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ABSTRACT

This paper presents novel manipulability analysis for robotic manipulators, taking the effect of generating joint
torques on generable joint velocities and vice versa into consideration. The conventional manipulability is analysis
in velocity domain and cannot concern force effect such as gravity of payload and external forces exerted on the
endeffector. Gravitational force has been regarded that it just changes the origin of the manipulability ellipsoid
expressing the set of generable tip velocities, and its evaluation (its volume) does not change. However, if robot
grasps a heavy object, the robot cannot move with the same speed as the case of grasping a light object, because the
power of the robot is limited. It indicates that the robot performance evaluation by conventional manipulability has
serious problem that the force effect cannot be included. The power of the robot is determined by the operation range
of every actuator, which tells us the relationship between generating torque/velocity and addable velocity/torque.
Then, this paper presents novel manipulability analysis which can take the force effect into consideration, based
on the torque-velocity relationship. This analysis shows that manipulability is influenced by payload, gravitational
force and external forces.

1 INTRODUCTION

Manipulability is a well known concept to evaluate the performance of robotic manipulator [1]. It is defined as the
set of generable velocities of endeffector in the task space when the set of generable joint velocities is given. When the
given set of joint velocities is a unit ball, the set of the endeffector velocities becomes an ellipsoid. The ellipsoid is called
manipulability ellipsoid. Its volume is a quality measure to evaluate the performance of manipulators in velocity domain,
and called manipulability measure. Based on the manipulability, many quality measures such as condition number are
proposed [1].

However, manipulability can not include the effects of gravity of link, payload and external forces. In actual systems,
manipulators are sometimes used under influence of gravity. If we do not concern the effect of gravity in such a case, we will
get the result that the performance when moving a heavy object is the same as the performance when moving a light object.
Then the performance evaluation becomes invalid. On the other hand, in some tasks such as tracing, manipulator is required
to keep contact with environment. In such a case, we should evaluate the performance, concerning the effect of the contact
forces. However, the conventional manipulability analysis can not include such a force effect. For example, gravitational
force has been regarded that it just changes the origin of the manipulability ellipsoid expressing the set of generable tip
velocities, and its evaluation (its volume) does not change.

Concerning described the above, this paper presents a new manipulability based approach to evaluate performance of
manipulator in velocity domain, which can include force effect. For the purpose, we use an operation range (see Fig.1)
of actuator attached with every joint of robot (operation range is originally used for motor selection). The operation range
provides not only the information about how much of magnitudes of torque and velocity the actuator can stably generate, but
also the relationship between generating velocity/torque and addable torque/velocity. If using this relationship, we can take
the magnitude of required joint torque into consideration when evaluating the generable tip/endeffector velocities.

The contributions of this paper are as follows.
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2 MANIPULABILITY TAKING FORCE EFFECTS INTO CONSIDERATION

1) We derive a manipulability convex polyhedron corresponding to the conventional manipulability ellipsoid, taking force
effects into consideration.

2) We derive 3 kinds of corresponding manipulability measures: the volume of the manipulability convex polyhedron, the
magnitude of generable tip velocity which is generable in any direction, and the maximum magnitude of generable tip
velocity.

3) We also evaluate how much magnitude of tip forces the robot can generate, considering the effect of generating/required
tip velocities.

First, we derive required joint torques to compensate gravity effect and external forces, and keep configuration/pose of
manipulator. Using the required joint torques and the operation range, we derive usable (actually generable) joint velocities.
Using the usable joint velocities, we derive a set of generable tip/endeffector velocities. The set is described by a convex
polyhedron. Based on this set, we derive the new manipulability measures described the above.

In some tasks such as assembling, drilling and deburring, the tip of the manipulator is required to contact with environ-
ment such as a table, and to generate tip force. To include the effect of the tip force, we introduce required external force set
(REFS) [2,3] which is defined as a set of external forces required to be compensated. Based on the REFS, we derive required
joint torque to compensate any force contained in REFS, and derive a set of generable endeffector/tip velocities and the
corresponding manipulability measures. In this paper, we present an approach when REFS is given as a convex polyhedron
or ellipsoid.

