Miniature direct drive rotary actuators

Richard S. Wallace

February 28, 1993

Robotics Research Laboratory

Department of Computer Science

Courant Institute of Mathematical Sciences

New York University

715 Broadway 12th Floor

New York, NY 10003

(212) 998-3465

(212) 995-4121 (fax)

rsw@cs.nyu.edu

Abstract

This paper reports the development of direct drive DC motor actuators for miniature

robots. The motors are based on Nd-Fe-B rare earth permanent magnets and controlled by

low cost microcontrollers. The motors have low friction, small size, high speed, low construction

cost, no gear backlash, operate safely without limit switches, have limited self-braking, and

generate moderate torque. Signi�cantly, one motor can generate enough torque to lift a second

motor of about the same size against the force of gravity, at a distance approximately equal to

the size of the motor, without resorting to the use of a counterweight. We demonstrated the

feasibility of using these actuators to make a two-link robot �nger or leg.

1 Copyright (c) 1993 by the author. This research was supported in part by a grant from the National Science

Foundation, number CDA-9018673, and by equipment donations from Unitrode Integrated Circuits and from

Motorola Advanced Microcontroller Division.

\To manufacture arti�cial workers is the same thing as to manufacture motors." -

Harry Domain, R.U.R. 2

1 Intro duction

We 3 have recently built a set of miniature rotary direct drive (DD) actuators, based on strong

Nd-Fe-B rare earth permanent magnets and controlled by low-cost embedded microcontrollers.

This motor family is an o�spring of the Spherical Pointing Motor (SPM), a two-axis pan-tilt

actuator we built to point a miniature CCD camera [14] [6] [5]. In the present work we wanted

to determine how large a torque an SPM-type motor could generate, and whether it would

be possible to use these actuators as robot �ngers, legs and force-feedback human interface

devices. The a�rmative answer to these questions could be determined with simpler single-axis

actuators, and in any case the 1-dof actuators are suitable for many tasks as well.

Direct drive DC motors have many advantages as robot limb actuators: high speed, very low

friction, simplicity of design, low design and construction costs, and extended wear. They have

no gear backlash, and they simplify the implementation of advanced control strategies such

as force and torque control and compliant motion [4] [1] [3] [2] [10]. Our new actuators have

all of these advantages and more: they have very high speed (we have measured 2240 � /sec),

moderate torque (e.g. 0:1 Nt-m), small mass (e.g. 70 gm), small size (e.g. 3 � 3 � 3cm 3 )

two leads per axis, limited self-braking, and they actuate limbs safely without the use of a

limit switch. The new devices have permanent magnet rotors, so there are no brushes or

commutation, and no torque ripple.

The Adept series of SCARA robots is one of the most successful commercial applications of

DD robot actuators. In the SCARA con�guration, the base DD motor is �xed and the elbow

motor moves only in a plane orthogonal to gravity, so the load on the base motor is almost

constant. This basic design has been implemented by others as well [4]. More anthropomorphic

designs required the use of counterweights, or pantograph linkages to connect the elbow with

shoulder-mounted motors. The latter con�guration is allowed under the de�nition of \direct

drive" that says only that there is no gear reduction between the motor and the joint it actuates.

Our de�nition is more strict: \direct drive" to us means that the motor is physically aligned

with the axis it drives.

In addition to the earlier large scale direct drive robot arms, there are several other tech-

nologies related to our DD actuators. Six-dof magnetic levitation is possible using Nd-Fe-B

magnets, but at present levitated platforms are limited by their small workspace [13]. Magnetic

gears based on rare earth magnets are interesting frictionless motion transducers [9]. For point-

ing applications, the spherical stepper motor [11] is a possible alternative to the SPM, though

its pointing precision is limited by the packing density of magnets and coils on a sphere. From

2 from the play by Karel Capek, 1921. 3 The author would like to express his gratitude to Elena Reynoso, Xavier Tan, Ben Chiao Jai, Ron Hecker

and Fred Hanson for contributing their time to building and interfacing the mini actuators. Thanks also to

Prof. K. Perlin for his enthusiasm and valuable ideas. Thanks to Dr. Ben Bederson of Bellcore and Prof. Ken

Goldberg of USC for their insightful comments on an earlier draft of this report. Thanks to Prof. B. Mishra for

his support. Special thanks to Ms. Judy Racino of Motorola, Inc. for her support.

