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1 Introduction

There has been considerable progress in developing traditional actuator
technologies for robotics in the past few years. N evertheless, if we are to
achieve the lightweight, high performance, and mobile robots envisioned
for the future, new technologies may be required. New applications such
as microrobotics require actuators with bandwidths, dynamic ranges,
and forces not achievable in traditional ways. Especially severe packag-
ing problems are presented by force-reflecting masters in telerobotics.

This article analyzes a number of promising new actuator technolo-
gies for robotics, including shape memory alloy, piezoelectric, magne-
tostrictive, and polymeric actuators. A comparison will be made to
traditional technologies, including electromagnetic, hydraulic, and pneu-
matic actuators, as well as to muscle, from standpoints of

® power/mass
® torque/mass or force/mass

¢ individual characteristics

High power/mass is a general requirement for all robotics. With
an increased emphasis on direct-drive robotics, torque/mass becomes
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very important. Because of space limitations, other important stand-
points could not be adequately addressed, such as bandwidth vs. power
(Thayer, 1984), maximum acceleration (Pasch and Seering, 1984), and
moving mass or inertia vs. force or torque (Nakanishi, 1991). A general
discussion of desirable actuator characteristics has been presented by
Jacobsen et al. (1989).

In the following, we first discuss macro-motion actuators, beginning
with the more traditional electromagnetic, hydraulic, and pneumatic
actuators, then following with shape memory alloy and polymeric ac-
tuators. We then discuss piezoelectric and magnetostrictive actuators,
which are primarily micro-motion actuators. There follows a section on
muscle and a general discussion.

2 Electromagnetic Motors

There is a wide variety of electromagnetic (EM) motors, such as syn-
chronous, induction, and dc motors. Fundamentally they are the same,
since torque for rotary motors (to which the subsequent discussion is
limited) is generated by the interaction of magnetic fields from the rotor
and stator. On one side of the rotor/stator gap these fields are set up by
current-carrying coils. On the other side, the magnetic fields may arise
from permanent magnets, electromagnets, or induced currents. The
torque for a particular EM motor depends on the magnetic field distri-
bution in the airgap between rotor and stator.

For purposes of discussion, we will use the example of a permanent
magnet dc motor. The permanent magnets are on the stator; arma-
ture windings are on the rotor and are mechanically commutated with
brushes. The mechanical and electrical equations are:

T = KTi (1)
V = Krw+ Ri (2)
where 7 is the motor torque, Kt is the torque constant, ¢ is the current,
V is the supplied voltage, w is the rotor speed, £ = Krw is the back-emf,

and R is the winding resistance. For a fixed voltage V/, the torque-speed
curves are derived from Equations (1) and (2):

7= Kr(V — Krw)/R = KrV/R - K#w (3)

where the motor constant is K,, = K1/ VR and the slope of the torque-
speed curves is —K2,.
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By the conservation of energy, we can write
Py, = Ijloss + Pmech (4)

where P;, = Vi is the electrical power delivered by the power supply,
Prech = Ei is the mechanical power produced by the motor, and Pss =
i’R is the power lost to ohmic heating. The mechanical power Ppcch
versus speed w has a parabolic form, and can be derived from (3):

Pmech =TWw = KTw(V - KTw)/R (5)

The maximum velocity is given by wme, = V/Kr, and the maximum me-
chanical power occurs at W0 = Wmaz/2, or (Prmech)maz = (VK,, /2K7)2.

2.1 Characteristics

A motor’s torque/mass depends on the EM design, while the power/mass
additionally depends on the power electronics. The torque/mass is lim-
ited by the gap magnetic flux densities and by the maximum currents
that can be sustained for a given period of time. Modern rare-earth
permanent magnet materials are not easily demagnetized, meaning that
motor currents are typically limited by thermal, not magnetic, consid-
erations. Moreover, such magnets are capable of providing gap flux
densities at or near electrical steel magnetic saturation limits for typical
slot/tooth geometries. A typical maximum value for B,, the “effec-
tive” gap flux density (i.e., the rms value of the spatial flux distribution
around the airgap), is 0.5 T.

The sustainable current depends on the allowable winding tempera-
ture T, which is usually less than 180°C and typically 130°C, and on
a motor’s thermal resistance Riterm, which is the temperature rise in
°C per dissipated watt due to ohmic heating. Ryperm, which depends
strongly on the thermal environment, is typically measured with the
motor mounted to an aluminum plate in ambient temperature with no
forced-air cooling.

The achievable torque depends on the specified “duty cycle”: much
higher torques can be achieved for short durations than for long or
continuous periods. From Equation (3), the peak torque at stall is
Tpeak = KTV/R, and hence depends not only on the intrinsic motor
design (the term K7/R) but also on the voltage V' delivered by the
power supply. A better indication of intrinsic motor performance would
be the continuous stall torque 7;on¢, which can be derived from Riterm.
The maximum continuously sustainable power lost to ohmic heating is:

(-Ploss)cont == (Tw - Ta)/Rtherm = igontR (6)
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Parameter | Units 1410-01 | 1410-02 | 1410-03 | 1410-05
Kr N-m/A 0.2 0.50 0.31 0.26
R Q 0.28 1.97 0.71 0.45
Km N-m/vVW 0.27

Rinerm °C/W 1.16

Tw °C 155

Tecont N-m 2.89

Table 1: Specifications for Aerotech Model 1410 dc servo motors. Four
different winding configurations are shown.

where T, is the ambient temperature. Combining with Equation (1),

Teont = Kricont = Kr V (Boss)cont/\/ﬁ— = Kpn vV (Hoss)cont (7)

As an example, specifications for the Aerotech Model 1410 dc servo
motor are shown in Table 1. Four different winding configurations are
given with different K7 and R values, but with the same K, and Riperm
values. This is explained by the fact that when manufacturers offer
alternative windings they simply change the number of turns N and
substitute a commensurately larger or smaller diameter wire so as to
maintain a constant copper “fill factor.” Since K is proportional to N
and R to N2, K,, remains unchanged. From Table 1 and the equations
above, (Ploss)cont = 112 W and 7cont = 2.86 N-m, which agrees closely
with the manufacturer’s specification (Table 1).

Because manufacturers do not follow a standard in specifying the op-
erating winding and ambient temperatures and the conditions of thermal
transfer under which a motor is tested, it is difficult to compare torque
capability from different manufacturers’ specifications. To better reflect
the physical characteristics of the motor rather than the test conditions,
one possibility is to combine the motor constant K,, with the thermal
resistance R¢perm as follows.

The motor constant K, is virtually independent of motor speed and
input current and of how the motor is wound (number of turns), so
long as the slot fill (conductor area in a slot) is the same. An example
again is provided by the different Aerotech models in Table 1, which
have the same K,, but different Kr’s. A complicating factor is that
K,, is temperature dependent because R is; for example, the winding
resistance at a maximum allowable winding temperature of T, = 155°C
is typically about 1.5 times that at ambient temperature T, = 25°C.
Thus one would have to distinguish between “cold” and “hot” values
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for K, in manufacturers’ specification sheets; if not distinguished, they
can usually be calculated from other data. Figure 1(a) plots K,, versus
mass for a range of Inland Motor Corp. brushless motors; K,, grows
approximately linearly with motor mass, though a diameter dependence
is also evident.