We also present a way to evaluate the generable tip forces. For example, if we want to grind a cup with a certain constant
speed, large contact force for keeping contact would be preferable. Then, to include the effect of endeffector/tip velocities,
we introduce a required velocity set (RVS) defined as a set of required endeffector/tip velocities to be generated in a given
task. Based on the RVS, we derive required joint velocity to generate any endeffector/tip velocity contained in RVS, and
derive a set of generable tip forces and the corresponding manipulability measures.

Manipulability analysis was extended to various fields such as robotic hand [4-6] and musculo-skeletal analysis [7].
However, there is no manipulability research for manipulator from the viewpoint of power to include both force and velocity
effects.

2 Manipulability taking force effects into consideration

In this paper, we consider a serial n link manipulator with 7 joints. A payload is attached to the tip of the manipulator.
In order to evaluate the effect of the payload, external forces and gravity of manipulator, we introduce the following set:
Joint Torque-velocity Pair Set (TVS): The set of generable joint torques and velocities at each joint, given by the corre-
sponding actuator and gear specifications, is named joint torque-velocity pair set (TVS).

The specification for actuators (operation range) is usually given with respect to the absolute values of torque and
velocity. We express generable maximum absolute values of joint torque and velocity with |t;,, | and |¢;,,.. |- Let |4y, [(Z 0)
be the usable maximum absolute value of joint velocity, determined by currently generating joint torque. Similarly, let |t;;,, . |
(> 0) be the usable maximum absolute value of joint torque, determined by currently generating joint velocity. We describe
this relationship with the following functions.

|quiila,x| = &fﬁq(lrlb’ (1)
|‘ciUmax| = glq_w(lql‘) = (&f;_)q)il (‘ql‘) (2)

This function Eg?q can be derived from the actuator and gear specifications. For example, if using DC motor under the
constant nominal voltage, E,fﬁq can be derived by utilizing maximum speed under the voltage, maximum torque, and torque-
speed constant. An example of TVS is the area surrounded by the rigid lines in Fig.1, and Ejﬁq gives the rigid lines. In this
case, the TVS is convex. If we can not get the information about torque-speed constant, we use power. Let \; be the constant
power for the evaluation. Then, é’;f_"] can be expressed by

é?_ﬂ? _ {Wi/Til Vi < ‘TiHQimaxl . 3)

i |Gine|  OTherwise

Then, we consider the following problem:

Problem 1: Suppose that TVS is given. In this case, derive the set of generable endeffector/tip velocities, S,,, and
corresponding (manipulability) measures.

First, we consider the relationship between joint velocity and endeffector/tip velocity. Let joint angle vector be g
=[q1 g2 -+ qu]", and the tip position of the manipulator r€ R where D = 3 in two dimensional space and D = 6 in three
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2 MANIPULABILITY TAKING FORCE EFFECTS INTO CONSIDERATION

dimensional space. Then, the relationship is expressed by:
F=Jq, @
where J € ®RP*" denotes Jacobian matrix. From (4), we get
g =J"i+Ekg, (5)

where J denotes the psedo-inverse matrix of J, E denotes an orthogonal matrix whose columns form bases of the null space
of J, and k, denotes an arbitrary vector.
From (4) and the principle of virtual work, the following relation is obtained:

1, =J"f, (©6)

where T, € R denotes joint torque vector corresponding to g, and f € RP denotes tip force corresponding to i,

Let the gravity term of the manipulator be g,,= dY; U’ /9q where U; is the potential energy of the ith link of the
manipulator due to the gravitational force. Let also the mass of the payload be m,,, gravitational acceleration vector be g, and
the other external force exerted on the tip be f,,. Then, overall joint torque, T = [T] T --- T,]7 € K", is expressed by

T:gm—JTmpg—JTfex. @)

where —JT £, is the term for compensating £,,.
If f,. = o, from (1), the usable maximum joint velocity Vector, Gy, = [G1ymu Puma *** Grume) . € R is expressed by

q Lumax

qZU max T—q

qu = { : ’ |q.iUmax‘ = al (ltl|)5 T= gm _JTmPg}' (8)

Inymax

Then, from (4), and (8), S, is expressed by

Sev = {i'w‘i'w =MJq, _‘q'iUmax| <¢ < |QiUm¢x|7
|q‘iU)11ux‘ = a;':*)q(h:l')? T= gm _JTmPg}' (9)

