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Abstract—To overcome a conflict between required high-
redundancy for flexible manipulation and heavy weight caused
by the high-redundancy structure, we proposed a realistic idea
that contacting and bracing motion of intermediate links with
environment may solve the conflict. This idea is inspired by
human’s handwriting motion with the elbow or wrist contacting
to a table. Moreover considering the flexible motion availability
of the manipulator, a mobile robot which would give the mobile
manipulator an ability to reach where it wanted can be designed (b) Contacting strategy
as the basement of hyper-redundant manipulator. Thus in this (a) Human’s writing motion
paper we first proposed a dynamical model of hyper-redundant
mobile manipulator whose plural elbows of intermediate links
are being braced with environment. Then some simulations
were done to confirm the effect of our system and the outcome
of simulations indicates that our system indeed can improve
accuracy and save energy.
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working is necessary.

So in this research, we propose a model of mobile
manipulator with multi-elbow and a mobile basement which

I. INTRODUCTION is shown in Fig.l(d) and this redundant manipulater
As we known hyper-redundant manipulatcs flexible plural intermediate links can contact to the ground. Then we

operation needs high redundancy. However with the increa§élculate the dynamics model according to the systemization
of redundancy, the weight of manipulator will increase at th8f multi- constraint condition of elbows and equation of
same time, which will cause the controlling of manipulatofManipulator motion. Based the dynamics model, we made
becomes difficult. Since increasing of redundancy amplifid§'® Program simulation. At last we do three experiments. The
the influence of gravity toward each link, and that the effedi'St one is to confirm that if this mobile manipulator doesn

is highly nonlinear. Then the motion controller should bd has muti-elbows, it will turnover easily. The second one is
with high motion control gains and large-sized motors with© Prove the simulation is correctly done. The third one is to
adequate output, which may cause the whole robot systéffify this proposed model indeed has the high accuracy and
unstable. energy-saving performances. By the outcomes of this three

For solving this problem we obtain some inspirations abolxperiments, we can see all the tentative ideas are proved to

effective motion control strategies by observing hurhan P& correct.
s handwriting motion. Writing on a paper with ohes
elbow contacting, as Fig.l(a) shows, is a familiar action of
human being. Known from our experiences, we can save
energy for writing task and can write correctly by the elbow
or wrist supported by the desk. Suggested by this typical
example, we came up with an idea that robots may also
execute tasks with less energy and higher accuracy by using
constrained contacting with environments, as Fig.I(b)shows,
Furthermore, we can see this contacting strategy can als
prevent the manipulator from overturning. :
On the other hand, considering some work in our life : :
cannot be done if the manipulator is stationary. For examplé&) Manipulator to paint theg: Model of mobile manipula-
as Fig.I(c) shows, in the manufacture of ships, we need &hip surface
use manipulator to paint the ship surface. In this case, a
mobile vehicle which can keep the manipulator moving while




II. MODELLING OF HYPER-REDUNDANT Accumulating all the above vectors (= 1,2,---,p)
MOBILE MANIPULATOR WITH CONSTRAINT wherep is the number of contact point, so the next relations
A. Manipulator's Model with Hand’s Constraint are redefined.

To make the explanation of constraint motion with multi-

elbows be easily understandable, we discuss firstly about the g — j T T T} )

model of the manipulator whose end-effector is contacing ¢ Jels Jez, > Jep

with rigid environment without elasticity. Equation of motion t Jtis Jt2, y Jtp

of manipulator is composed of rigid structure-ofinks, and Fro = [fu1s frzo - s fup)t (11)

also contact relation between manipulator's end-effector and _ T 12
ft - [ftlv ft?» Tty ftp] ( )

definition of constraint surface should be introduced firstly.

