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Abstract

A direct-drive robotic manipulator (CMU DD Arm) is being

developed at Carnegie-Mellon University. This paper describes the design
concept and theory of this new mechanical arm based on the direct-drive
method using rare-earth DC torque motors. Because these motors have
high torque, light weight and compact size, we can construct robots with far
better performance than those presently available. For example, we can
eliminate all the transmission mechanisms between the motors and their
loads, such as reducers and chain belts, and construct a simple mechanism
(direct-drive) where the arm links are directly coupled to the motor rotors
and stators. This elimination can lead to excellent performance: no
backlash, low fraction, low inertia, low compliance and high reliability.

1. Introduction

Present clectrically powered manipulators are still far inferior to
human arms and unsatisfactory for many applications in terms of speed,
accuracy and versatility. One of the reasons for this poor performance
comes from the transmission mechanisms, such as gear trains, lead screws,
steel belts, chains and linkages, which are used to transmit power from
the motors to the load and to increase the driving torque. The following
problems result from having complicated transmission mechanisms:

e Dynamic response is poor because of the heavy weight and/or high
compliance of the transmission.

e Fine movements and pure torque control arc difficult because of
the relatively large friction and backlash at the transmission.

e Additional complicated mechanisms for minimizing the backlash
are nccessary and they necd careful adjustment and regular
maintenance.

One of the main reasons for using a transmission mechanism with a
nigh gear reduction ratio is that the conventional servo motors provide
rather small torque and high speed. Recently, however, high-torque and
low-speed motors using new rarc-carth magnetic materials (cg. samarium
cobalt) have been developed and are becoming available for industrial
use [2] [3]. Since the maximum magnetic energy product is 3 to 10 times
larger than with a conventional ferrite or alnico magnet, the rare-earth
DC motors have a high output torque, low speed, light weight and
compact body. They are suited for the manipulator drive and will allow
climination of the transmission mechanism.

In this paper, we discuss 2 manipulator wherc all the joint axes are
directly coupled to rotors of rare-carth magnet DC torque motors. First a
basic configuration of direct-drive manipulators is shown. Second, we
present a design theory for direct drive manipulators by using a simple
kinematic model. We then find an arm structure most suitable for direct
drive. Finally, we describe a direct-drive manipulator developed at
Carncgic-Mcllon University, and verify the theoretical result.

2. Configuration of Direct-Drive Manipulators

Basically, a direct-drive manipulator consists of a series of active
joints whose typical construction is shown in Figure 1. The inner and
outer cases are connected to the other joints by connccting links. The
motor illustrated is a DC torque motor which consists of a rotor, a stator
and a brush ring. The stator and the brush ring are installed in the inner
case, while the rotor is directly coupled to the outer case without any
transmission mechanism. Some variations are possible in the joint
mechanism. For example, the stator can be attached to the outer case,
and the rotor to the inner case. Also, the joint axis can be parallel to the
connecting links. In any case, the joint has a simple structure with all the
components attached directly to the inner and outer cases.

Since the direct drive method eliminates all the transmission
mechanisms and since the load is directly coupled to the actuator output,
a direct-drive manipulator is essentially free from the problems which
have been caused by the transmission mechanisms: backlash is esscntially
removed, and compliance is almost zero except at thc connecting links.
Slight Coulomb friction can exist, but only at the bearings supporting the
joint axis. Because of its simple structure, a dircct-drive manipulator is
composed of a much smaller number of mechanical parts. This is another
important advantage of direct drive, because it potentially contributes o
improve the reliability of the manipulator and to make it free from

complex maintenance or readjustment
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Figure 1: A direct d-ive joint
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Onc of the difficulties in developing a direct-drive manipulator is
that the motors to drive wrist-joints arc themsclves loads for the motors at
clbow joints and they are also loads for the motors at shoulder joints. In
other words, the load increases rapidly along a scries of active joints. An
cssential issue in designing a practical manipulator is to reduce this
increasing load. To achieve this reduction we will analyze the scries of
joint loads and discuss the feasibility of direct drive in the manipulator
actuation.

3. Theory for Designing Direct-Drive Manipulators

3.1. Kinematic Mode!

Figure 2 shows a simplified model of direct-drive manipulators where
we assume.

® The arm consists of a series of point mass (joints) Mi connected by
straight links without mass.

o The joint axes, illustrated by arrows in the figure, are perpendicular
or parallel to the links which they connect.

Each joint is numbered 1 to n from the tip to the base. We call a
joint whosc axis is perpendicular to the links a pivot, and a joint whose
axis is parallcl to the links a rotation. In Figure 2, the first joint is a pivot
and the sccond a rotation.