Since ¢y, is uniquely determined and the other equations and inequalities constituting .S, are linear, S,, is a convex
polyhedron. Therefore, we call S, joint torque-velocity pair based manipulability polyhedron (TVMP). Here we will con-
sider the following 3 manipulability measures: 1) &,: the volume of S,,, 2) (xszm: the maximum tip velocity magnitude
which is generable in any arbitrary direction, and 3) O,,4,: the maximum magnitude of generable tip velocity. The first one
is typical measure. The second one corresponds to the radius of the hypersphere inscribed in S,,. The third one corresponds
to the radius of the hypersphere circumscribed in S,,. Note that in order to treat translational and rotational velocities at
the same time, we use the weight matrix, M, such that #,, = M7 can appropriately evaluate the (weighted) endeffector/tip
velocity in every direction: for example, every direction can have the same unit. Note also that the choice of M affects the
evaluation, and then we should carefully choose M such that the evaluation can be valid and reasonable.

Sev can be expressed using its extremes:
Sev:{i’wli'w:zf?:i}}\'i#via Z?iixzz 1; 7\420}7 (10)

where i,; denotes the vertex of S, and n,,, denotes the number of the vertices. This expression is called V-representation [8].
Generally, this transformation can be done by a programming method such as double description method [9]. However, since
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2 MANIPULABILITY TAKING FORCE EFFECTS INTO CONSIDERATION

every |gi,,..| 18 unique, every V-representation for ¢; can be easily derived as follows. The generable joint velocity set for
every joint is expressed by

{qi = _nl‘q.iUmax| +n2|q.iUmax‘7 23=1n1 = 17 n] 2 0} (11)

Since the generable joint velocity vector set is given by the direct sum of the generable joint velocity sets for all joints, it can
be expressed by

{q=2E Ny, TE N =1, 4 > 0}

where g,; denotes the vertices of the set. Then, the V-representation for S, is expressed by

Sev = {Fwliw = T2 Nibviy T2 M = 1, A > 03, (12)
where
i =MJq,;, ns, =2".
Let [ be a simplex in d dimensional space, and vy; (i =0, - - ,d) be its vertex. In this case, the volume of the simplex is
given by
v() = v ve o R— voll (13)

Therefore, if polyhedron S, can be decomposed into simplices, we can calculate the volume of S,,. One of the famous
methods for the decomposition is triangulation method using delaunay triangulation [8, 10]. Then, letting [; i =1,--- ,ny,,)
be the decomposed simplices of S, the volume of .S, (TVMM), ,, is calculated by

o =Z0V (i) (14)

Note that ghull [11] can also compute the volume of the convex polyhedron ().
Next, we consider the maximum tip velocity magnitude which is generable in any arbitrary direction, Ocﬁffw. From (12),
we will derive H-representation (expression by half planes) of S,,.

Sev:{fW|Aw’fWSbw}- (15)

where A,, and b,, are constant matrix and vector resulted from the transformation. Cdd librarly [8] or ghull [11] can be
used to derive this H-representation. If letting A,, = col[al,] and b,, = col[b,,;] where col denotes a column vector or matrix
formed by the following elements, every agiifw < b,,; expresses every face of S,,. The distance between the face avTviiw < by
and the origin can be computed as follows.

dyi = bwi/‘awi|~

all
‘max

Therefore, ot /. can be obtained by

all

Ol = Mind,y,,; (16)
14

Lastly, we consider the maximum magnitude of generable tip velocity Q... From (12), it can be obtained by
Obngx = MaX |7yl (17)
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2.1 When tip is constrained 2 MANIPULABILITY TAKING FORCE EFFECTS INTO CONSIDERATION

From (5), (9) and (15), its alternative way is to solve the following convex quadratic programming problem.

Onay =max i M' Mi = i,
ikg

subjectto  — Gy, <J i+ Eky < gy
or

Olpgx =—Max i'TMTM}":"’z;i’w
i kg
subjectto A, i, < b, (18)

Remark that the required joint torques to compensate payload, link gravity, and external forces determine the range of
feasible joint velocities. If the required joint torques are large (close to their maximum), the range of feasible joint velocities
and the generable tip/endeffector velocities would be small. If the required joint torques exceed their maximum, the robot
cannot keep its configuration and then the robot cannot generate tip/endeffector velocities.