Here according to the kinematic relation, manipulator J.7.J,7 are s x p matrices, f., f: arep x 1 vectors.
hand’s position/posture vecter € R* and scalar function, Considering aboup constraints of the intermediate links,
a single constraint condition’ that is used to express thethe manipulator’s equation of motion can be expressed as
hypersurface can be expressed as

r=r(q) (6 M(q)d + h(q,q) +9g(q) + Dq
C(r(q) =0 ) = =
o = T+ (et fri) = > _(Ges fri)
Here EqQ.(1) and EqQ.(2) represent constraint is undeformed. i—1 i—1
To move freely in the directions without constraint the = 174+ f - TS (13)

freedom of manipulator’s end-effctor is left to be more than o _ . _
one, so heres > 1. If we set £, to indicate the constraint Moreover, Eq (5) is differentiated by timetwo times,
force of manipulator hand, then the relationwofind f,, can  then we can derive the constraint conditiongof
be expressed as 0  0C; aC;
ac L Eiala+ (=0 14
w= full o @ a4+ (g i -

|[6C/0rT || shows Euclidean norm of vect&C/dr”. Then To make sure that manipulator hand is contact with the
manipulator’s equation of motion can be derived by combinundeformed constraint surface all the time, valuez@f) in

ing Eq(??) with Eq(3) with viscous friction of joints [12].  Ed(13) always has to satisfy Eq(5) which has no relationship
with time ¢, if value of g in Eq(14) have the same value with

M(q)g+ h(q,q) +9g(q) + Dq . g in Eq(13), then value of(t) in Eq(13) and Eq(5) always
_ oy {(ﬁ)T/Hﬁu}fn B (ﬁ)TLft (4) keeps the same value regardless of time.
oq™” " orT aq" " |||l
M is inertia matrix ofs x s, h andg ares x 1 vectors
which indicate the effects from coriolis force, centrifugal To make sure thafj in Eq (14) are identical, constraint
force and gravity,D is a s x s matrix which indicates the force f,, is subordinately decided by simultaneous equation.

C. Robot/Motor Equation with Contact Constraint

coefficient of joints’ viscous friction, expressed @ = Then Eq (14) should be transformed as follows
diag|D1, Ds,- - , Dg]. q is the joint angle and is the input
torque. . T
. . . (M+Jm)q_Jc fn
B. Model with Mgltlple Cons.,tralnts . . — Kpi—-h-—g—(D+Dm)q—J"f (15)
Here we consider a motion of a manipulator having oC; o ac;. 1.
links whose elbows are contactiapoints with environments (W)q == [8(1( dq )Q} q
defined as 9 ocC
. T 7 .
. =—q [a(a T)}q (16)
wherer; is the equation of position and posture of link ~ Here we assume that friction forg; is dynamic friction
contacting with constraint, like Eq(1). and define it asfy = kfn(i = 1,2,---,p), here we define
k=0.3.
ri =7i(q) (6)  The inertia term( M + J,,,) is a(s +2) x (s +2) matrix,

The Eq(4) describes a motion of the manipulator whosg,q coefficient vector of constraint forge! is s x 1 vertical

hand is, constrained. Under -the situation with this Ijnk vector,0C; /0q” is 1x s horizontal vector, inductance terin
contacting, then we can define two vectors concerritiy g . ¢ diagonal matrix, therefore, the matrix of the first term

constraint conditiorC; as follows, in left side in Eq (17) is a matrix of2s+p+2) x (2s+p+2).

(3@ )| 9C; | = juT % And ¢, gy can be included i and 7, 7z can be also
oqT orT c obtained by the current input from the motors of two
ori .p ™ . 8 wheels. So then eqnarray can be rewritten concisely using

(aqT) 7] Jti ®) the definitions of Eq (9) and Eq (11) as follows,



T T .. w w
M+ Jpm —J+kIT 0] g (e ) < (21)