The position vector from joint i to joint j (/) is given as follows,
i
T e m
k=j+1

where [, is the length of link k between joints k—1 and &, and e, is a unit
vector which points to the direction of link k. The unit vector e , depends
on joint angles 0k.....,0".
About the axis of joint i, the moment Tg‘. is developed due to the
gravity force of the external load M0 and a series of point mass from Ml
through M, _;:
i-1

Tg,=a2 Z(:) M, @
j:

where a; denotes a unit vector which points to the direction of the axis of
joint i, g dcnotes an acceleration vector of gravity, and X and ° stand
respectively for vector and inner products. The moment of incrtia of the

arm about the axis of joint i i

i—1
— 2
L= 2 M,lrxal ©)
j=0
Note that Tg, and I, depend on joint angles @ l‘s becausc they include N

3.2. Series of Joint Mass

In designing a direct-drive manipulator, maximum torque of each
active joint is onc of the basic specifications that we should consider. Let
us supposc that, for an arbitrary arm configuration, the maximum torque
Tm, of active joint ¢ must be larger than that required to rotate the joint
with a specified angular acceleration a, ‘The maximun torque must also
bear the gravity force of the arm. Namely,

Tm=Max [Tg+1a]} 4
01...4.0"

joint axis

Figure 2: Kinematic model of a dircct-drive manipuiator

All the mass of joints from 1 through i— 1 need to be predetermined
to compute the above maximum torque, because Tg,. and I, include M, for
1<j<i—1. Therefore the design of the arm drive system should be
carried out step by step starting from joint 1.

1. Give a maximum external load Mo. andseti=1.

2. Compute the required maximum torque Tmi by egs. (2), (3) and
).

3. Select a motor which can develop Tm', and determine the joint
mass Ml. by designing the joint housing..

4. Set i=i+1, and go back to step 2 while i<n.

As we noted, the active joint { is itsclf a load for joint i+ 1, and both
are then loads for joint i+2, and so on. If joint i is heavy in comparison
with its output torque, active joint i+ 1 nceds to be more powerful and
therefore tends to be heavier; this chain is multiplicative. Hence, the
required torques for the subscquent active joint increase very fast.
Therefore, light weight (as well as high output torquc) is an essential
requirement for active joints in a direct-drive manipulator.

This observation suggests that we introduce B, the ratio of mass to
peak torque (M/T ratio), as an index to evaluate the active joint
performance;

B L ®)

" Tm

where Tm is maximum torque, and M is mass of the active joint.

Now, let us consider a special case where every link is of the same
length, all the joints are pivots, and all the joints have the same M/ ratio
B. We can then express analytically a serics of joints mass M, which
satisfics ¢q. (4). Notice that both the gravity load 'I‘g‘. and the incrtia load
1, are maxima when the arm is kept at a level. The weight of motor i is
written in the following recursive formula:

i-1
M= Y [i-p+(i-pPaM, ©
j=0
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Table 1: Weights of motors for all pivotal joints

@=0.1
motor weight _ _ _ _
W, W, My H, Wiy My | total(ZH,)
B
1 1.10  3.61 10.61 30.1z 86.09 246.04 378.47
0.6 | 0.65 1.60 3.44 7.57 16.50 35.93 66.48
9.26 | 0.28 0.68 1.33 2.44 4.38 7.82 17.92

In this formula, a, Kdi and B are made dimensionless by using link leng*»
I, maximum load M, and acccleration of gravity g,

B=Blg. E:ia. M,:-}'ﬂ )
4 M,

Table 1 shows M,’s for a=0.1 and =1, 0.5, and 0.25. The joint
mass increases cxponentially with the joint number. When B=1, the
total arm weight is about 380 times heavier than that of an external object
that the arm can carry. If B becomes 1/2, the total arm weight is
drastically reduced to l_/6. The last joint, Ms is reduced as much as 1/7.
Thus small M/T ratio B is very cffective in reducing the serics of joints
mass.

3.3. Suitable Arm Structure for Direct Drive

The previous discussion assumed that all the joints were pivots.
Now we can investigate how the series of joints mass can be reduced by
replcaing some of them by rotational joints. Then we find out what
kinematic arm structures are suitable for direct drive. Consider the case
as shown in Figure 3 where joint i is a rotation instcad of a pivot. Then,
only joints from 1 to i—2 are the loads for active jomt i, because the axis
of joint i penetrates the point mass i—1 and thercfore the point mass i -1
is not a load for joint i. Thus the formula for M " in this case, is:

i-2
M=B 3 i-)+(i-paM, @®
j=0
Comparing this with eq. (6), we note that the load for active joint i
is reduced. Morcover, the rotational joint i can be placed at any position

ointi+1 joint i joint i-1
linki+ %Iink i —
joint -2 —
joint 1

Mo

Figure 3: Rotational joint and its load

on links i+1 and & If it is placed on joint i+ 1, joint i is not a load for joint
i+1. In addition, the joint i can be a counter weight for joint i+1 if it is
placed on the extension linc of link i+ 1.