2.1 When tip is constrained

Consider the case when a task for manipulator is given, and its tip is constrained. In such a case, We need to generate tip
forces, for example, to keep the contact. In order to consider the effect of the tip forces, we introduce the following Required
External Force Set (REFS):

Required External Force Set (REFS): The set of the endeffector’s external force required to be compensated is named
required external force set (REFS). We suppose that the we can cope with any external force if any arbitrary external force
contained in REFS can be compensated.

REFS is assumed to be given by a convex polyhedron or an ellipsoid:

ol Nre, nrc

rpef {fex|fex72 f lfv, le*l K1>0} (19)
li

:e}p {fex|fexM3‘:Mffex < 1} (20

Here, f Vi denotes the vertex of the convex polyhedron, n,.; denotes the number of the vertices, M y denotes a weight matrix.
Note that f,, can have moment component. M is added similarly to M in (9) such that every component of f,, can be
equally treated: for example, every direction can have the same unit, or the magnitude of external forces can be normalized.
Note also that M ¢ has to be selected such that the choice of My can be consistent with the choice of M. One of the ways
might be My =M T Another way will be described in the section 3 for numerical examples.

Using this REFS, we consider the following modified problem:

Problem 2: Suppose that TVS and REFS are given. In this case, find the set of generable endeffector velocities, S,
such that the velocity contained in S, can be generated even if any f,, contained in REFS is exerted on the manipulator. In

addition, find the corresponding (manipulability) measures: o, (xﬁféx and Oy

First, we consider the case when REFS is given as a convex polyhedron 5” of (19). We derive minimum required joint
torque to compensate any f,, contained in REFS. If we can compensate every f, , we can compensate any f,, contained

in REFS. Therefore, from (7), the minimum required joint torque T, = [|T,1] -+ |T,x|]7 can be obtained by the following
problem.

min T,

[Tre,| <17

Tre, = &m _‘]Tnlﬁg_‘,va1
(lzla"'anré?f)' (21)

Since 7T/, is constant for 1, we calculate T, for every 1 and just compare its magnitude at every joint. Then, we can get
the the minimum required joint torque 7,.
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2.2 Force evaluation 2 MANIPULABILITY TAKING FORCE EFFECTS INTO CONSIDERATION

Next, we consider the case when REFS is given as an ellipsoid .S EZ}P (20). Let f,, =M ffex- Then, from (7), the minimum

required joint torque T, has to satisfy the following condition to compensate the external force fex

Afifex+ApT < by (22)
where
A _JTM;I A { I] b |: —8m +JTmpg:|
1= - 5 2= 5 = .
f JTMf 1 f 7] f Zm *JTm,,g

Let Ay = col [aJTpl . If we had already obtained t,, (22) could express a convex polyhedron for fex, and ay, could express
the normal of the face of the convex polyhedron. Generally, the distance between the origin and a hyperplane a’ x = b is

given by b/|al. Therefore, if holding the following conditions, we can compensate any arbitrary f,. € Sfel;p .

COl[|af1,~H+Af2’Cr < by. (23)

Here, taking into consideration that A s, is constructed by identity matrices, from (23), we can get

~

T > by (24)

where b ¢ is the vector resulted from the transformation of the inequality, and indicates the minimum required joint torque.
Now, we have minimum required joint torque. From (1), we can get the usable maximum joint velocity vector, gy,
Then, we can use the same way as the discussion from (10) to (18), in order to get S, and its corresponding manipulability

measures: O, ocf,ff,x and Ol

2.2 Force evaluation

In tasks such as deburring and drilling, manipulator moves with its endeffector contacting with environment. In this
case, it is also important to evaluate how magnitude of tip/endeffector force can be generated and in which directions the
force can be generated. It is also important to consider manipulator motion, namely, manipulator speed. To take the effect of
manipulator motion into consideration, we define the following set:

Required Velocity Set (RVS): The set of endeffector’s velocities required to be generated is named required velocity
set (RVS). We suppose that any endeffector velocity required in a given task can be generated if any endeffector velocity
contained in RVS can be generated.

