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SUMMARY

In this paper a method for the automatic generation of
dynamics for modular robots is presented. A modular
reconfigurable robot consists of link modules and joint
modules of various specifications. We analyze the abstract
architecture of modular robots. A total of nine types of
connecting forms and three types of joint forms are
identified with reference to their own systems. The geomet-
ric relationships are derived by the group theory. According
to the modular idea, the formulations of the velocity,
acceleration and other essential equations of the link module
and the joint module are formed compensatively and
recursively. Then the dynamic model is generated automat-
ically by a compensative and recursive method.
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1. INTRODUCTION

Modular robots (MR) concepts and techniques have been of
interest in the robotics area since the 1980s.*® MR consist
of link modular units and joint modular units on the building
block principle. The joint modules are assumed to be self-
actuated that can generate rotary (R) or trandationa (P)
motions. The link modules are polyhedral objects with
geometric symmetry; multiple connections of joint modules
are allowed. Modular robots have been mostly developed to
show that certain mechanical arm structures can be used for
more than one application with minimal additions and/or
modifications.

For an ordinary robot, the dynamic model depending on
its geometry is derived manually. For a modular robot
system, one can build numerous robots with distinct
geometries out of an inventory of robot modules. Therefore,
it'simpossible and impractical to derive the dynamic model
of every modular robot geometry case by case and storeit as
alibrary function in the computer.”

In this paper theoretical studies on modular joints and
modular links are carried out. The modular joint consists of
arotary or trangational joint and can be classified into three
types. 1-DOF, 2-DOF and 3-DOF. Each transformation
matrix T, can be obtained. The link module is assumed to be
a square prism, whose section is square. and 10 ports are
considered; each transformation matrix T, withitsrelatively
dynamic feature expression can be obtained by the Lie
algebra of the Euclidean group SE(3).2° If modules are
chosen, the related parameters are also chosen.
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Now we present a methodology (compensative and
recursive method) to automatically generate a dynamic
model of amaodular robot. The idea about the formulation of
the dynamic model comes from the ordinary robot.’o
However, the dynamic model expression is simple and
efficient for the modular robot. A further development is
based on the modular robot. According to the modular idea
and inertia properties, the velocity, acceleration, forces and
other dynamic parameters of each module can be expressed
compensatively. Then the dynamic model is generated
automatically.

2. STRUCTURE CATALOGUE

In order to choose modules to construct MR or load and
unload some modules to reconstruct a new MR on the basis
of a known MR, we have to research the connecting
configuration between joint modules and link modules. In
this paper, we extract module features from real robots.
After basic research, the joint module includes 1-DOF,
2-DOF and 3-DOF joints. The 1-DOF joint consists of a
rotary or trandational joint (Figure 1). Other multi-DOFs
joints are composed of the 1-DOF joint. Considering the
MR character, we design the 2-DOF joint whose axes are
vertical. In order to obtain inverse kinematics, we design the
3-DOF joint whose axes intersect; their own transformation
matrix T, can be created. Joint modules are connected to the
link through connecting ports. The link module is classified
into a middle-link type and an end-link type. By the group
theory the transformation matrix 77, ; (port j relative to port
i) of the link module and related dynamic feature expres-
sions can be obtained.

2.1 Link module structure

According to the building block, MR mainly consist of
some of the following 9 types. (A) one link and one joint
(two kinds). (B) one link and two joints (seven kinds). Each
kind has its relative transformation matrix. One link and one

Fig. 1. Single DOF joint.
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m=7 m=38

Fig. 2. Onelink and one joint.

joint (Figure 2) is mainly used as an end-link (for an open
chain robot).

One link and two joints (Figure 3) system is mainly used
as the middle-link of MR. With the bottom-up manner the
link ports are numbered. The input ports are given odd
numbers and the output ports even numbers (Figure 4). For
the same character, only one kind is studied; m represents
the module connecting type.

2.2 Mathematical description and the basic coordinate
transformation matrix
Definition 1. Basic Group(G)*: In the basic group each set
isasingle cell base which forms other similar models with
a relative twist cycle subgroup*, such as. G={{T.,.}.
{Tiod}, -}

In this paper the MR is based on a quadrivalent circular,
whose twist angle is 2 #/4. Assuming the twist cycle

subgroup of the transformation matrix is | o( ¥ )° o( %)
(7Y o(T))

Then we can obtain:

1(m=0) 2(m=1) 3(m=2)

—

5(m=4)

6 (m=5) 7 8
-

9

Fig. 3. Onelink and two joints.
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(I-port separation, A-link length, w-link width)

