

Derivation of the matrix W;\z
From Egs. (6) and (16) with n = 3, N = 4, it is easy to see
that the matrices W5 and W/2 have size 7 x 8. Similarly to
the previous example, these matrices are not necessary to
be derived, only the matrix W;xz will be used for the judg-
ment and it is derived as follows:

From Eq. (12), the vectors Ze; can be derived as:

Ber=[0 —1]T,Bey =[4/5 —3/5]T, Bes=Bes=[0 1]T.
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From Eq. (13), the vectors Zp; can be derived as:

Bprci = [66 30]; Bprey =170 40]?
Bpres =146 701", Bprc,=[34 70]'.

Then the wire matrix W;Q from Eq. (17) becomes:

0 4/5 0 0

W;Q: -1 -3/5 1 1 , (29)

—-16 —4 —4 —16

3x4

Similarly to the previous example, the matrix W;u related
to the global motion in this case also equals just a quarter
of the normal wire matrix W.

Vector closure condition check

Easily to see in this case that rank (W;Q) = 3. It equals to
the number of dimension space of the wire mechanism
(=3) so it satisfies the 1st point of vector closure condi-
tion. However considering the 3rd row of W;Q, this row
corresponds to the resultant moment. It has all elements
with negative values so with any positive wire tension
T, the resultant moment will be produced only negative
value. Therefore no wire tension T'g satisfies W 4, To = 0.
This mechanism does not satisfy the 2nd point which
also means it does not satisfy vector closure condition.

Mechanisms satisfy vector closure condition

The planar RDWM with DAMs

A planar RDWM with DAMs is shown in Fig. 9. Here, the
unit of the values of parameters related to length are assumed
to be [cm]. The processes for deriving the matrix Wiqz and
checking the vector closure condition are shown below:

Defining " prc;, Ri, " prpiand pg;;
Select the parameters for the mechanism in Fig. 9 as follows:

Tprei=1-6 10Y,  Tprey,=1[-10 —6]%,

Tpres=10 -6,  Tpryu=1[6 10"

Radii of the pulleys: R = Ry = R3 = Ry = 2.

Tprpy =12 017, . Tprpp =10 215, .
Tpmps =10 —21%, Tprpa=12 01"

Position of wire end points on the top plate w.rt the top
plate coordinate:

Tpp = [—4 10,
Tppy = [-10  —4],
Tpps1 =[10 —8]%,
Tppa =8 10,

Tppi, =[-8 10]%,

Tppyy =1-10 -8,
Tppsy =10 —4]T,
Tppay =14 101"
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Set of position 8p; and orientation ERy of the top plate

(30)

Bpr =150 501", BRT={01 (1)]

Position of wire end points on the top plate
From Eq. (10), we have:

Bppi =46 6017, Bpg, =[42 60]T,
Bppy =[40 46]T, Bpg,, =[40 42]T,
Bppsy =60 42]", Bppy, =[60 46]%,
Bppay =58 6017, Bppy, =54 60] .

Position of wire end points on the frame
The DAMs are arranged on the frame such that the posi-
tions of the wire end points on the frame are as below:

Bpain = 4
Bpan =11
Bpaz =19
Bppa =15

6
0
0
8

90]T,
23.5]7T,
19.5]T,
90]",

Bparn = 42
Bpasy = (10
Bpazy =90
Bpasy = [54

Calculating the wire vectors Be;;
The wire vectors B e;j can be calculated using Eq. (11), and
the results are shown below:

Beyy = Bepy =10 1T,

—3/5]",
-3/5",

Bey = Bey = [—4/5
Besy = Besy = [4/5
Beyy = Bewy =10 11T

90]T,
19.517,
23.5]T,
901",
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Checking if the two wires in the DAMs are in parallel
With this configuration, the two wires in the DAMs are
in parallel.