Using RVS, we will evaluate tip/endeffector forces in the case when manipulator moves with a velocity contained in
RVS. RVS is assumed to be given by a convex polyhedron or an ellipsoid:

8P = {ii = £ Ny, 200 =1, A > 0}, (25)
Sob = {#i" M MF < 1}. (26)

where 7,, denotes the vertex of RVS and n,,, denotes the number of vertices of RVS. M denotes a weight matrix, for example,
to consider the difference between the units of translational and rotational velocities, or to normalize the magnitude of the
velocity.

Using this RVS, we consider the following problem:

Problem 3: Suppose that TVS and RVS are given. In this case, derive the set of generable tip/endeffector forces S, f
such that the force contained in S,y can be generated even if any tip/endeffector velocity i contained in RVS is generating.
In addition, find the corresponding (force manipulability) measures: 3, (the volume of S,¢), Béll " (the maximum magnitude
of tip/endeffector force which is generable in any arbitrary direction) and B, (the maximum magnitude of generable
tip/endeffector force).

First, we consider the case when RVS is given as a convex polyhedron Sr’ﬂl (25). We derive required joint velocity
to generate any tip velocity # contained in RVS. If we can generate every #,,, we can generate any i contained in RVS.
Therefore, from (5), the required joint velocity ¢, = [|¢,1| -+ |gr|]” holds the following constraints.

-4, <J ik +Ek;<q, (1=1,-,np). 27)
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2.2 Force evaluation 2 MANIPULABILITY TAKING FORCE EFFECTS INTO CONSIDERATION

Next, we consider the case when RVS is given as an ellipsoid val.ip (26). From (5), the required joint velocity ¢, has to

satisfy the following condition to generate i (or i, = M7):

Ar] i‘w' +Ar2kq +Ar3qr S o (28)

where

Jtm1 E —I
Ar1|:_J+M]:|a Ar2|:_E:|; AV3|:_I:|

Now, we remove k, from (28). First, we transform (28) to its V-representation.
Xy = Z:lirl }"ixrviv Z:lirl}"l = 17 }"i >0

where

and x,,; denotes the vertex and n,, denotes the number of the vertices. We eliminate the terms of k, by multiplying the
following matrix from the left side

100
001 |’

After that, we transform it to its H-representation.
Ay +Ar3qr <b, (29)

This two transformations can be done by cdd library [8].
Let A,; = col [&rTli]. Now, if g, had been given, (29) could express a convex polyhedron for i, and a,(, could express

the normal of the face of the convex polyhedron. Therefore, similarly to the previous subsection, if holding the following

- . . li
conditions, we can generate any arbitrary i € Sl

col[|a,1,]] +A,3g, < b,. (30)

Now, we have H-representation for ¢,., similarly to (27).
Here, we will assume that the relationship between joint torque and velocity (2) can be represented by

Atquil Tigmas| T Atgdril < brg, €29)
where Ay, Arg,; and by, are the matrices and vector expressing the boundary of the region. If aggregating this relationship

for all joints, we get

r

Tum
A,q[ o }szq (32)

Ag = [diag[Atqn] diag[A“HiH s big = col[big,.
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Then, with the same way as the way of form (28) to (29), from (32) and (27) if using Sﬂal or (30) if using valip , we get
the usable range of joint torques

AUtauTUm < bUtau (33)

Then, from (7) and (33), S.r is expressed by

Sef = {}‘ex| —Tum S Te S TUm, AUtauTUm < bUtuu
Tc:gm_JTmPg_JTMEI}‘ex}' (34)

Here, S, is expressed by H-representation. It can be transformed to V-representation with cdd librarly [8].
A A ng()f A ”Sl’f
SL’f = {fex‘fex = Zi:l }\’l’fexv,-a 2[:1 >“i = 17 }"i Z 0} (35)

where fexw, denotes the vertex and n;,, denotes the number of the vertices.
If J has row full rank, we get

Joo= UM (—te+ g, — I "mpg). (36)

In this case, we have alternative way for the transformation for the V-representation of S.r. First, we will get the V-
representation of the range for . using (33) and —ty,, < T < Tyn. Then, from (36), we can get V-representation for
Se f .