The motor constant implies a fundamental fact about motors: to
produce torque it is necessary to dissipate power in the windings (see
equation (7)). The dissipated power causes heat, which must be trans-
ferred away as determined by the thermal /mechanical design of the mo-
tor to prevent overheating. This ability to transfer heat is indicated by
1/R¢herm (thermal conductance), which in the case of convective heat
transfer is proportional to the external surface area presented by the mo-
tor to the surrounding air. The parameter 1/R;perm, is plotted for the
same Inland brushless motors in Figure 1(b), but against motor surface
area. Since the motor constant indicates how much torque is produced
per dissipated watt, and the thermal conductance indicates how many
dissipated watts are produced per °C temperature rise, they may be
combined as K., /v/Riherm to provide a single parameter that indicates
the amount of torque that can be continuously sustained for a given
winding temperature. The square root of the thermal conductance is
used for dimensional matching. A plot of this combined parameter for
the same Inland brushless motors is shown in Figure 2. When compared
in this manner, seemingly disparate motor designs often end up with
about the same torque capability.

2.2 Robotics Applications
2.2.1 Geared Drive Motors

Current motor designs are fairly close to the limits of torque/mass set by
the present state of non-superconducting electromagnetics. We demon-
strate this with a simple dc motor model. The motor length is I, the
rotor radius is 7, and the stator outer diameter is D; hence the area
of the air gap is A = 27rl. Permanent magnets in the stator typically
produce an effective field distribution in the gapof B; = 0.5 T rms. Sim-
ilarly, the rotor is wrapped by a current sheet distribution with a typical
effective current per axial length of ¢, = 35,000 A/m. This figure is not
an absolute limit, but is typical of some examples of EM machines of
conventional geometry (Say, 1976). From the Lorentz relation (Wood-
son and Mecher, 1990), the maximum tangential force per unit area of
the air gap is given by dF/dA =1i,B,. Hence the total torque is:

Teont = (dF/dA)AT = 271'7‘zling (8)
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Figure 1: (a) K, vs. motor mass for Inland brushless motors. (b)
1/R¢herm vs. motor surface area.
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Figure 2: KmRt';;ﬁfn vs. motor mass for Inland brushless motors.

A survey of motor specifications indicates that the mass/volume for
housed motors ranges from 3000-5000 kg/m3. (Note that the density
of steel is 8000 kg/m3.) Assume mass/volume = 3000 kg/m3. For rare.
earth designs, typically 2r = 0.7D (Ohno and Sugimoto, 1991), and the
motor volume is v = m(D/2)2l = 2712, The motor mass is m = py,
where p is the mass/volume, and hence the achievable torque/mass is

Tcont/m = ilBg/p < 6Nm/kg (9)

using p = 3000 kg/m3. A torque/mass of 6 N ‘m/kg is a relatively low
value, evidently not subject to much improvement. On the other hand,
relatively high power/mass can be achieved with EM motors by letting
the motors spin fast. From Equation (5), the maximum mechanical
power is delivered at wg = Wmaz /2 = V/2Kp. Mechanical power can be
increased at the expense of torque by choosing a lower Kr; for example,
in Table 1 the Aerotech model 1410-01 has the lowest K7 of 0.2 N ‘m/A.
In addition, the mechanica] power is limited by the volt-amp rating of the

In practice, componentry in the power electronics limits the volt-amp
rating. Thus for a given Ton:, the continuous Prech (and hence the
speed wy) is somewhat arbitrary as it depends on the power electronics.
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Power/mass therefore may not be a very good indicator for the in-
trinsic limits of EM motors, although it is an indicator of the total
system limit (motor plus accompanying amplifier). For example, the
Aerotech DS8020 servo amplifier has a rated continuous power out-
put of 765 W and a maximum continuous current of icont = 10 A.
The Aerotech 1410-01 motor would have an intrinsic current limit of
boomt = Teont/ KT = 2.89/0.2 = 14.5 A, which is not achievable by the
amplifier. The volt-amp curves for the motor indicate that 73 V and
hence 730 W can be delivered continuously at 10 A. Hence the contin-
uous mechanical power is Ppech = Pin — Ploss = 730 — 112 = 618 W.
By contrast, the model 1410-02 motor which has the highest torque
capability can be shown to produce the lowest power—318 W.

The total framed motor weight for the Aerotech model 1410-01 motor
is 6 kg, and although the continuous torque/mass is low (0.5 N-m/kg) the
continuous power/mass is reasonably good (100 W/kg). Yet the desir-
able operating speed of wyp = V/2K1 = 73/0.4 = 182.5 rad/s (1,743 rpm)
requires a gear reducer at a robot joint to be usable. From virtual work
arguments, it can be shown that a gear ratio of o amplifies the motor
torque to be ar. From these various arguments, it is clear why the vast
majority of commercial electric robots use dc motors with gears and
why this situation is unlikely to change soon. As examples, the shoulder
pitch drive has a gear ratio of about 50:1 for the PUMA 560 robot, 200:1
for the Cincinnati-Milacron T3 robot, and 1800:1 for the Spar SSRMS
(space station remote manipulator system).

2.2.2 Direct Drive Motors

From a robotics standpoint, gearing results in the undesirable charac-
teristics of friction, backlash, and flexibility (compliance), which make
accurate control difficult. Recent interest has centered on the develop-
ment of direct drive robots where high performance EM rotary motors
actuate joints directly without intervening gears. A parallel is found in
modern NC (numerically controlled) lathes where direct drive spindle
motors have been recently introduced by a number of manufacturers
(e.g., Mazak). To achieve higher torques without using gears, these
motors have to be made large. As indicated in Figure 2, high torque
comes at the expense of high motor mass. For the Inland motors shown,
which are typical of permanent magnet motors, K /v Riherm Per unit
mass is about 0.2 N-m/v/°C. Assuming an allowable temperature rise of
150°C above ambient, a torque/mass ratio of about 2.5 N-m/kg is cal-
culated. Note this is somewhat lower than the 6 N-m/kg limit calculated

in Equation (9).
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Improvements in torque/mass through design could focus on in-
creasing K,, and reducing Ryperm. For example, a group of us at
McGill (Hollerbach and Hunter) and MIT (Lang, Umans, Garabieta,
and Vaaler) have recently developed water-cooled synchronous motor
prototypes (wound-rotor in pancake geometry); advantage is taken of
the key feature of direct drive that rotor rotations are limited (less than
360°), and so water-cooling lines can easily be passed through joints.
The water-cooling effectively reduces Riherm, and the result is a motor
with a torque/mass of 15 N ‘m/kg. This torque will be realized at 2.5 rps,
and hence the power/mass will be roughly 200 W /kg.

Progress in brushless motor drives (Leonhard, 1988) has been an en-
abling technology for direct-drive robotics. Because of problems caused
by brushes, such as arcing at high currents and voltages, dc motors
are not as suitable. The first direct drive robot employed Alnico dc
torque motors (Asada, Kanade, and Takeyama, 1981), but in subse-
quent designs ac motors were used to circumvent problems with brushes
(Asada and Youcef-Toumi, 1985). Two main kinds of ac motors have
been selected for such robots: (1) synchronous motors with rare-earth
permanent magnet rotors, and (2) switched reluctance drives.

Examples of commercial synchronous motors with rare-earth per-
manent magnet rotors include the ISI motors employed by Asada and
Youcef-Toumi (1987).

Reluctance motors, unlike dc, induction, and synchronous motors,
produce flux on one, not both, sides of the airgap. It was long assumed
that reluctance motors were inferior at producing torque and tended to
be used for clock motors and other very low power applications (Laith-
waite,1975). In recent years work by Lawrenson and others (Lawrenson,
1980) has shown that high performance in reluctance motors is possi-
ble, though their theory of operation involves highly nonlinear magnetic
behaviour, and their control involves relatively complicated and precise
switching. Substantial torque ripple has typically been a problem, but
recent advances in microprocessor control have reduced the torque ripple
(Ilic-Spong et al., 1987; Taylor, 1991).