Derivation of the matrix W:q
From Egs. (6) and (16) with n = 3, N = 4, it is easy to see
that the matrices W5 and W/2 have size 7 x 8. Similarly to
the previous examples, these matrices are not necessary
to be derived, only the matrix W;xz will be used for the
judgment and it is derived as follows:

From Eq. (12), the vectors Ze; can be derived as:

Bey=10 1%, Bey=[-4/5 —3/5]",
Bes =[4/5 —3/5]T, Bes=[0 17

From Eq. (13), the vectors Bp; can be derived as:

Bprci = [44 601; Bprea =140 44];
Bpres =160 441", Bprc, =1[56 60].

Then the matrix W;\z from Eq. (17) becomes:

_ 4 4 _
o —= = 0
5 5
, 3 3
Weo=11 —z "% 1 ) 31
6 6
-6 - —= 6
L 5 5 d3x4

Similarly to the previous examples, the matrix W;xz
related to the global motion in this case also equals just a
quarter of the normal wire matrix W.

Vector closure condition check

From the expression in the judgment of a candidate sec-
tion, only the matrix that contributes to global motion
W;xz is needed to check the vector closure condition.
Using the matrix of global motion from Eq. (31), we have:

(i) rank (W,) =3. .
(ii) With Tsy =[355 3] > 0, easy to get W, Ts»
=0.

The above analysis shows that rank (W:qz) equals to the
number of dimension spaces of the wire mechanism.
As there is a vector T'sy that satisfies W/AZTSZ =0, the
matrix W;xz satisfies the vector closure condition and the
mechanism can produce the resultant force in any direc-
tion within its motion space. The results mean that the
planar RDWM with four sets of DAMs in this example
has the same structure as that of a conventional wire
mechanism with four sets of single actuator modules,
where each wire is equivalent to a set of two wires for
each DAM in the planar RDWM, when judging the vec-
tor closure condition.
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The 3D RDWM with DAMs

A 3D RDWM with DAMs is shown in Fig. 10. Here, the
unit of the values of parameters related to length are
assumed to be [cm]. Because of space limitations, the
DAMs are not shown; only the end points of the wires on
those modules are shown, with the important representa-
tive vectors. The processes for deriving the matrix W;xs
and checking the vector closure condition are shown
below:

Defining " prc;, R, " prpi and " pg;;
Select the parameters for the mechanism in Fig. 10 as
follows:

Tprey =1-6 10 1017, Tprea=1-10 —6 10",
Tpres =110 —6 10T, Tprea =16 10 107,
Tpres=[-10 6 —101", Tpree=[0 —10 —10]T,
Tpre; =110 6 —10]"

Radii of the pulleys: Ry =Ry =R3 =Ry =R5 =R =
R; =2.

Tprpy=1[2 0 0], Tprpp=1[0 2 0],
Tprps=10 -2 01Y, Tprp=1[2 0 0,
Tpms =10 2 0], Tprps=1[-2 0 o,
Tpmy =10 —2 0"

The positions of wire end points on the top plate w.r.t the
top plate coordinate are given by:

Tppy =[—4 10 10]%, Tpgn =[-8 10 10]%,
Tppn = (<10 —4 10", Tpgy=[-10 -8 10",
Tpps =[10 —8 10]%, Tppsa =110 —4 101,
Tppa =1[8 10 10]%, Tppn =4 10 10]7,
Tppsi =[-10 8 —10]",  Tppp=[-10 4 —10",
"ppr=1-2 —10 —10]", Tpppy=[2 —10 —10]7,
Tpgn =10 4 —10]", Tpgn=[10 8 —10]".
Set of position Bpy and orientation Ry of the top plate
1 0 O
Bpr =150 50 501", BRr=|0 1 0 (32)
0 0 1
Position of wire end points on the top plate
From Eq. (10), we have:
Bppi =146 60 601", Ppp,=1[42 60 60],
Bppy =140 46 60]Y, Bppy,=1[40 42 60]%,
Bpps =160 42 601", Bppy, =[60 46 60]%,
Bppn =[58 60 60]", Bpp,=[54 60 60],
Bp351=[40 58 4O]T, Bp352=[40 54 40]T,
Bpper =48 40 401", Bppe, =[52 10 40]%,
Bpp =60 54 4017, Bpp.,=[60 58 40]T.
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Position of wire end points on the frame
The DAMs are arranged on the frame such that the posi-
tions of the wire end points on the frame are as shown

below:
Bpa = 46
Bpas = (10
Bpaz =90
Bpaar = 58
Bpasi = (10
§PA61 = [48
Pa71 = [90