The manipulability measures, By, Buqx and fﬁféx can be obtained by the same way as the deviation of o, O;qx and o
(see from (12) to (18)).

all
'max

3 Numerical examples

In order to verify our approach, we show some numerical examples. For the convenient, we only considered translational
directions in task space. First, we considered Problem 1 for 2-link planar manipulator shown in Fig.2. Base position was
located at origin. The length of every link was set to 0.1[m] and the gravity center of every link was set to the geometric
center of the link. Mass of every link was set to 0.051[kg]. Gravitational acceleration vector was set to [0 — 9.8}T[m / s2].
We used the operation range shown in Fig.1. The actuators are all the same.

Here, we considered the case when the tip position changes from origin to [0.2 0]” as shown in Fig.2. We calculated
the proposed new manipulability polyhedron (TVMP) and measures, o, 0%, , and 0., when mass of the payload attached
to the tip of the manipulator, m,, is 0.0[kg], 0.1[kg], 0.2[kg], 0.3[kg] and 0.4[kg]. For the comparison, we also calculated
original manipulability ellipsoid and measure.

Fig.2 (a)~(f) and Fig.3 (a)~(c) show the results. Note that as it can be seen from Fig.3, when m,, = 0.4 and x coordinate
of the tip position is around 0.2, o, and o are 0 (and 0,4, becomes around 0.2). It means that manipulator can not generate
endeffector velocity in arbitrary directions due to the large mass of the payload. In other words, endeffector velocity can be
generated in only the specified direction as shown in Fig. 2 (f). Then, o, 0% and 0,4, decreases largely. Comparing Fig.2
(a) with Fig.2 (b)~(f), it can be seen that the direction of maximum (and minimum) generable velocity is different. Also, it
can be seen that with the increase of mass of payload, maximum generable velocity becomes smaller. Especially, the velocity
in y direction in which gravitational force is applied decreases. From Fig.3, it can be seen that the tip position whose , is
maximum becomes closer to that for original manipulability measure with decrease of the payload mass. Note that we will
not compare the magnitudes of new and original manipulability measures since the given set of generable joint velocities is
different although maximum generable joint velocity is the same. The tip positions for maximum o, 0% , and O, are
all different. With the increase of mass of the payload, all manipulability measures, Q.,, af,féx, and 0, become smaller.
Qqy increase monotonously with the incase of x coordinate of the tip position while the other measures increases firstly but
decrease after reaching their maximums. It is considered to be related with the shape of the TVMP. These results indicate
that we can not evaluate the effect of the payload mass by the original manipulability while the proposed manipulability and
its measures can evaluate the effect.

Next, we considered Problem 2 for the manipulator shown in Fig.4. Its tip moved on the spherical environment whose
centeris [00 —0.1/ \/5} and whose radius is 0.1. Note that in Fig.4, the part (z > 0) of the environment is only shown. We
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call the joints and the links, joint 1, 2, 3, 4, and link 1, 2, 3, 4, respectively, in the order of closeness to the base side. The
lengths of link 1 and 2 were set to be 0. The lengths of link 3 and 4 were set to be 0.1[m] and the gravity center of each
link was set to the geometric center of the link. Masses of link 3 and 4 were set to 0.051[kg]. Mass of the payload was set
to 0.1[kg]. Base position was located at [—0.1 0 0]7. We used the operation range shown in Fig.1. The actuators are all the
same.

Here, we considered to move the tip in parallel with x axis, contacting with the environment. Let 6 be the angle between z
axis and outward normal vector of the environment at the contact point between the environment and the tip. The manipulator
moved the tip such that 6 changes from 0 to /4.

The maximum contact force was supposed to be 1[N], and the maximum frictional coefficient was supposed to be 0.3.
Under these suppositions, REFS was set as follows:

‘5;{2(}'1 :{fex|fex =RE,fn, fn =¥ +%20,
IEki=1,% >0},
i
Sree]l‘P :{fex|fex = REtfm szfz < 0~32f;12};

where

1 0 0 10 0
R=|0 cos(0) sin(0) | ,E,=|01]|,E,=|0
0 —sin(0) cos(8) 00 1

We used Sr’:}[ and Sfel}p together. We derived the constraints (24) for every vertex of Sr’;'}l Then, we can get the combined

problem for Sri"fl and .Sfel}p . By solving the combined problem, we derived minimum required joint torques. Since the tip

moves contacting with the environment, we considered the velocities in the tangential directions at the contact point. We set
M as follows.