Commercially, the Motornetics Megatorque motors, manufactured
by NSK, have torque/mass up to 6.1 N ‘m/kg. The Superior Electric
Company produces the SLO-SYN Direct Drive Servo Positioning System
series, which have torque/mass of about 4 N-m/kg. Yokogawa Electric
produce a series of hybrid motors called Dynaserv, which are variable
reluctance but have windings which are biased with pPermanent magnets;
the torque/mass ratio varies from 1.5 to 4.5 N-m/kg. Kuwahara et al.
(1986) have developed a hybrid motor with an outside rotor that claims a
torque/mass of 8.3 N-m /kg (frameless). These motors appear to achieve
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torque/mass near or even higher than the 6 N-m/kg limit calculated
earlier. This may be due in part to higher flux densities (since the
machines are deliberately designed to have saturating magnetics) and
to a large diameter, small length geometry, which tends to increase the
surface area per mass, leading to a low Riperm.

Despite progress in ac motors, the torque/mass is still too low for
general-purpose direct drive robots. Just gravity alone is too much of a
load for these motors, and as a consequence present direct-drive robots
require special configurations. One common approach is the SCARA
configuration, where the first 3 rotary joints are horizontal and do not
bear a gravity load (Kanade and Schmitz, 1985). The Adept-One robot
(Curran and Mayer, 1985) has a SCARA configuration, but is not truly
direct drive because of the use of belts. Another approach employs a
4-6 bar linkage transmission element for the elbow, and hence is not
truly direct drive (Asada and Youcef-Toumi, 1987; Kazerooni and Kim,
1988). A third approach involves counterbalancing (An, Atkeson, and
Hollerbach, 1988; Suehiro and Takase, 1985), but increased inertia and
lower bandwidth result.

Another trend is to use low gear ratios with direct drive motors,
to trade off nonlinear gear dynamics against improved torque (Takase,
1984; Vischer and Khatib, 1990; Youcef-Toumi and Nagano, 1987). For
dc motors with geared drives, a trend is to improve the modeling of the
gear dynamics to achieve more accurate joint torque control (Armstrong,
1990).

3 Hydraulic Actuators

Hydraulic actuators convert energy supplied by pressurized hydraulic
fluid into rotary or linear motion. The earliest recorded contributor to
fluid power is Ktesbios, an Alexandrian who lived from 285-247 B.C.
(Maskrey and Thayer, 1978). In recent years, the marriage of electron-
ics and hydraulics into electrohydraulic servomechanisms and demand-
ing applications such as aerospace have led to increasing sophistication.
Hydraulic fluid pumps are usually actuated with electromagnetic motors
or internal combustion engines. The hydraulic fluid flowing through the
hydraulic actuator is controlled either by servovalves which are usu-
ally electromagnetically actuated, or directly by variable-displacement
pumps.

The output characteristics for ideal (lossless) linear and single-vane
rotary hydraulic actuators are given in Table 2, where
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Output Linear Actuator Rotary Actuator
Speed v = Qc/Ac W= Qc/Dm
Force or torque F = A p, T = Dpp
Mechanical power | P,,.., = Qcpi Prech = Qcpy

Table 2: Output characteristics of hydraulic actuators (Nakanishi, 1991).

Qc is the control low—the flow through the valve control ports to the
load actuator.

i is the load pressure drop—the differential pressure between the con-
trol ports on the load actuator.

A is the pressure receiving area.
Dm is the volumetric displacement per radian of rotation.

A double-vane rotary actuator would double the torque produced, but
halve the angular excursion.

Major types of servovalves are: sliding spool valves, flapper-nozzles,
poppet or cartridge valves, and jet pipes (Blackburn et al., 1960). A
common combination is a two-stage valve incorporating a spool as the
main valve and a flapper-nozzle as the pilot valve. A pilot valve is
required to overcome large friction and restoring forces on the spool,
whereas comparatively much less force is required to move the pilot. The
flapper is rotated by a torque motor between two nozzles to regulate the
spool motion.

Poppet or cartridge valves typically involve a seating action of a
cone-shaped poppet into a cone-shaped orifice, under solenoid control.
Advantages of four-poppet directional valves over sliding-spool valves
include less pressure drop in the valve and hence greater efficiency, vir-
tually no leakage, less hydrodynamic shock, and independent control of
flow paths (Roberts, 1988). Disadvantages include highly nonlinear flow
vs. displacement at small openings, larger time lag and hence slower
speeds, and large and unpredictable operating forces (Blackburn et al.,
1960).

A jet pipe directs flow between two channels, typically through rigid
rotation by a torque motor (Holzbock, 1986). Jacobsen and colleagues at
the University of Utah (McLain et al., 1989) have designed a single-stage,
four-way, suspension valve that bends under control of an electromagnet

(Figure 3).
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Figure 3: Single-stage, four-way, suspension valve controlling a double-
acting hydraulic cylinder (McLain et al., 1989).

3.1 Characteristics

The operating characteristics of a commercial hydraulic actuator depend
on its technical specifications, provided by the manufacturer, and on the
supply pressure p,. The technical specifications for a rotary actuator
include the displacement D,, and the rated flow Q,, which is defined as

follows (Thayer, 1962).
pv = (ps — pr) — p1 : Valve pressure drop—the differential pressure drop

across the control orifices of the servovalve. Assuming that the
return pressure p, is at atmospheric and the supply pressure is

high yields ps — pr = ps.

Qni : No-load flow—the control flow when p; = 0. The load is moving
freely and no torque is generated. This would correspond to the
maximum rotational speed wy,.; on the torque-speed curves for a
dc motor.

Q. : Rated flow—the no-load flow at full valve flow when p, = 6.7 MPa
(1000 psi). Call this pressure pyr.

The no-load flow can be found from the rated flow for different supply
pressures as follows (Clark, 1969):

in = Q'r V ps/pvr- (10)
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Flow Speed Torque Power

(m?/s) (radfs) | (kN-m) | (kw)
Qn =14x10"* [ wpee =22 | 7 =00 Prcch = 0.0
Q. =82x 104 W=13 | 7=6.6 | Ppech = 8.2

Table 3: Performance of Hyd-ro-ac rotary actuator in the shoulder joint
of the T3586 robot.

At full valve opening, the control flow is related to the no-load flow by:

Qc = Qniv/py/ps. (11)

The mechanical power can be found from Table 2 and (10)-(11):

Prcer, = Qr(ps - pv) V pv/pr- (12)
At p, = p,/3 the mechanical power is at a maximum, i.e.,
(Pmech)maz = Q, (2ps/3) vV p8/3pr (13)

As an example (Holzbock, 1986), the shoulder axis for the Cincin-
nati T3586 robot is driven by a double-vane Hyd-ro-ac rotary actuator
produced by Bird-Johnson Co., whose angular range is 90°, rated flow
Qr is 9.5 x 10~* m3/s, and displacement Dp, is 6.6 x 10~* m3/rad. The
supply pressure is p, = 15 MPa (2250 psi). Table 3 summarizes the
no-load flow results and the control flow results for maximum power.

As a second example, we have used a Moog 730-233 servovalve with
a Rotac 26R-5 two-vane rotary hydraulic actuator (Ex-Cell-O Corp.,
Greenville, Ohio) for testing of human ankle dynamics (Kearney et al.,
1983). At a supply pressure of 20 MPa (3000 psi), a torque of 2,790 N-m
is produced; the actuator weighs 28.9 kg, which gives a torque/mass of
96 N-m/kg. The rated flow of the servovalve is Q, = 6.3 x 10~4 m3/s
at py, = 6.7 MPa (1000 psi) valve pressure drop. The maximum power
Prech = 8.4 kW; hence the power/mass is 290 W /kg.