Fig. 4. Link module.
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Definition 2: Basic cycle subgroup (g)*: g is a twist cycle

subgroup relative to the single cell base in the basic group.
For example, { T ,.,} isasingle cell base,

10 0 —1_,
0-10 0
To=l g 0 =1 o
00 0 1

The basic cycle subgroup is:

S0 T4y =Ty 0CD', o) is the transformation matrix
and the twist angle is 2 #/4. According to the above
definition and relation, the transformation matrix of other
modules connecting type (Figure 3) can be obtained:

0O —-10 O
0 0 1 "%
Tpr0= ~1 0 0 A ;z
0O 0 0 1
Tia0=Tise.0(3)" .... Like the above description, other

parameters of each module can be analyzed.

Definition 3. twist equivalence*: After figure A, is trans-
formed by f, A, can be obtained. A,f=A,, soA; and A, are
in twist equivalence.

For example:
21T
T, o 4 =Tps1s

27 \? 27\’
Ty oo T =T—1, Tppoy - O T =Tis—1,

SO T 945 Tia1s Tie1s T @€ dsointwist equivalence. Inthe
sameway, T sq, Tise Tieo TLso @€intwist equivalence,
too. So we can only study the basic expressions about
MR(m=0, m=4, m=5, m=6) (Figure 3). We take the
connecting type (m =0, Figure 5) as an example; then the

* Defined by author.
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Fig. 5. Onelink and two joints (m=0)

coordinate frame can be set up. Some formulations can be
obtained, as follows:

1 0 0o —-1I_
0 -1 0 0
T, .= 1
L2 0 —1 0 @)
0 0 0 1
éi—l,i=(0 0 _1)T (2)
o L,  h_+w_, |" }
r;},i1=|:_ 21 0 121:| T i1 €11 Si-1
©)
. l;_ wio, \"
;_1=<— 5 0 2‘) @
_ L,  h+w_, \"
;%,i=< 21 0 ) l> ©)
m -6w ? 0 0
J_, = 0 el 0 (6)
0 0 m;_ <(liz'+w,)
100 —'%
T 010 O
oo e
000 1

where T, _, isthe transformation matrix of port 2 relative to
port 1; e, ; isthe vector of thei-th joint axis relative to the
(i—1)-th joint axis; 7}, is the position of the center of the
i-th link relative to the center of the j-th joint with reference
to the k-th link input port coordinate system; pi~; is the
position of the center of the (i-1)-th link relative to the
(i-1)-th link input port with reference to the input port
coordinate system; J,_, is the inertia tensor of the (i-1)-th
link module about its center of mass; T,._, is the
transformation matrix of the center of the link module
relative to port 1. According to the basic expressions, other
connecting types expressions can be obtained by the above
group theory.
The end-link can be studied in the same way.
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2.3 Joint module structure

In order to match the coordinate system of the link port, the
coordinate system (Figure 6) is set up according to
continuous multiplication. So the transformation matrix T,
of its own can be obtained (Suppose ¢ is each joint axis
relative to its own Plucker coordinate. Tz(6;) is a matrix
when the joint hasan angle (6,), T;x(S) isamatrix when the
joint has atrandation (S;).)

(a) 1-DOF joint. Wheniitisarotary joint 5_,=0; when it
isatrandational joint, s_,=1. Assuming:

o =(U=s52 )6 1+s -8 i =(1—s5,_1)- 6,
then:

cos(t,)) —sin(t,) 0 O

sin(z,) cos(z) O O
0 0 1 h+S;
0 0 0 1

The 2-DOF joint or the 3-DOF joint module are based on
the 1-DOF joint module. We adopt an unreal-link way. For
example, the 2-DOF joint is made up of two 1-DOF joints
and an unreal-link module. This matrix of the unreal 2-DOF
joint can be generated. All of link parameters are supposed
to be 0. Hence the matrices of the 2-DOF joint and the
3-DOF joint can be written. (Suppose the joint axes are
vertical).

(b) 2-DOF joint. The chart and the unrea chart of the
2-DOF joint are shown in Figure 7 and the matrix can be
obtained by:

T2daf = TJ,.,, : TL,.,, : TJ,
= F T, (0 Ty 0T 0 (®)
LetA, ,=0,1_,=0,w, =0
suppose

T(m)=ef ™ T,(0)= (7
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2DOF joint virtual chart

Fig. 7. 2-DOF jaint.