Figure 1: Principle of direct drive: The motor stator holds a coil C and a rotor bearing R. The

rotor consists of a permanent magnet P and a shaft S . Current I in the coil results in motion

around the axis R in a direction given by the sign of I . An optional second stator magnet M

transforms the pure revolute actuator into a pointing actuator.

the commercial arena, radio control (RC) hobby servomotors are the closest in size, power,

workspace and ease of control to our DD motors. These RC \servos" combine low-cost high-

speed DC motors with a gear assembly linked to a rotor, which typically travels up to 180 � .

Our DD motors have a more limited workspace, but operate at higher speeds (> 2000 � /sec)

with almost no friction, and of course no gear backlash.

2 Mini direct drive actuators

The main di�erence between the new DD actuators and conventional DC motors is their limited

range of rotor travel. Conventional DC motors are designed to rotate 360 � continuously, and

ours move only within a bounded circular arc. But continuous rotation is an undesirable

characteristic for a robot limb. Robot arms generally have cables or control lines running

through the joints from one link to the next. If the joints rotate continuously, the cables stress

and sometimes break, resulting in the need to use safety limit switches on the actuator motors.

Our miniature DD motors are of two broad types: pointing motors and pure revolute

motors (see �gure 1). Both types consist of a rotor, which carries a permanent magnet, and

a stator, which houses a wire coil. Pointing motors have an additional magnet or coil on the

stator, the function of which is to create a reference magnetic �eld from which the rotor is

de ected, or pointed. If the extra �eld comes from a permanent magnet then the pointing

rotor has a passive orientation, and it holds this position even with no power in the stator coil.

This property makes pointing motors useful for camera aiming, and also facilitates compliant motion control. The size of the motors varies somewhat (see table in section 3) and rotor shafts

extend 2:5-7:5 cm.

Direct drive pointing actuators are electromechanically equivalent to old fashioned analog

Ammeters, in which the angular de ection of an indicator needle depends on the input current.

The existence of high B H max magnets makes it possible for a pointing motor to carry a load

much more massive than an indicator needle.

Permanent magnet pointing actuators have three additional desirable properties for robot

limbs. First, the shaft orientation is an easily calibrated function of the input current. Second,

the stator permanent magnet acts as a brake that holds the rotor at a �xed orientation, even

without current in the coil. Third, the pointing actuators have built-in compliance analogous

to a spring based remote center of compliance wrist.

The range of the workspace is limited by the mechanical constraint of the coil and the size

of the rotor shaft. The rotor arm literally slams into the coil at its maximum de ection. The

coil is a hard mechanical limit. But the maximum impact force is far less than the force needed

to break the coil or the rotor.

Most signi�cantly, one motor generates enough torque to lift another one of roughly the

same size, without resorting to the use of a counterweight. In one of the two link devices we

built, the distance between the axis of the �rst joint and the second joint is about 5 cm, and

the diameter of the motor coils is also about 5 cm. Each motor weighs about 90 gm. Given an

arbitrary orientation of the �rst motor with respect to gravity, it can lift and move the second

motor (and both rotor links) through the whole range of its workspace (20 � ). Although the

rotor magnets are roughly balanced on the rotor shaft, the mass of each successive link is not

counterbalanced.

3 Exp eriments

We built a series of 15 rotary direct drive actuators (see �gure 2). All of the motors basically

rotated a shaft through a range of angles. The largest range we built was 100 � and the smallest

was 20 � .

To measure maximum torque, we used a constant current power supply with the voltage

set nominally to 40V and the current held at 1 Ampere. We placed a Mark-10 digital force

meter normal to the end of the shaft, and found the de ection angle giving the highest force

value. As the shaft length was always constant, we calculated the torque as the product of

the force measurement and the shaft length. The highest torque achieved was 0:1 Nt-m, more

than enough for one motor to lift another.

Table 3 summarizes the results obtained with �ve of the motors. The coil wire length

determines the resistance of each coil. We used AWG 30 magnet wire, which has resistance

of about 3 per meter. Most of the coils were basically rectangular, so the table gives the

dimensions of the coil in width and height. The minimum gap is the minimal distance between

the rotor magnet and the stator.