90
46
42
90
58
10
54

Bpary = [42
Bpasy =110
Bpazy = (90
Bpagy = [54
Bpas, =10
]l';PAez =[52
Paz = [90

90 100]
42 100]T,
46 100]
90 10017,
54 0]
10 0]%,
58 0]

Calculating the wire vectors Be;;
The wire vectors 8 e;j can be calculated using Eq. (11), and
the results are shown below:

B

W

el
e
€31
€41
es1
€61
€71

eq = [0
e7) = [3/5 0

esy=[—3/5 0

—3/5

Bery =10 3/5 4/5]7,
Bey =1-3/5 0 4/5]",
Bes, =[3/5 0 4/5],

=Beyp=[0 3/5 4/5]",
B
B
B

—4/5",
—4/5]%,
—4/5]T.



Le et al. Robomech J (2016) 3:25

Checking if the two wires in the DAMs are in parallel
With this configuration, the two wires in the DAMs are
in parallel.

Derivation of the matrix W:q
From Egs. (6) and (16) with n = 6, N =7, it is easy to see
that the matrices W3 and VV/3 have size 13 x 14. Similarly
to the previous examples, these matrices are not neces-
sary to be derived, only the matrix W:‘B will be used for
the judgment and it is derived as follows:

From Eq. (12), the vectors Ze; can be derived as:

Bey=10 3/5 4/5]T, Bey =[-3/5 0 4/5]T,
Bes=1[3/5 0 4/5]T, Bey =10 3/5 4/5]T,
Bes =[-3/5 0 —4/5]T, Beg=[0 —3/5 —4/5]T,
Be, =[3/5 0 —4/5]T.
From Eq. (13), the vectors Bp; can be derived as:
pm [44 60 601", Bprc,=[40 44 607,
Bprcs =[60 44 60]Y, Bpro,=[56 60 60]T
Bpres =140 56 40]Y, Bprog=1[50 25 40T,
Bpres =160 56 40]T.
Then the matrix W:‘B from Eq. (17) becomes:
o 32 3 o -2 37
3 5 5 3 5 3 5
z 0 0 z 0 ~z 0
4 4 4 4 4 4 4
Wig=| ° % o ° 7 > |
T S
24 24
? 2 -2 - -2 0 2
I U TR
- 5 5 5 5 5 5 dex7
(33)

The matrix W;B has size 6 x 7, where the number of
rows is equal to the six DOFs in the 3D global motion
space and the number of columns is equal to the seven
DOFs in the local motion space. It is about a quarter of
the size of the wire matrix W's.

Vector closure condition check

From the expression in the judgment of a candidate sec-
tion, only the matrix that contributes to global motion
W;B is needed to check the vector closure condition.
Using the matrix of global motion from Eq. (33), we have:

(i) rank (W A3) =
(i) With T's3 = [12 55125 24 5} > 0, easy to get
W 3Ts3 =0.

The above analysis shows that rank (W;B) equals to the
number of dimension spaces of the wire mechanism.
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As there 1s a vector T's3 that satisfies W' 43Ts3 =0 the
matrix W 43 satisfies the vector closure condition and the
mechanism can produce the resultant force in any direc-
tion within its motion space. The results mean that the
3D RDWM with seven sets of DAMs in this example has
the same structure as a conventional wire mechanism
with seven sets of single actuator modules, wherein each
wire in the conventional wire mechanism is equivalent
to a set of two wires of each DAM in the 3D RDWM, in
judgment with the vector closure condition.

Remark

The above examples show the advantages of the pro-
posed judgment method for RDWM’s configurations. It
specially shows the effects in the case of dealing with the
multi-dimension mechanisms as the 3D case in the last
example. In that case, we only have to deal witha 6 x 7
matrix instead of a 13 x 14 one. This will let the design-
ers to focus on thinking about arranging the configura-
tions and then they can check those configurations with
faster, simpler and easier way.