00 —-10

1 0 0 O
TVir:

0—-1 0 0

00 0 1

isavirtua link (unreal-link) transformation matrix
—sint,_, - cost; sint;_, - sing
Co,_, - COSt; —CO%t,_, - Sint
—sing — Co%,
0 0

Tzdf =

—COoSt;_; —h;-COSXt;,_,—s; - 0;- COSt;_,
—sint,_, —h;-sint,_,—s;- 6,-sint,_,
0 hi 4500,
0 1

For example: A 2-DOF rotary joint which consists of two
small segmentally spherical surfacesis studied. Inside there
are two small motors which supply power and make the two
small segmentally spherical surfaces touch. Thus we can
obtain two rotary movements in vertical directions (Figure
8).

The analysis of the 3-DOF joint is the same as above. Its
charts are shown in Figure 9.

9

part 1

\_|

sphere surface

Fig. 8. The semblance of 2-DOF rotary joint.
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Fig. 9. 3-DOF joint.

Its transformation matrix is the function of 6,_,, 6., 6,,,,

hiflvhi+1'
If
A=s8nt-cost,,, B=sint-sint,,,
C=sint,_, - cost;, D=C0St,_, COSt,
then
A-sSint,_,+C0St;_, - SNt
—A-cost,_,+sint,_,-sint,,
T3dof=
—COSt; - COSt,, |
0

—B-sint,_,+cost,_,-cost,, C
B-cost,_,+sint;_,-cost,,, D

cost-sint,, sint
0 0
Chip1+ 541+ 0i1) — s+ 6;- COS T,

—D(hiy i+ 550
(R X

Ois) = s;- 0,-8int;
O) SN+ D 45,4+ 6
1

(10)

3. AUTOMATIC GENERATION OF DYNAMICS

It can be assumed that q=[q;, ... q,] represent generalized
coordinate variables; P represents the torque. L represents
the link module; J represents the joint module.

3.1 Representation of matrix A
Matrix A represents the pose of MR.®

Aj=R<e5}'9l Ty Ty ... 0. T,j)

= R< P T(O)) , (11)

A=A,
When it isarotary joint, then

cd, —s6. 0
R <e$5" 6"> =| s6 c6 O (12)
0 0 1
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When it is atrandational joint, then

R (eéf' 9’) =

(13)

S O =
S = O
- o O

3.2 \elocity and acceleration

In the recursive algorithm of a serial type robot, the forward
iterations of the velocities and accelerations follow the
natural order of links and joints. The general velocity and
acceleration of the base will be given initialy: V,=0,
W,=0, @,=0, 8,=0. V, and W,, represent the velocity and
acceleration of the center of thei-th link module, @, and g,
represent its angular velocity and angular acceleration of the
link module. ¢, is the unit vector of the axis of joint i.

W= +q e (1—s) (14)
Vo=V._, e, s; (15)

=8 -1+ (G- €+q;- < ,><e>)'<l—s,~> (16)

O XTi_ i F W XT; i+ G

M
e

iL=

Wy=Vy=Vi_— (wi—le’"i—i,i"' WL

1

X <wi—1L><ri—i, 1>> + <wiLxri,i+ Wi X <wiL><ri, l>>

+[g; - e+2q, - ( 1><e>] s; an

In the same way we have the velocity and acceleration of the
center of the modular joint.

W y=w_ t+q;-e-(1—s) (18)

l/_wll_sl 1L+(ql €+q, ( w; 1LX6>)'<1_S1') (19)

™

— @ XTioy i+ G- (20)

l l

Wiy=Wi =& uXFio,— @y

X (a’f—lLX?i—l,z) +(G- &+ @ xe-q)- s (21)

01-g+[8'] (22)
01-g+[v1 (23)
B;is3x 1 vector coefficient of linear acceleration;

=B ... Bi 0

g=[a) ... a 0

1

&' isthe free item of linear accelertion;
a}is 3x 1 vector coefficient of angular acceleration;
v' isthe free item of angular acceleration.

3 3 Representation of r

7;_,.; isthe position of the center of the (i — 1)th link relative
to the center of the i-th joint with reference to the fixed
coordinate system; hencethe vector 7., ,=A,_, - 7" ;. The
connecting port between the joint k and the link k is k. p{®
is the position relative to k. 7 is the position of the center
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of thei-th link relative to port k with reference to the fixed
coordinate system. 7* is the position of the center of thei-th
joint relative to the port k with reference to the fixed
coordinate system. Hence

= (k) ~ (k) _ E: = (k+)) E: (k140
rk+1L =A. - Py Ak+] rk+j k145t Aprrar- rk+1+l k+1+1
-

(24)