The motors called \Oct 15 92", \Nov 11 92 Hip-A" and \Nov 11 92 Knee-A" are all

approximately the same. The torque generated by the Oct 15 motor is slightly higher as a

Device ID Res. Rotor Stator Range Mass Coil Coil Max Torque

con�g. con�g. height width speed

deg gm cm cm deg/sec Nt-m

Oct 15 92 24 4L 1S 60 80 4 5 0:10

Oct 31 92 145 6L - 100 280 6 7 500 0:07

Nov 11 92 Hip-A 20 4L - 20 90 5 5 100 0:07

Nov 11 92 Knee-A 31 3L 1S 70 90 5 6 2240 0:08

Dec 9 92 22 3L - 25 70 3 3 500 0:09

Table 1: Speci�cations and measurements of 5 mini DD motors. We used two sizes of Nd-Fe-B

permanent magnets. L refers to the number of \large" cylinderical magnets, 1=2 inch diameter

and 1=4 inch height. S refers to \small" magnets, 1=4 inch diameter and 1=4 inch height. The

Nov. 11 motors are linked to form a two-link actuator.

result of its slightly smaller coil and higher tolerance fabrication.

The \Nov 11 92 Hip-A" and \Nov 11 92 Knee-A" motors are connected together to form a

simple two-link mechanism. The small range of angles (20 � ) in \Nov 11 Hip-A" resulted from

the use of the large shaft necessary to mount the second motor at the end of the �rst link.

The wide variation in measurable speeds between \Nov 11 92 Knee-A" and \Nov 11 92

Hip-A" results from their signi�cantly di�erent loads. The \Hip-A" motor carries the \Knee-

A" motor in a two-link actuator. We measured speed by placing a high alternating current

sine wave into the coils and increasing the wave frequency until the full workspace could no

longer be covered. In the case of the \Knee-A" motor the workspace is 70 � and the highest

frequency is 16Hz, resulting in an average velocity of 2 � 70 � 16 = 2240 � /sec. Unfortunately,

the \Oct 15 92" motor broke before we completed the apparatus for speed tests.

The motor \Dec 9 92" di�ers from the others in three ways: First, its rotation axis does

not pass through the rotor permanent magnets, but instead is slightly in front of them. At its

maximum de ection, the magnet assembly hits the surface of the coil, whereas in the others

there is always a gap between the magnet and the coil. Second, its coil has a round rather

than a rectangular cross section, and the rotor magnets are always completely inside the coil.

Third, the motor is substantially smaller than the others. The mass of the Dec 9 motor is

close to the mass of the others, but this results from the fact that the rotor assembly is brass,

whereas it is plastic in the others.

4 Discussion

There are a number of other topics yet to be investigated in connection with miniature DD

motors. The existence of many magnetic �elds in close proximity makes the formal analysis of

actuator characteristics quite complex. We plan to build a software simulator to help answer

questions about the forces and torques generated by magnets and coils in various con�gurations.

Commercial CAD packages exist, but are quite costly, so we plan to build our own. One of the

Figure 2: The two-link \Nov 11 92" motor pair.

questions we’d like to pose to the simulator is the placement of permeable materials to make

e�cient magnetic return circuits for the DD motors.

Control of our DD motors is so far only open-loop. We have programmed simple walking

gaits for the two-link actuator using the Motorola MC68HC11 micorcontroller to create a 5V

pulse-width modulated signals, which a Unitrode LM293 current driver ampli�es to deliver up

to 1 Ampere to the actuators. The closed loop control of this motor family is a topic not yet

explored, although earlier DD arm builders have studied the control problem carefully for their

designs [4] [1] [3] [2] [10].

There are interesting DD motor manufacturing questions as well. We make our motor

coils by forming a wax mold, wrapping the coil with magnet wire having a layer of thermally

activated bonding material, then heating the coil with a heat gun. The heating both melts

the wax mold and bonds the coil so that the wire forms a rigid solid mass. The motor rotors

consist of plastic or brass magnet housings, a rotor bearing shaft, and a plastic or brass limb

which may be connected to a second link. We have only just begun to think about e�cient process technologies to produce multiple actuators in small batches.

Some of the other problems we face are coil overheating, demagnetization, and magnet

safety hazards. Current I passing through a coil inductor causes it generate heat proportional

to I 2 . Previous DD arms su�ered from coil overheating as well [1] [4]. Heat and mechanical

wear cause permanent magnets to demagnetize, and we have yet to face this problem squarely.

Finally, the size and power of our motors make them inherently safer than powerful industrial

robot actuators. But there are some hazards associated with very powerful magnets. In

one incident, a researcher holding a magnet in his hand attracted a razor blade from several

centimeters away on a tabletop. Fortunately, the blade landed on its dull side.

5 Conclusion

We have demonstrated the feasibility of using small direct drive DC motors as actuators for

miniature robot limbs, for example the �ngers of a hand or the legs of a small walking machine.