Such large torque/mass and power/mass are impressive in compari-
son to electromagnetic actuators, and explain their popularity for large
robots and machinery. These ratios could be increased by increasing the
supply pressure, but such problems as leakage, coupling, and routing
would become more severe. The Power/mass could also be increased by
using a servovalve with a higher rated flow, although frequency response
might suffer.
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Electrohydraulic servovalves exhibit complex high-order, nonlinear
dynamics, such as hysteresis of the electromagnetic valve element, vari-
ation of the orifice fluid-impedance with flow and fluid characteristics,
change in orifice discharge coefficient with pressure ratio, and sliding
friction for spools. The nonlinear dynamics of the two-stage flapper-
nozzle with spool valve have been extensively studied (e.g., Lin and
Akers, 1991). At lower frequencies, low-order transfer functions can
usefully represent the valve dynamics (Thayer, 1965). For their suspen-
sion valve, McLain et al.(1989) have found that 13 first-order nonlinear
differential equations represent the dynamics well. Boulet et al.(1992)
have also provided an experimentally tested nonlinear model for this
suspension valve. ,

The frequency response of electrohydraulic servovalves depends on
the number of stages: single-stage valves are the fastest, followed by
two-stage valves, while hydrostatic actuators are the slowest (Maskrey
and Thayer, 1978). Hydrostatic actuators involve direct control of a hy-
draulic actuator by a variable-displacement pump. More suited for large
machinery, hydrostatic actuators are used in the OSU Active Suspension
Vehicle (Pugh et al., 1990), but recently their use has been proposed for
robot arms (Bobrow and Desai, 1990). An advantage of the suspension
valve over the spool valve is that the moving mass is much less and there
is no friction, and hence higher servo rates are possible. In comparison
to pneumatic actuators, hydraulic actuators are faster because the fluid
is relatively incompressible.

3.2 Robotics Applications

There have been many applications of hydraulic actuators to robotics.
Yet an overall trend of replacing hydraulic robots by electric robots
has emerged, due to concerns about hydraulic supplies and leakage, im-
provements in geared electric drives, and complex control dynamics and
lack of backdrivability for force control. Nevertheless, for high forces or
torques and speeds hydraulic servoactuators outperform current electro-
magnetic actuators (Korane, 1990). With proper design, leakage can be
virtually eliminated.

A series of new linear and rotary hydraulic actuators have been de-
veloped by Jacobsen and colleagues at the University of Utah, which
have impressive torque/mass characteristics, high bandwidth, and even
intrinsic compliance. The new Sarcos Dextrous Arm (Jacobsen et al.,
1991) is a 7 DOF (degree of freedom) redundant manipulator actuated
by rotary hydraulic actuators at a pressure of 20 MPa (3000 psi). The
torque/mass for the wrist, elbow, and shoulder actuators averages to
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about 120 N-m/kg, and the power/mass to 600 W/kg. A caveat for
the torque/mass ratio is that torque is a highly nonlinear function of
mass, since larger actuators can have much higher ratios: the elbow ac-
tuator for the Sarcos Dextrous Arm was increased from 50 to 100 N-m
by increasing the diameter by only 2 mm while keeping the length the

cells at the joints, a drain System that uses a redundant set of seals
and extra bassageways to evacuate any fluid that might get by the high
pressure seals, and the amalgamation of fluid routing with the actuator
body to save on bearings, seals, weight, and space while providing a
totally hard enclosure for the ol as it flows up and down the arm.
Wells et al.(1990) have considered other innovations for hydraulic
actuators, including the use of accumulators to introduce more passive
compliance, and the independent control of valve area on both the supply
pressure side and the return pressure side. With such innovations, the
revival of hydraulic actuator technology for robotics is promising.

4 Pneumatic Actuators

Pneumatic actuators and valves share many of the features of their hy-
draulic counterparts, but specific design and operating differences result
from (i) the lower viscosity of air relative to hydraulic fluid (by a fac-
tor of 1000), (ii) the higher compressibility of air (by a factor of 300),
and (iii) the poor lubrication of ajr relative to hydraulic fluid (Black-
burn et al., 1960). Practical consequences are (i) tighter tolerances to
minimize leakage, and (ii) fast-acting valves to counteract gas compress-
ibility.

Commonly, pneumatic actuators involve a piston driven by pressur-
ized gas, much in the same way as in hydraulic actuators. For such
actuators, Jacobsen et gl, (1984, 1985) designed a two-stage valve com-

sion valve, similar to the hydraulic servovalve reported in (McLain et al.,
1991).

Instead of pistons, inflatable elastic tubes or bladders surrounded
by a braided mesh that shorten (contract) with pressure have become
popular again. These actuators were extensively utilized in artificial
limb research in the 1950s and 1960s (Hannaford and Winters, 1991),

TR
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under the name McKibben muscles. A similar actuator to the McKibben
muscles is currently produced by Bridgestone, called the Rubbertuator
(see Inoue, 1988), and consists of a rubber tube covered with a helical
fiber braid. Immega (1987) has designed the ROMAC actuator, which
consists of an articulating polylobe bladder and a steel cable harness.
Other esoteric pneumatic actuators involve applying forces using the
mass flow of air jets. We have designed such a perturbation device
for studying human arm dynamics, where the servovalve employs the
Coanda effect to achieve high-frequency switching (Xu et al., 1991).

4.1 Characteristics

The typical maximum supply pressure for pneumatic actuators is about
ps = 670 kPa (100 psi). For piston-type pneumatic actuators the thrust

force f is given by (Saito, 1991):
f=upsA, (14)

where A is the cross-sectional area of the cylinder, and u is the thrust
coefficient. The thrust coefficient depends on friction and air pressure;
it approaches 1 at higher pressures, and so the force per area is the same
as the supply pressure.

The braided pneumatic actuators produce a higher force per cross-
sectional area at the same pressure. The static force versus pressure
relationship for the McKibben muscle is (Hannaford and Winters, 1991):

f =psAa(3cos® 6 - 1), (15)

where @ is the angle between the elemental length of the helical fiber and
the longitudinal axis of the tubing, and A4 is the cross-sectional area
when the bladder is fully expanded. Thus the maximum force is about
3 times greater than for a cylinder with a piston. The actuator stiffness
increases approximately linearly with pressure. For the Rubbertuator,

the force-pressure characteristic is:
f =psAq [a(1 - €)* -], (16)

where Ay is the cross-sectional area before displacement, € is the contrac-
tion ratio, and a and b are constants for the actuator. The Rubbertuator
shortens by up to 20% (e = 0.2). Rubbertuators come in several sizes;
the smallest (Rubbertuator #5) is 150 mm long, weighs 28 g, and gen-
erates a force of 800 N at a pressure of 600 kPa. Rubbertuator #5 has a
resting cross-section of 0.5 x 10~ m?, and a maximal cross-section when
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fully pressurized and shortened of 3.0 x 104 2 (Hannaford and Win-
ters, 1991). Using the latter value, the force per area is 4 MPa. Without
including the mass of the pneumatic servovalve, the peak force/mass is
28 kN/kg. Using quick-release tests, Hannaford and Winters ( 1991) es-
timate the peak power/mass as 10 kW /kg.