M =RE;.

The target manipulator has redundancy. Therefore, the configuration of manipulator was calculated, letting ¢» be con-
stant. Here, we considered the case when ¢» = 0,—n/16,—n/8,—3n/16,—7/4.

Fig.5 and Fig.6 show the results. It can be seen that when 6 is small (around 0), the smaller g5 is, the larger the volume
of TVMP () is. On the other hand, if 0 is large, then, the larger ¢, is, the larger the volume of TVMP (a,) is. O%léx also
shows similar tendency. If focusing on the shape of the TVMP when 6 is small (around 0), it shows larger anisotropy with the
decrease of ¢». On the other hand, if 0 is large, then, the larger g is, the larger the anisotropy is. This tendency corresponds
to Olyqy. Summarizing, in order to conduct the given task efficiently, the larger 0 is, the larger ¢g» we should take.

Lastly, we considered Problem 3 for the same manipulator shown in Fig.4. Here, we considered the same task. But, in
this case, we suppose that we need to generate a velocity in any arbitrary tangential direction with the maximum magnitude

of 0.15[m/s]. Under this condition, we derived generable tip forces. We set RVS as follows
S — i = 0.15RE i, i iy < 1}.
We set M ¢ as follows.
M;=R[03E; E,]|.

Here we took the friction effect into consideration.

Fig.7 and Fig.8 show the results. It can be seen that the volume of force manipulability polyhedron (,) becomes larger
with the decrease of g» while becomes smaller with the increase of 0. If focusing on the shape of the force manipulability
polyhedron, the smaller ¢ is, the larger anisotropy we get. This tendency is also true of B,4c. Around 6 = 0.21 ~ 0.257,
Biax for small g, becomes smaller with the increase of 0 while that for large g, becomes larger with the increase of 8. One
of the reasons would be that with the decrease of g5, the contact tangential surface becomes closer to the plane constructed
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by links 3 and 4 (the plane where links 3 and 4 move). B¢ becomes smaller with the increase of 8. The ratio of the decrease
becomes smaller with the increase of g». Therefore, when 0 is small, the smaller ¢ is, the larger “m[L’lx is, while around
0 = 0.2 ~ 0.257, the larger g is, the larger B/ is. Summarizing, if we want to generate large contact forces in this task,
we should keep ¢, small. If we want to uniformly generate large contact forces in this task, we should keep g, small if 0 is
small and keep ¢, large if O is large, especially 0 is around 0.2t ~ 0.257.

Remark that here we showed that our proposed approach can evaluate generable tip/endeffector velocities and forces
even when the tip is constrained by an environment and applying tip forces are required, and the directions of generable tip

velocities are limited. The performance evaluation in such situations could not be conducted by the conventional approaches.

4 Conclusion

In this paper, we proposed a novel approach to analyze manipulability of manipulators including the effect of force.
First, we derived required joint torques to compensate link gravity, payload, tip forces for keeping contact, and so on. Using
operation range attached to every actuator, we formulated the relationship between the required joint torques and actually
generable joint velocities. Using the relationship, we derived generable endeffector velocities from the actually generable
joint velocities. The derived generable endeffector velocities can concern the effect of force exerted on the manipulator.
We derived the corresponding manipulability measures: the volume of the generable endeffector velocity set, the maximum
magnitude of endeffector velocity which is generable in any direction, and the maximum magnitude of generable endeffector
velocity. In addition, we considered the evaluation when the forces exerted on the manipulators are not specified but the
candidates (the set of possible exerted forces) are given. For example, it is true of the situation when a grinding task is given.
To deal with this situation, we introduced required external force set (REFS), and presented how to derive manipulability.
We also presented how to evaluate end effector force, taking required endeffector velocities into consideration. The validity
of our approach was shown by numerical examples. This analysis can evaluate the cases which could not be evaluated by
conventional manipulability approaches: for example, the case when gravity effect such as a payload has to be concerned, or
the case when the manipulator contacts with an environment.
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