(k) (k) _ = (k+)) S(k+1)
Tiiiu=Ay - Pr E Apyj  Traliarat+ E A Tk (25)
70

If
7)) — @) ) )
rij_|:ri{ ri rié:|’
assuming that
0~
0) o @) (26)
ri’ = P00 —ry

13
(j) )
ryp i 0

3.4 Applications of the compensative and recursive

method

From equations (14) to (23), we have compensative
formulations of the modular link.

g=[al ... a0 ...0]-g+[y]
g =l .. a2} 0 ... 0] g+ [y Y]
g=[a"' ... a} (1—s5)-8 0...0]-§
+[Y T g (o xg) - (1= )]
=[B ... B0 ...0]-g+[6]
W_ =[B ... B0 ... 0]-4+[6]
So
a=a b .
{aj::(l—s,.)?i]:l’.”l_l (27)
Y=y 4 g (@) - (1—s) (28)
Bi=B =& xF o+ ExT, (29)
Bi=aixr, +%-s (30)
-

5i=8i71_'7i7 Xri—l,i+'7i><7’i,i_‘7) X (@,
XTi_1 )+ @, x (W X7, )+2w;_xX&-§q;-

(31)

We also have the compensative formulations of the modular
joint asfollows:

S;

{ ai': ; 1 (32)

Y=g (@,_,xe;) - (1—s,) (33
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Sizsifl—'y"flx?i,l’i @, X (@;—  XT;_y )
tw;_Xe; 8¢ (34)
Bi=Bi " —ai I xFiy, (35)
Bi=¢;-s;

3.5 Automatically generated dynamic egquations

For a rotary joint Sk, it can be assumed that the port
between the joint Sk and the link k is separated. Then we
can consider the part of the robot from the joint Sk to the tip.
The force Fy, and the torque M,, are acting on the joint Sk.
Then

i+ 1

N7
S
s
=
=
+

1N
3
RS
—X
3
*
=

i isthe order of the link, i’ is the order of the joint. After
simplification, we have

n n

2 ?Y”xm,WﬁE M,:Pk+MRk+z Fxm, g
I=k I=k 1=k
T=kp k+1,k+1,,k+2,k+2,,...n,n;) (37)

Using compensative and recursive formulations, we have

A= (4 my- 1B} B1O...0)
I=j

+A,- T, A7V [ad ..l 0. .. 0]) (38)

Br= S e m, 18110 m, 3
I=j
+A T AT YA <71‘ Z))X‘f’l} (39)
So we have
A% . §+B*=P¥ (40)

For atrandational joint Sk, we also have
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namely
m,- W,=P,+ m, &+ Fr (41)
I=k I=k
AF ="l omy (B B0 0] (42)
I=j
Br= el -m-[8—ef - m g (43)
I=j
So we have
A* . g+ B*=pP" (44)
According to equations (40 and (44), we have:
A* . j+B*¥=P

When the kinematic geometry of MR is known, the link
module and the joint module can be determined. According
to the above mathematical description (section 2.2), the
relatively dynamic parameters (such as7,;, p, J, ¢ ...) may
be known. Then A*, B* can be automatically and iteratively
computed by the compensative and recursive method.
Hence dynamic equations can be generated automatically
by the above method.

Since the method is recursive, it can be easily realized on
the computer. The procedure to obtain an automatic
generation of dynamics can be summarized as follows:

Input: the structure of MR, and the joint angles
Compute: link module parameters
Choose: 1) rotary joint or 2) trandation joint
compute: joint module parameters
Compute: A*, B*
Output: P.
We can set up a coordinate system of a 2-DOF MR

(Figure 10). By the above compensative and recursive
method we can get some equations about this MR:

ch, —s6, 0
Al,:R(ef*'Ol-T“<0>)= 56, c6, 0
0 0 1
ch —s6, 0
AlL:R(eE}AGI'Tﬂ(O)'TL1C<0>): 56, c6, 0
0 0 1
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Fig. 10. Setting up a coordinate system of a2-DOF MR

3 vy v2y

t

Fig. 11. The velocity of the center of each link: v1y, v2y.

the acceleration of the link’s centre x axis:wlx,w2x; y axis:wly,w2y
15

10

g=9.8, the two angles are changed in a certain range

Fig. 13. The moment of forces of joints.
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X axis:sx,y axis:sy,z axis:sz

t

Fig. 14. The trgjectory of links end points.