The ROMAC actuator, which contracts by up to 50% when inflated,
can generate maximum tensions of over 300 kN/m? and peak force/mass

For pneumatic cylinders, to overcome limitations of compressibility
on bandwidth, pressure control is considerably superior to flow control.
Using active pressure sensing, Mannetje (1981) has shown that a 30 Hz
bandwidth was achieved under pressure control for a spool valve de-
sign, but only 1.25 Hy was achieved under flow control. The two-stage
servovalve design by Jacobsen et al. (1984,1985) acts mechanically as a
bressure source because of the antagonistic diaphragms; they report a
force bandwidth between 21-35 Hz, depending on the piston position
in the cylinder. Liy and Bobrow ( 1988) implemented pressure control
using active pressure sensing and a two-stage flapper-spool valve.

670 kPa (100 psi). The cylinder is 0.1 m long and has a bore diameter

with total weight of 0.168 kg. The single cylinder arrangement produces
90 N of force, while the double cylinder arrangement produces 135 N.

l:m. -
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This four-fingered hand, produced commercially by Sarcos Inc. (Salt
Lake City, Utah), is currently the highest performance device of its kind
and incorporates 32 of the electro-pneumatic actuators to drive the hand
16 DOF's (degrees of freedom).

Liu and Bobrow (1988) and Bobrow and Jabbari (1991) have in-
vestigated control methods to produce higher performance pneumatic
actuators for robot joints. Kawamura et al. (1989) implemented a PI-
type hierarchical feedback controller, which also uses pressure feedback,
for positioning. Lai et al. (1990) investigated pulse width modulation
(on-off) control of poppet valves for a Schrader Bellows 5-DOF manip-
ulator.

Two types of robots incorporating the Rubbertuator have been com-
mercialized (Inoue, 1988). The first is a horizontal multi-joint robot
called the RASC. The second is a suspended multi-joint robot arm called
the SOFT ARM which weighs a little over 30 kg and comes in two ver-
sions having 4 and 5 DOF's and a lifting capability of 1 and 3 kg respec-
tively. Suzumori et al. (1991) have developed fiber-reinforced rubber
actuators with up to 3 DOFs, and constructed a 3-fingered gripper and
a 7-DOF arm with these novel pneumatic actuators.

Pneumatic actuators have the advantage that they produce tensions
approaching muscle, have high force/mass ratios and can be fast when
the servo-valve is integral. They are also inherently compliant (because
of gas compressibility) which may be a desirable characteristic for certain

applications.

5 Shape Memory Alloy Actuators

The shape memory effect for certain alloys involves, after a mechanical
deformation, a return to an undeformed state when heated. The shape
memory effect is caused by a martensite to austenite phase transition,
which occurs progressively over a band of temperatures. By far the most
popular shape memory alloy is NiTi because of its favorable material
properties, nontoxicity and reasonable cost. In the lower temperature
martensite phase, the NiTi has low crystal symmetry and can be readily
plastically deformed. Upon heating to above the phase transition tem-
perature band, the NiTi transforms to a higher symmetry crystalline
austenite phase, having the same distribution of atoms as before the
plastic deformation (Funakubo, 1991).

The parent phase configuration of NiTi, which may be simply a
straight wire or coil spring, is achieved by holding the NiTi firmly in the
desired configuration while heating to about 500°C (i.e., the annealing
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temperature) for some time (e.g., 1 hour). The NiTj is then cooled to
above the transition temperature band and will retain its new shape.
When it is further cooled below itg transition temperatyre band it may
then be readily deformed. Heating to above the transition temperature
band will cause it to recover its shape. Recently, Tkuta et qf. (1991) have
reported an intermediate third phase under low-temperature annealing.

5.1 Characteristics

The electrical resistivity of NiTj increases by more than 20% in the
phase transition from austenite to martensite (note that over a wider
temperature range the change in resistivity is a complicated non-mono-
tonic function of temperature with hysteresis). However, within and
near to the phase transition temperature band this change in resistivity
can be effectively used to control NiTi actuators,

exceeds 200 MN/m2. The Power/mass ratio of modified NiTi fibers can
also be large, at 50 kW/kg. Figure 5(a) shows the relation between
applied stress and the peak power to mass ratio generated by a 100 mm
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Figure 4: Displacement time function for NiTi for regular and modified
fibers in response to a current pulse.

2-3% when there is full heat recovery of the heat associated with the
thermal capacity. At present no method has been devised to recover
this heat while retaining fast cycling. This is because current methods
for producing relatively fast NiTi cycling involve continuous flow of a

coolant over the NiTi.

5.2 Robotics Applications

A number of robot limbs have been constructed using NiTi fibers. For
example, Hitachi has produced a robot hand using NiTi fibers (Nakano
et al., 1984). Kuribayashi (1986) reported on an antagonistic SMA-
controlled joint. Ikuta et al. (1988) and Dario et al. (1991) have reported
novel NiTi actuated worm-like endoscopes. Bergamasco et al. (1989)
have reported experiments on an agonist-antagonist NiTi actuator for
robotic applications. Homma et al. (1989) have built a small 5-DOF
robot arm using NiTi fibers.

Many applications of NiTi use the fibers wound into the form of a
coil spring. The maximum shear strain is usually limited to 1% to avoid
fatigue. For applications requiring rotation (e.g., robotic limbs) the
two NiTi coil springs are often attached to a circular pulley to form an
antagonistic pair. A problem with this design is that as the NiTi spring
shortens, the force it generates varies, and hence so does the torque
delivered by the joint. Recently, Hirose et al. (1989) have proposed a
non-circular pulley whose shape was designed to enable the maximum
generated torque to be held constant with rotation. Table 4 shows the
basic characteristics of their NiTi actuator.

Tkuta (1990) has developed a small (30 x 40 x 14 mm, 27 g) gripper
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Figure 5: (a) Power/mass versus stress for NiTi. (b) Incremental stress
versus applied stress.

having NiTi coil spring actuators (1 mm diameter coil, 0.2 mm diam-
eter wire). The gripper response time is > 700 ms. An innovation in
this work (see also Ikuta et al., 1988) is the use of the change in resis-
tance which accompanies the martensite to austenite transformation to
directly control the NiTi. Kuribayashi and Yoshitake (1990) designed
a thin-film bimorph SMA micro actuator, where the SMA is deposited
onto a springy substrate that acts as an antagonist.

6 Polymeric Actuators
(Contractile Polymers)

Various synthetic polymers are known to convert chemical or electro-
chemical energy into mechanical energy. They include polyelectrolyte
gels, natural and synthetic rubber, and cross-linked collagen (see the
review by Tatara, 1987). Gels can swell or shrink substantially and re-
versibly under small changes in external conditions such as pH, electric
field, solvent condition, temperature, and even light (Irie, 1986).

The most promising contractile polymer in terms of strength, ro-
bustness, and response rate is currently a polyvinyl alcohol-polyacrylic
acid (PVA-PAA) copolymer. Contraction/dilation is caused by three
key forces: rubber elasticity, polymer-polymer affinity, and hydrogen
ion pressure (Caldwell, 1990). Tatara (1987) estimates that the chem-
ical to mechanical energy conversion efficiency of these gels can be as
high as 30%.

PVA-PAA polyelectrolyte gels swell in dilute (e.g., 0.05 M) NaCl

[
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Range of Motion +85 °
Angular velocity 0.28 rad/s
Maximum torque 1.1 N'm
Torque/mass 1.2 N-m/kg
Output power 6.32 W
Efficiency 5.7 %
Power/mass (NiTi) | 216.4 W/kg
Power/mass (motor) | 5.75 W/kg

Table 4: NiTi actuator developed by Hirose et al. (1989).

solution when a voltage is applied across them (see Chiarelli and De
Rossi, 1988; De Rossi et al., 1986; Chiarelli et al., 1987). De Rossi
et al. (1986) have proposed that the contraction is largely a result of
pH gradients (established by the electrode reactions), which propagate
through the gel by electrodiffusion. The resulting perturbations in the
electrostatic interactions between polyelectrolyte ionized groups cause
mechanical deformation of the gel. Acetone activation of PVA gels has
been investigated by Caldwell and Taylor (1990) and Suzuki (1991).