Small permanent magnet DC motors are economical actuators and have a parts cost close to

that of mass-produced DC brush motors of the same size.

The very low cost 4 of miniature DD motors makes them attractive for education as well.

Students in our robotics lab, including secondary school interns, build mini DD motors as a

lab assignment. This gives the students practical �rst-hand experience with the principles of

electromagnetic actuation and control problems such as calibration and damping. In particular,

some students build a two link manipulator like the \Nov 11 92" pair. They then relate its

kinematics, statics and dynamics to the simple two-link manipulator theory (see e.g. [7] [8]

[12]) they learn in class.

We expect to see growth in human interface applications of robot devices. Current com-

mercial examples of this trend include camcorders with image stabilization and autofocus still

cameras using automated eye tracking. We are building force feedback input-output devices

based on miniature DD motor technology. The component cost of robot systems is falling

rapidly, clearing the way for their introduction into the human environment.

4 All the new actuators described in this paper contained less than $10 in parts.

About the author: Richard S. Wallace com-

pleted his Ph.D. in 1989 and his M.S. in 1986 at

Carnegie Mellon School of Computer Science. He

graduated with a B.A. from University of South-

ern California in 1982. From 1986-1989, Wallace

was a Member of the Technical Sta�, Hughes Re-

search Labs, Malibu, CA. In 1989-1990 he worked

as Post-doctoral Fellow at NTT Human Interface

Labs, Yokosuka, Japan. Then, from 1990-1992 he

was General Manager of Vision Applications, Inc.,

a research and development �rm. Dr. Wallace is

now Assistant Professor of Computer Science at

the Courant Institute of Mathematical Sciences,

New York University. His research interests in-

clude robotics, computer vision and pattern recog-

nition.

References

[1] Haruhiko Asada and Takeo Kanade. Design of direct-drive mechanical arms. Technical

Report CMU-RI-TR-81-1, Carnegie Mellon, 1981.

[2] Haruhiko Asada and Takeo Kanade. Design of direct-drive mechanical arms. ASME

Journal of Vibration, Acoustics, Stress, and Reliability in Design, 105(3):312{316, 1983.

[3] Haruhiko Asada, Takeo Kanade, and Ichiro Takeyama. Control of a direct-drive arm.

Technical Report CMU-RI-TR-82-4, Carnegie Mellon, 1982.

[4] Haruhiko Asada and Kamal Youcef-Toumi. Direct Drive Robots: Theory and Practice.

MIT Press, 1986.

[5] Benjamin B. Bederson, Richard S. Wallace, and Eric L. Schwartz. A miniaturized active

vision system. In 11th International Conference on Pattern Recognition, August 1992.

[6] Benjamin B. Bederson, Richard S. Wallace, and Eric L. Schwartz. Two miniature pantilt

devices. In IEEE International Conference on Robotics and Automation, May 1992.

[7] Michael Brady, John M. Hollerbach, Timothy L. Johnson, Tomas Lozano-Perez, and

Matthew T. Mason. Robot Motion: Planning and Control. MIT Press, 1982.

[8] John J. Craig. Introduction to Robotics Mechanics and Control. Addison-Wesley, second

edition, 1989.

[9] K. Ikuta, S. Makita, and S. Arimoto. Miniature and micro transmissions using noncontact

magnetic gears. In Proceedings of the 1992 IEEE International Conference on Robotics

and Automation, page 1864, Nice, France, May 1992.

[10] Takeo Kanade and Donald Schmitz. Development of cmu direct drive arm II. In Proceed-

ings of the American Control Conference, pages 703{79, June 1985.

[11] K. M. Lee, G. Vachtsevanos, and C.K. Kwan. Development of a spherical stepper mo-

tor wrist. In Proceedings of the 1988 IEEE International Conference on Robotics and

Automation, pages 267{272, Philadelphia, PA, April 1988.

[12] Phillip John McKerrow. Introduction to Robotics. Addison-Wesley, 1991.

[13] S. Salcudean and R.L. Hollis. A magnetically levitated �ne motion wrist: Kinematics,

dynamics and control. In Proceedings of the 1988 IEEE International Conference on

Robotics and Automation, pages 261{266, Philadelphia, PA, April 1988.

[14] Richard S. Wallace, Ping-Wen Ong, Benjamin B. Bederson, and Eric L. Schwartz. Con-

nectivity graphs for space-variant active vision. In George A. Bekey and Kenneth Y.

Goldberg, editors, Neural Networks in Robotics, pages 347{374. Kluwer Academic Pub-

lishers, 1992.