Celz _selz 0
A,,;=| 56, cb, O
0 0 1
cl, —s6, 0
A2L=A21'TLZC<0>= 56, cb, 0O
0 0 1
0 —n =556,
rp=l % 0 3-ch

Y.s6, —5-c6, 0
0 —<w1+%> —1,- 56,
=1 w +% 0 l,-ch,
11'801 —11'6‘91 O
0 —<w1+h2+%>
r =l w +h+7 0
ll-s01+]§-5612 —11-001—%-6012
—1,-56,— 556,

1
ly-cO +3-ch,

T
51L:<%-co9]-6"% b6, 03 0)

T
8% =\1,-¢c6,-6>1,-56,- 63 O)

65
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I,-c - 0>+5-cO,- (6, + 6,)
8L={1,-50,- 0>+5- 56, (6, + 0,
0
0 00
(a})= (al’azj)— 00],
1 11
00
(", 3)=[00
11

(v)=0.()=0.(74) =0

so we can get P, P

2

M E: ~(

Py = 7" xm -
=1

2

W, —70xmig) -2+ > M, -2

I=1

2

W=7 xm @) 2+ D, M2

1=2

PY = 2 FOxm, - W,

Assuming 6, =73 - sin(?), 6,=5 - sin(3 - 1), and that the two
angles are changed in a certain range, we obtain some
figures: Figure 11 shows the velocity of the center of each
link; Figure 12 shows the acceleration of the center of each
link; Figure 13 shows the moment of force of each joint,
Figure 14 shows the trgjectory of link end point. From
Figure 14 we can see that sz isaconstant, i.e. the MR moves
on a plane.

According to the above analysis and the procedure of the
compensative and recursive method, we can automatically
generate dynamics and obtain some dynamic figures. Figure
15 shows the accelerations of the centers of links of a
3-DOF MR (m1=3, m2=1, m3=7)in x, y, z directions.

4. CONCLUSIONS

There are several methods to formulate the dynamics of an
ordinary robot. However, for a modular robot it has its
specific features. In this paper we anayze the abstract
structure of the modular reconfigurable robot by the group
theory. According to modular ideas, we can automatically
generate dynamic expressions of each module by the
compensative and recursive method. Various codes have
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link1 link2 link3 link1 {link 2 link 3

link 1 link 2 link 3

v

a

Fig. 15. The accelerations of the centers of links of the
3-DOF MR.

been developed under the Windows environment for the
dynamic ssimulation. When a modular robot is considered,
we can generate its dynamic model automatically and
quickly with this method. Some simple examples of 2-DOF,
3-DOF MR indicate that the above mentioned method is
feasible.

References

1. Pradeep K. Khoda et ., “The Carnegie Mellon Reconfigur-
able Modular Manipulator System Project”, Annual Report
(The Raobotics Institute Carnegie Mellon University, USA,
1988).

2. K.H. Wurst, “The conception and construction of a modular
robot system”, Proc. of Int. Symp. on Industrial Robotics,
Belgium (1986) pp. 37-44.

3. K.H. Wurst, “Flexible robot system-conception and realisa-
tion of modular robot components (in German)”, PhD
Dissertation (University of Stuttgart, Springer-Verlag, 1991).

4. SV. Gruzdev, O.B. Korytko and E.l. Yurevich, “Modular
Electro-Mechanical Industrial Robots’, Elektrotekhnika, 55,
No. 4, 4-7 (1984).

5. R.C. Smith and R. Cazes, “ Modularity in Robotics-Technical
Aspects and Applications’, IFS, Proc., Int. Conf. on Robotsin
the Automotive Industry (U.K.) (1982) pp. 115-122.

6. R. Cohen, M.G. Lipton, M.Q. Da and B. Benhabib,
“Conceptual Design of a Modular Robot”, ASME J. of
Mechanical Design, 114, 117-125 (1992).

7. 1-Ming Chen and Guilin Yang, “Automatic Generation of
Dynamics for Modular Robots with Hybrid Geometry, Int.
Conf. on Robotics and Automation (1997) Vol. 4, pp. 2288—
2293.

8. Yangiong Fei, Xifanng Zhao and W.L. Xu, “Kinematics and
Dynamics of Reconfigurable Modular Robots’, IEEE Int.
Conf. on Systems, Man and Cybernetics (1998) 3325-3334.

9. Richard M. Murray, Zeziang Li and S. Shankar Sastry. A
Mathematical Introduction to Robotic Manipulation (Boca
Raton: CRC Press. 1994).

10. M. Vukaobratovic and V. Potkonjak, Dynamics of Manipula-
tion Robots (Springer-Verlag, Berlin, 1982).

11. M. Vukobratovic and N. Kircanski, Real-Time Dynamics of
Manipulation Robots (Springer-Verlag, Berlin, 1985).


https://doi.org/10.1017/S026357470000285X