6.1 Characteristics

Chiarelli et al. (1987) have reported that a 10 mm wide 0.11 mm thick
strip of electrochemically activated PVA-PAA gel can generate an iso-
metric force of up to 0.1 N. This corresponds to a force density of
91 kN/m2. This is consistent with force densities as high as 125 kN/ m?
reported by De Rossi et al. (1986), who by extrapolation also predict that
1 mm thick gels should be able to reach force densities of 300 kN/ m? and
strain rates of 5 to 10 s—1. At present the contractions are very slow; for
example, the strip just mentioned in Chiarelli et al. (1987) took about
1000 s to contract to within 20% of its final maximum force.

Osada et al. (1989) and Kishi and Osada (1989) have reported work
on the contractile behavior of similar polyelectrolyte gels and recently
have reported work on these gels in the form of microparticles. The
microparticles (150 to 300 pm diameter) shrank by 90% of their vol-
ume within 50 s. Kishi and Osada (1989) predict by extrapolation that
1 pm diameter microparticles should shrink by 95% of their volume in
0.23 ms. Currently there is insufficient knowledge about the physics of
these microparticles, and further experimentation is required.

Caldwell (1990) reported that the force-velocity curve of artificial
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PVA-PAA muscle fibers is similar to that of natural muscle. The maxi-
mum power/mass was 5.8 W/kg (referred to the dry mass of the poly-
mer), much less than for muscle.

Suzuki (1991) examined methods for increasing the power density
and response time of polymeric gel films. Response time increased as
the square of film thickness; for a thin gel film 10 microns thick under
acetone control, he achieved 100 kW/m?3 and a response time of 0.2 s.

6.2 Robotics Applications

Tatara (1987) has reported a piston packed with ion-exchange resin
which contracts and expands when immersed in HCI and water respec-
tively. Contraction and expansion (swelling) was rather slow but by us-
ing small diameter resin particles the expansion step response time was
reduced to about 5 s. The force density of this piston was an impressive
2 MN/kg. Rather preliminary applications of contractile polymers to
robots are presented in the review by Tatara (1987).

Caldwell (1990) designed a gripper system employing antagonistic
polymeric actuators. Cycle times of 15 s and positional accuracy of 2°
were achieved. Suzuki (1991) constructed an artificial elbow actuator
from a bundle of hydrogel films 60 microns thick and 12 cm long, which
could raise a 2 g load in 5 s.

Although the mechanisms of various contractile polymers are quite
different from muscle, they are nevertheless more similar to muscle than
any other actuator technology. So far they suffer from having serious
fatigue problems and are too slow, but the speed of response, which is
often limited by diffusion rate, should improve dramatically with minia-
turization.

7 Piezoelectric Actuators

When forces are applied to certain crystals, they generate a charge which
is roughly proportional to the applied mechanical stress (force). Con-
versely, an applied voltage generates deformation of the crystal. Cady
(1964) has reviewed the early history of this area.

A simplified model of ceramics involves the notion of anions (—)
and cations (+) connected by springs forming a crystal lattice (Uchino,
1986). Cations move in the direction of an applied electric field while
the anions move in the opposite direction. The forces thereby gener-
ated cause lattice deformation. Piezoelectric materials have both high
and low stiffness ionic bonds (i.e., are noncentrosymmetric crystals) and
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dipoles

molecular
orientation

Figure 6: (a) Piezoelectric material terminology. (b) Piezoelectric hys-
teresis

have an induced strain vector s which is roughly proportional to the ap-
plied electric field vector E. The electromechanical coupling is direction
dependent and so is specified by a material dependent piezoelectric ten-
sor d; thus s = dE. Figure 6(a) shows the numbers assigned to each
direction in a piezoelectric material. For example, for the tensor element
ds; the subscript 3 defines the electric field direction and the subscript
1 the mechanical stress direction. s; is one of the resulting transverse
strains and s3 the longitudinal strain (in the direction of E).

Other phenomena complicate this simplified view. In particular, ad-
ditional nonlinear strains resulting from crystalline domain reorientation
cause the ubiquitous hysteresis seen in piezoelectric materials during
changes in electric field (Figure 6(b)).

7.1 Characteristics

The material constants for one particular piezoelectric ceramic NEPEC-
10 (Yano and Takahishi, 1989) are listed in Table 5. The maximum
electric field is approximately Epmq; = 106 V/m, and a comparison of
transverse and longitudinal piezoelectric effects is given in Table 6. For
this material, the strain and electromechanical conversion efficiency is
higher in the longitudinal direction than in the transverse direction. The
stress is reported as 35 MPa in the longitudinal direction.

In terms of the imposed voltage V, for a slab 10 mm on a side a rel-
atively high 10 kV would be required. To reduce the required voltage,
Yano and Takahishi (1989) report on a piezoelectric stack with inter-
leaved electrodes and piezoelectric plates that requires only 100 V for a
slab of roughly this size.

Strains from piezoelectric materials are often too small to be di-
rectly useful, and various mechanisms have been created to amplify
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LConstant name ] Symbol ] Value [ Unit ‘I
Piezoelectric constant d3; -287 | 10712 m/N
ds3 635
Elastic modulus 1 67.6 | 10° N/m?
C3 55.2
Density p 8.0 | 103 kg/m3

Table 5: Material constants for piezoelectric ceramic NEPEC-10.

| Constant name | Symbol | Value ]

Maximum strain - 81 —0.3 x 10-3
83 0.6 x 103

Electromechanical k1 0.16

conversion efficiency ks 0.46

Table 6: Comparison of transverse and longitudinal piezoelectric effects
in NEPEC-10.

these strains. Polyvinylidene fluoride (PVDF), a common ferroelectric
polymer, has been formed into a bimorph by electroding and bonding
together two strips with opposing piezoelectric expansion axes. For a
cantilever mounted piezoelectric bimorph, the unloaded deflection 6 of
the beam resulting from the applied voltage V is given by

3 L\?
5= sduV (;) (17)

where a is the width of each strip, L is the length, and d3; = 2 x 10-11
m/V for PVDF (Umetani and Suzuki, 1980). As an example, if ¢ =
0.5 mm, L =30 mm, and V = 300 V, then 6§ = 13 ym.

A linear microstepping action can be obtained from a stick-slip mech-
anism. A platform makes frictional contact with the ground, and on
the platform is a piezoelectric element and attached mass. Reaction
forces that result from rapid acceleration of the mass by the piezoelec-
tric element cause the platform to make a microstep. The mass is then
retracted slowly enough so that friction prevents return motion of the
platform. Niedermann et al, (1988) reported a small device for scanning
microscopy which can move over arbitrary distances on a plane surface
by moving in small (e.g., 10 to 150 nm) steps. Matsuda and Kaneko
(1991) report on a piezoelectric tube actuator for use in scanning tun-
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neling microscopes. The tube actuator is a cylinder that bends in two
directions and that moves a sample mounted on the end face of the
cylinder by the stick-slip phenomenon.

Yano et al. (1989) report on a two-stage cantilever mechanism for a
printer head. The amplification factor is 30, and strokes of 400 um are
achieved at 3,051 Hz with an impact force of 7.8 N.

Ultrasonic motors can be made from piezoelectrics, either of the vi-
bratory coupler type or the surface wave type (Uchino, 1986). In terms
of the vibratory coupler type, Burleigh Instruments (Fishers, NY 14453)
produce commercially an inchworm piezoelectric motor used extensively
for moving optical components. The surface wave type has recently
become popular in camera focusing mechanisms. The energy transfor-
mation efficiency is relatively low.