Discussion: designing an RDWM

Constructing a local mechanism [15]

As an example of how to construct a local mechanism,
a 1D RDWM with local motions is presented in Fig. 11.
The top plate is controlled using two sets of DAMs.
When the two actuators in a DAM rotate in the same
direction, a translational motion of the top plate is pro-
duced. In contrast, when the two actuators rotate in dif-
ferent directions, local motions are produced on the top
plate. Here, the local motions are utilized to produce
the rotation of the two fingers when grasping and pick-
ing up an object. To allow the two fingers to perform fine
motions, the gear ratio N = Z,/Z; should be large.

Reducing the number of actuators [18]

When RDWM is extended to the 2D or 3D cases, the
required number of actuators becomes large. The VCM
can be used to reduce the number of actuators in the wire
mechanism. As a consequence of using this module, the
orientation of the top plate becomes fixed. An illustra-
tion of a wire mechanism using the VCM is shown in
Fig. 12. The required number of actuators in this case
is {(n—1)+ 1} x 2 =6 (where n = 3 is the number of
DOFs in the 2D case). It requires only six units, reduced
two units compared with the case where four DAMs, i.e.
eight actuators, are used for producing high accelera-
tion motion. In the same way, the required number of
actuators is only eight in the 3D case. It reduces six units,
compared with the case where seven DAMs, i.e. fourteen
actuators are used. The mechanism shown in Fig. 12 can
not only achieve high translational acceleration in any
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Fig. 12 lllustration of wire mechanism with VCM [18]

direction but can also create local motion by the rotation
of pulleys 61, 65, 63, and 64. Through these local motions,
the robot can change the orientation of the end-effector,
as required when performing certain tasks.

Placing the wire inlet on the top plate

When the top plate is moving in the 3D space, the wires
can take any direction. A module that can allow the wire
to change its directions in response to the posture of the
top plate is therefore needed for the operation of RDWM.

Figure 13 shows a design of this kind of module. Using
this structure, the output part that directs the wire to the
actuator unit can produce the ¢x, ¢y rotations, changing
the wire direction in response to the position of the top
plate. As the result of using this module, wire can easily
be wound onto or out of the DAM and move into or out
of the top plate smoothly with small affect of friction.

Conclusions

This paper addresses the configuration of “redundant
drive wire mechanisms” (RDWDMs) using double actua-
tor modules (DAMs) for producing fast and fine motions.
A DAM can contribute to fast motions of the top plate
of an RDWM by providing large resultant forces on it,
and can produce fine motions of the local mechanisms

X

}
o

Pulley for
local motion

Fig. 13 Example of a wire swing mechanism
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mounted on the top plate by providing moments to them.
However, designing an RDWM is challenging because
DAMs require a large wire matrix to relate the resultant
forces and wire tensions, which is used in the vector clo-
sure condition. Therefore, this paper has discussed ways
of dealing with the vector closure condition of RDWM
candidates for investigating the validity of the structure
of the candidates. The main results reported in this paper
are summarized as follows:

1. The ability of a candidate RDWM to produce result-
ant forces in any direction can be judged by check-
ing whether the vector closure condition holds for
the part of the wire matrix that relates the resultant
forces and the combination of the sums of the sets of
two wire tensions of the DAMs. This method shows
its effect when dealing with multi-dimension RDWM
which contains many wires. By using just the essen-
tial part and ignoring the whole big size wire matrix,
the judgment process becomes very simple, fast and
convenient for designers.

2. It is found out that an RDWM has the same structure
as a conventional wire mechanism with single actua-
tor modules, where each wire is equivalent to a set of
two wires for each DAM in the RDWM, when judg-
ing the vector closure condition.

3. The validity of the proposed method was demon-
strated by giving examples of the mechanisms in pla-
nar and 3D cases that satisfy and do not satisfy the
vector closure condition.

The findings obtained in this paper will contribute to
conduct the structural design of an RDWM with DAMs.

In future research, a prototype RDWM will be used to
experimentally investigate the method for configuring
the RDWM discussed in this paper.
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