oC 2
5qr 0 0| |fn _ , _
0 0 L i the mobile manipulator will overtured towards the left. And
) ) when
sz_h_g_(D+Dm)q Wf Wn
. . % - ) <0 22
= -q" [a?](gq(’;)}q (17) (= L) (22)
v— Ri— Kmg the mobile_manipulator will overtumed towards the rig.ht. But
from the simulation, we can see if we add the manipulator
where,C is a vector ofC = [C},Cs, -+ ,Cp]T. Further- with bracing elbow, the mobile manipulator will not turn
more by redefining as over. So we can get the conclusion that this proposed model
M+ J, —JS+EIT 0 can prevent the mobile manipulator from overturning.
M* = % 0 o| (18
0 0 L B. Target tracking Simulation
Kmi—h—g—(D+Dn)g In this section, first we will prove the simulation made by
b — _.T| 9 0C |- 19) US is correctly done and then by the confirmed simulation, we
= 9 |aq (aqT )|a (19) . . 4 .
. will verify our proposed model indeed has the high accuracy
v— Ri— Kpnq and energy-saving performances. Simulation’s condition has
Then Eq (17) can be expressed as been set as: rr_loblle’s mass s = 10[k:g], width is W =
g 0.5[m], length isS = 0.8[m], height isH = 0.3[m], the
M* | fn|=b (20) radius of two wheels is = 0.1[m], each link's mass is; =

1[kg], length isi; = 0[m],; = 0.3[m],radius of cylindrical
¢ link is r; = 0.01[m],proportional gain isg,; = 1000,velocity

Here M* has been confirmed to be nonsingular matri)@ain is kg; = 1000,viscous friction coefficient of joint is

before by us, and then calculate the inverseMdf, finally Di = 0.5, torque constant i5; = 0.203, resistance is

the unknown value of,f,,i can be determined based onft = 1.1[2], inductance isL; = 0.0017[H],inertia moment
the above simultaneous equation. of motor is I,,,; = 0.000164, viscous friction coefficient

of reducer isd,,; = 0.01 and these parameters are given

I1l. EXPERIMENTS by actucal motor’s specufications. Initial condition of each
link: ¢1(0) = 0.0, ¢2(0) = 1.15m,¢3(0) = 0.5m,q4(0) =
—04m,q5(0) = 0.25m,4(0) = 0.25m,q7(0) =
—0.57,¢s(0) = 0.25m,¢9(0) = —0.257,¢10(0) = 0.157,
¢; = 0. And the trajectory has been set as a circle with
radius is0.1[m], center is(z,y,z) = (0,1.35,0.45), target
which is tracked by the manipulator hand will rotate in coun-
terclockwise along this circle trajectory. Then the Simulation
has been done following four situations shown as Fig.2 which
are two different directions views of the model.

(a) trajectory tracking motion with no bracing elbow;

(b) trajectory tracking motion with one bracing elbow at

A. Overturning Simulation

joint 5;
(c) trajectory tracking motion with one bracing elbow at
joint 8;
e m:fiz;zm ’(%n o] o | | o | weme || PSS J (d) trajectory tracking motion with two bracing elbows.
| moe | oo 08 e ) e Simulation results are shown in Fig.3(&5ig.3(d). Com-

Fig. 1. Overturning Simulation
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As the Fig.1 shows, we made the hyper-redundant m:
nipulator program simulation. We can see that if this mobile
manipulator doesrt have bracing elbow, the constraint force seee-

of wheels will possible be negative, which means this mobilc=—— - - A TR T
will turn over. / K S o~
In this simulation, the force in z axis direction ¥§f,,, Fig. 2. The initial shape of simulation model

the moment in x axis direction i n,,, and the length of
mobile is2L, then when paring the four graphs in axis Z direction, we can see that



the distance between the target and track in the first grajnthe future.

is largest in which manipulator with no bracing elbow. And Next we will consider the method how to input the suitable
in the fourth graph is least in which manipulator with twotorque and force to control the mobile robot effectively
bracing elbows. We can get that the manipulator hand camd accurately without overturning. And also we can try
track the circle trajectory more accurately with more restrairdiome other ways to control this mobile manipulator. At last

elbows. Especially, in z axis, along with gravity direction.

we found the whole dynamical model has some characters

So this phenomenon can verify our proposed model indeedsembling a humanoid, such as the two wheels of mobile
has the high accuracy performances.
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with bracing joirt at 8

with two bracing eblows

root can be replaced by the feet of humanoid robot and
the contacting of manipulator with ground is similar with
the hands of humanoid robot touching ground. Therefore we
will use this proposed dynamical model of hyper-redundant
mobile manipulator as a foundation to discuss constraint
motion of humanoid robot to environment.
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