Piezoelectric ceramics show substantial hysteresis, and hence piezo-
electric actuators cannot be driven open-loop and accurate positioning
is required.

7.2 Robotics Applications

Umetani and Suzuki (1989) employed PVDF bimorphs to create a micro-
gripper and a 2-DOF microrobot arm. Tzou (1989) designed a two-jaw
microgripper using PVDF bimorphs. Wang et al. (1990) designed a lin-
ear micropositioner from rectangular bimorphs of PZT-5. The use of
piezoelectrics to control flexible-link manipulators has been investigated
by Tzou et al. (1989) and Jiang et al. (1991).

Lee and Arjunan (1989) designed a 3-DOF micro-motion wrist, which
utilizes a single cantilever to yield rotations of a movable platform of
0.02°. Hatamura and Morishita (1990) designed a 3-DOF linear mi-
crorobot that uses a mechanism of deformation of parallel plates. The
full-stroke displacement for each axis is 12.5 ym and the accuracy is
0.01 pm.

Higuchi et al. (1990) applied the stick-slip stepping mechanism to
design two types of microrobot joints. One was a single-DOF rotary
joint, the other a 3-DOF ball joint.

We have designed a micro-motion robot that utilizes 3-axis parallel-
drive manipulators, where each axis is a serial combination of a linear
EM motor and a piezoelectric slab attached to quartz rods (Hunter et al.,
1990). The quartz rods from each axis meet at right angles at the tip,
which contains a microgripper and force sensor. Motion occurs by beam
bending, over a volumetric dynamic range for position from 1 nm to
1 mm. The bandwidth is 686 Hz for 100 um amplitudes and 1047 Hz
for 1 ym displacements.

el
o
Vi€
al
T
fie

ne
1¢

fie

Sa
us
ha
in

pa
wlk
ke
ler
in

ty1

dec
Te;
wit

are
Ba

pin
dev
(e

rel:



Actuator Technologies for Robotics 325

8 Magnetostriction

Magnetostrictive materials change dimensions in the presence of a mag-
netic field. This effect had been thought to be a relatively small one, but
over the last 30 years rare earth alloys have been developed that show
very high maximum (magnetic saturation) magnetostrictive strains. An
alloy containing both terbium and dysprosium, Tbo.27Dyg.73Fe; g, called
Terfenol-D, has a strain of 0.002. These materials expand in a magnetic
field.

The effect, known as magnetostriction, is caused by magnetic do-
mains in the material aligning themselves with the direction of the mag-
netic field with a consequent change in material dimensions (see Clark,
1980). The magnetic field is usually generated by a coil wound around
a rod of Terfenol-D. By changing the current in the coil the magnetic
field is changed and hence the rod changes length.

8.1 Characteristics

Some of the properties of Terfenol-D are a function of the technique
used to grow the material. Recently (see Clark et al., 1989) techniques
have been developed to produce highly grain oriented rods which result
in maximal strains. Table 7 lists the basic properties of Terfenol-D. A
particular problem is the low tensile strength (Peterson et al., 1989),
which usually means that actuator designs must provide some means to
keep the Terfenol-D rod under permanant compression. The change in
length of Terfenol-D as a function of magnetic field strength is shown
in Figure 7. The large fields required to achieve 0.2% length changes
typically require water-cooled coils.

As with piezoelectric actuators such as PZT, the maximum strain
declines roughly linearly with increased force output (load). However,
Terfenol-D has a very high energy density of 14 to 25 kJ/m3 compared
with 0.7 to 1.3 kJ/m3 for PZT. Thus for high force applications, Terfenol-
D would be preferable. In actual applications, magnetic fields of 0.5 T
are employed, and forces of 2 MPa are produced (Goodfriend, 1991).
Bandwidths can exceed 2000 Hz.

For displacements larger than 0.2%, “inch-worm” type linear step-
ping actuators (sometimes called magnetoelastic wave motors) have been
developed (Kiesewetter, 1988). These motors, which move in small steps
(e.g., 10 pm), can move over substantial displacements (e.g., 50%) at
relatively low velocities (e.g., 0.01 m/s).
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Figure 7: Expansion of Terfenol-D as a function of magnetic field
strength.

Recently, hybrid Terfenol-D and PZT motors have been developed
(see Akuta, 1989) in an attempt to extract the best qualities from both
magnetostrictive and piezoelectric actuator technologies.

8.2 Robotics Applications

The use of magnetostrictive materials has largely been confined to the
construction of actuators for underwater sound generation (e.g., Butler
and Ciosek, 1980). Magnetostrictive actuators have also been built for
use in active attenuation of vibration (see Hiller et al., 1989). The only
robotics application we are aware of is the work of Fukuda et al. (1991),
who built a mobile robot for pipe inspection. A magnetic field must be
generated externally to the pipe, which is a drawback of this approach.

Long term prospects for magnetostrictive materials are promising be-
cause of the very high energy density, but various roadblocks for robotics
applications exist. Like piezoelectrics, the strains are small and must be
amplified. The wave motors mentioned above have not yet matured to
a useful point; they are currently too slow. Large coils are required to
generate the magnetic fields, and induction and heating limit the band-
width. The material is brittle and hard to machine; its tensile strength

is very low.

9 Muscle, Nature’s Actuator

Skeletal muscle fiber (a single cell), the basic unit actuator for move-
ment, is almost identical (same molecular machinery, similar diameters,
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Basic Properties of Terfenol-D

(from Edge Technologies, Iowa)
Mass density 9.250 kg/m?3
Bulk modulus 90 GN/m?
Young’s modulus 25-35 GN/m?
Tensile strength 28 MN/m?
Compressive strength 700 MN/m?
Thermal expansion 12x107% /K
Resistivity 0.6 pdm
Magnetostriction 1.5-2.0x10~6
Energy density 14-25 kJ/m3

Table 7: Properties of Terfenol-D.

same force per unit cross-section) across all mammals from the smallest
mammal (20 mm long shrew) to the largest (blue whale). It is simply
that an elephant or whale muscle has more muscle fibers in parallel than
corresponding muscles in humans, mice and shrews. Thus nature has
developed a modular actuator which is simply scaled up to produce more
force by incorporating more muscle fibers in the muscle. Longer fibers
are used where large displacements must be produced.

9.1 Characteristics

Muscle is activated by action potentials generated via nerves or directly
by electrodes. For a single muscle fiber held at constant length, a single
action potential or pulse generates a time-varying force termed a muscle
twitch (Figure 8(a)). When muscle is stimulated by a series of pulses,
the responses sum nonlinearly (labeled unfused in the figure). For a
sufficiently high stimulation rate, the force rises smoothly and remains
constant; this state is termed fused tetanus. Increasing the stimulation
rate above this tetanic rate does not result in higher forces; thus we have
a saturation nonlinearity.

When muscles contract against a load they shorten at a constant ve-
locity (except for an initial transient and for large displacements). This
constant velocity epoch is load-dependent in a characteristic manner ex-
pressed as the force-velocity relation; Figure 8(b) shows a typical force-
velocity relation (Edman, 1979). The velocity in this plot is expressed
as a strain rate because the velocity of any contracting fiber is propor-
tional to its length. The maximum speed with which a limb can move
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Figure 8: (a) Twitch, unfused, and fused tetanic responses. (b) Strain
rate and power versus stress for a tetanized muscle.

is limited by the maximum shortening velocity of the muscles driving
the limb. Muscles in different parts of the body have different maximum
shortening velocities. Muscle training (e.g., athletic activities) changes
the maximum shortening velocity of muscles.