The adjacent joints of a rotational joint must be pivots, because two
consccutive rotational joints arc cquivalent to one. Robot arms with 6
degrees of freedom can have at most three rotational joints, and there are
21 combinations in the arrangement of pivots and rotations. IFor each
case the serics of joint mass arc computed. Table 2 lists mass of joints for
several structures which contain at least 2 rotational joints. From this

table we can conclude that the arm structure P-R-P-R-P-R from the tip to
the shoulder is the lightest and that R-P-R-P-P-R is as light as P-R-P-R-P-
R.

4. Development of a Direct-Drive Manipulator

4.1. Investigation of Motors

The feasibility of developing a direct-drive manipulator depends on
the performance of motors, which arc the most important components in
active joints and a key to Reduce the M/ ratio of the active joint. We
therefore investigate the ratio of mass of a motor to its peak torque (we call
it MM/T ratio) for DC torque motors in the market.

A permanent magnet with a high density of magnetic flux increascs
output torque and then reduces the MM/T ratio. Recently, we saw a
rapid progress in technology of rare-carth cobalt magnetic materials. The
maximum magnetic energy product of rare carth cobalt is 19 to 30
MGOe, while those of conventional ferrite magnet and alnico magnet are
about 3 MGOe, and 5.5 MGOe, respectively. “In fact we campared rare-
earth and alnico magnet motors in the market which have approximately
the same shape and mass. The peak torque for the rare-earth magnet
motors is about twice as large as that of alnico motors, and thercfore their

Table 2: Weights of motors for various kinematic structures

2:0.1 f=05

motor weight
My M, My M, M, Mg total

("”structun("“)
R-P-R-P-P-P 0* 1.20 1.20 4.24 9.08 19.68 36.41
R-P-P-R-P-P 0 1.20 2.61 2.61 9.22 19.76 36.40
R-P-P-P-R-P [ 1.20 2.61 5.68 6.68 20.08 38.22
R-P-P-P-P-R ] 1.20 2.61 5.68 12.34 2.60"" 25.43
P-R-P-R-P-P 0.66  0.55 2.61 2.61 9.08 19.48 | 35.86]
P-R-P-P-R-P 0.65  0.65 2.61 5.61 5.61 19.76 35.69
P-R-P-P-P-R 0.55  0.55 2.61 6.61  12.17 2.60 | 25.09]

°
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.55 1.50 1.50 5.68 6.88 19.68 35.59

P-P-R-P-P-R 0.65 1.60 1.50 5.68 12.17 2.73 25.12
P-P-P-R-P-R 0.65 1.50 3.44 3.44 12.34 3.05 26.32
R-P-R-P-R-P 0 1.20 1.20 4.24 4.24 14.69 26.57
R-P-P-R-P-R 0 1.20 2.61 2.61 9.22 2.31 18.95)
R-P-R-P-P-R 0 1.20 1.20 4.24 9.08 2.06 18.78|
P-R-P-R-P-R 0.55 0.55 2.61 2.61 9.08 2.32 18.72]

R: Rotaional joint P: Pivotal joint
*) Since we assume that the external load is a point mass, the required torque for the rotational joint
at the arm tip becomes zero.

**) The joint axis of the rotational joint at the base is assumed to be parallel to the direction of
gravity. Then the gravily load becomes zero in this case.



MM/T ratio is reduced to 1/2. Also, we noticed that the larger-diameter
motors have the smaller MM/T ratio. The extra large alnico magnet
motor has a MM/T ratio as small as that of the medium size rare-earth
motors.

4.2.CMUDD Arm

A direct-drive manipulator (CMU DD Arm) was designed based on
the above design theory, and is being developed at Carncgic-Mellon
University [1]. For joints 1 through 3 we sclected motors with rare-carth
cobalt permanent magnet and for others alnico magnet motors with a
large diameter. The basic design specifications of the CMU DI) Arm are:

o Degrecs of freedom: 6 (option 7)

e Joint structure: P-R-P-R-P-R

e Pivot: 180°

 Rotation: 360°

o T'otal length: 1.7m

e Maximum load: 6 kg (4 kg)

o Maximum spced: 4 m/sec at the tip

5. Conclusion

‘The dircct-drive manipulators have potentially a number of
cxcellent  features that the present eclectrically powered robotic
manipulators do not have. However, the development of a practical
manipulator rcquires powerful active joints with light weightt We
analyzed required torques for a series of active joints by introducing the
M/T ratio (ratio of mass to peak torque) of active joints. We also found
that the suitable kinematic structures for the direct drive are P-R-P-R-P-R
and R-P-R-P-P-R in the case of robots with 6 degrees of freedom.

The CMU direct-drive arm was designed according to these
theoretical concepts also taking into account of motors presently available
on the markets. However, the practical implementation requires
investigation of another problem : heat dissipation. Each joint housing
requires a light weight and strong structure with the property of good
heat dissipation. This improvement in joint housings as well as more
powerful motors will allow us to have robots of lighter weight and higher
performance than currently available.
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