Although muscle mechanical properties are quite nonlinear, for a
fixed activation and length these properties are well described as a
second-order linear system. In particular, muscle stiffness is propor-
tional to force (Hunter and Kearney, 1982).

The maximum force generated per unit cross-sectional area of verte-
brate muscle fibers seems to be remarkably constant at about 350 kN /m?
(Huxley, 1980).

Unlike maximal force, the maximum power (force x velocity or stress
X strain rate) generated by muscle does vary both within the same
organism as well as across animals. The maximum power is produced at
about 1/3 of the maximum strain rate (which as it happens corresponds
to a load of about 1/3 of the maximum stress the muscle can generate).
Consequently the maximum power a muscle can generate is roughly
0.1 mazrimum stress X marimum strain rate. The maximum power per
unit mass (in W/kg) is an important figure of merit for robotic actuators.
For vertebrate muscle,

Power /mass ~ 35 X strain rate
The maximum power/mass generated by the muscle fiber data plotted

in Figure 8(b) is 53 W/kg. Human muscle is typically about 50 W/kg
but can be as high as 200 W /kg for very brief periods.
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9.2 Robotics Applications

As was mentioned earlier, muscle is used by nature almost exclusively for
actuation from sub-millimeter organisms to the earth’s giants, whales.
Muscle cells can now be cultured and it is possible that in the future
muscle could be grown for use in advanced robot designs.

10 Discussion

In this article, a number of actuator technologies relevant for robotics
have been reviewed. We assemble here various actuator characteristics
for comparison. First, Table 8 compares some material properties of
the media which are the force sources for the different actuators. The
stress for EM motors is derived from the tangential force per area in
the airgap, while for hydraulic and pneumatic actuators it is the fluid
pressures. The strains for the first 3 actuators are set roughly at 0.5
to reflect rough ranges of motion of cores of linear EM motors and of
pistons in hydraulic or pneumatic linear motors.

The strain rate for linear EM motors was estimated for a 0.1 m long
motor and a typical maximum velocity of 1 m/s. The strain rate for hy-
draulic actuators was estimated from the Sarcos Dexterous Arm rotary
actuators. The pneumatic strain rate was estimated for the actuators
for the Utah/MIT Dexterous Hand. The polymeric actuator character-
istics reflect an extrapolation by De Rossi; current performance is much
worse. The strain rates for piezoelectric and magnetostrictive materials
are limited by the rate of electric or magnetic field application; the value
for piezoelectrics represents a 0.4 ms voltage ramp to 230 V (Takahishi
et al., 1983) and for magnetostriction of reported bandwidths of 2000 Hz
(Goodfriend, 1991). For single bursts of activation, it is possible to get
much higher strain rates for these actuator materials.

In terms of traditional macro-motion actuator technology, the lowest
stress by far is from electromagnetics, while pneumatics looks reason-
ably good in comparison to muscle and hydraulics is excellent. Of the
newer macro-motion actuator technologies, polymeric actuators should
have roughly the same stress as muscle and a good maximum strain
of 50%. SMA has the best stress by far, but its efficiency is low.
The strain for SMA can be up to 10%, but to avoid fatigue, strains
of 1% are preferable. The micro-motion actuators—piezoelectrics and
magnetostrictives—have very good stress characteristics, comparable to
hydraulics. Their low strains, however, present difficulties for macro-
robotic applications.

el e ———
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Actuator Stress | Strain | S.R. | M.E.
(MPa) (s~)
Electromagnetic 0.02 0.5 10 0.9
Hydraulic 20 0.5 2 0.8
Pneumatic 0.7 0.5 10 0.9
NiTi SMA 200 0.1 3 0.03
Polymeric 0.3 0.5 5 0.3
Piezoelectric 35 0.001 2 0.5
Magnetostrictive | 10 0.002 2 0.8
Muscle 0.35 0.2 2 0.3

Table 8: Material properties of actuator media. S.R. is the strain rate,
M.E. is the mechanical efficiency.

These material properties have to be incorporated into complete ac-
tuators, which may realize each material’s potential to varying degrees.
Thus a housing and bearings are required for EM motors, servovalves for
hydraulic and pneumatic actuators, cooling system for SMA, an activa-
tion system for polymerics, and motion scaling mechanisms for piezolec-
tric and magnetostrictive actuators. In Table 9, selected actuators have
been chosen to demonstrate the torque/mass and power/mass capabil-
ities realized to date. In this table, in making an overall comparison
of linear and rotary actuators, power/mass is relatively straightforward
but force/mass vs. torque/mass is not. To do so, we have converted the
force/mass of linear actuators to an equivalent torque/mass by selecting
a lever arm as follows. A maximum of 60° rotation is to be produced at
the full stroke of the linear actuator; this determines the insertion point.
The choice of 60° means that peak torque is simply the product of peak
force and maximum displacement.

Table 9 indicates that different degrees of success have been obtained
in realizing the media properties of Table 8 as actuators. The first 3 tra-
ditional robot actuator technologies are more or less near the limits of
the medium properties listed in Table 8. The (frameless) specifications
for the McGill/MIT EM motor are well placed relative to the other
listed actuator technologies. Nevertheless, hydraulic actuators continue
to have the overall best characteristics; with design advances for band-
width, intrinsic compliance, and better packaging championed by such
groups as Jacobsen and colleagues, hydraulic actuators appear to be the
actuation to beat for general macrorobotics.

The actuator characteristics for NiTi SMA and polymeric actuators
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Actuator Torque/mass | Power/mass
McGill/MIT EM Motor 15 N-m/kg 200 W /kg
Sarcos Dexterous Arm electro 120 N-m/kg 600 W /kg
hydraulic rotary actuator

Utah/MIT Dexterous Hand 20 N-m/kg 200 W /kg
electropneumatic servovalve

NiTi SMA (Hirose et al., 1989) 1 N-m/kg 6 W/kg
PVA-PAA polymeric actuator 17 N-m/kg 6 W/kg
(Caldwell, 1990)

Burleigh Instruments inchworm 3 N-m/kg 0.1 W/kg
piezoelectric motor

Magnetoelastic (magnetostrictive) 500 N-m/kg 5 W/kg
wave motor (Kiesewetter, 1988)

Human biceps muscle 20 N-m/kg 50 W/kg

Table 9: Comparison of actuator characteristics.

appear to fall far short of what should be possible, especially with regard
to power/mass. Advances in activation methods for NiTi and for poly-
meric gels should yield more favorable characteristics in the future. The
power/mass for piezoelectric and magnetostrictive actuators are low;
this reflects the problem of scaling up their very small motions. The
two-stage cantilever printhead mechanism of Yano et al. (1989) shows
some promise in this regard. The scaling problems for magnetostric-
tive actuators are more severe, and their potential for general robotics
doesn’t appear too favorable at present.

According to Table 9, muscle has reasonable characteristics relative
to other actuators, but these characteristics cannot be said to be out-
standing. One issue that casts muscle in a better light is a compact and
portable power source (the body). The issue of mobile power sources for
robotics has not been dealt with here, but it is increasingly a concern
for mobile robots and space robots.

This brief survey has necessarily sampled the domain of potential
robot actuators. We have left out important and fast-developing ar-
eas such as magnetic bearings and levitation (e.g., Hollis et al., 1991),
and micro electromechanical systems and electrostatic actuators (e.g.,
Trimmer and Jebens, 1989). Potential developments such as combustion
actuators and superconducting EM motors have also not been consid-
ered. Nevertheless, this survey has indicated the considerable progress
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in robot actuators in recent years, and hopefully has given some idea of
what might be expected in the future.
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