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gimbal selection

SCOTT SCHMIDT

recision motion-control systems have
found widespread use in a number of
broad markets. Each application re-
quires certain critical mo-
tion performance specifi-

cations that define the motion technology

or technologies best suited for the job.

In many cases, one technology becomes

an obvious choice. In other applications,

two or more competing technologies

may deserve consideration. The choice

between direct-drive and gear-driven

gimbals presents just such a comparison

based on the application.

Depending on the application, a number
of key performance characteristics are of
primary importance when selecting a po-
sitioning system (see Table 1).
Accuracy is defined as the difference between the actual
position in space and the position as determined by an
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FIGURE 1. The high load-carrying capacity of gear-driven
gimbals makes them an excellent choice for general laborato-
ry work and large-optic beam steering.

independent measure-
ment device. Position-
ing-stage accuracy is in-
fluenced by the feedback
mechanism (inductosyn,
resolver, rotary encoder),
and drive mechanism
(ball screw, lead screw,
direct-drive motor).
Repeatability is the
range of positions at-
tained when the system
is repeatedly command-
ed to one location un-
der identical conditions.
Unidirectional repeat-
ability is measured by

approaching the point from one direction, and ignores
the effects of backlash or hysteresis within the system.
Bidirectional repeatability measures the ability to re-
turn to the point from both directions.
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Application

Seeker-head
testing

Sensor
qualification

Beam steering

Primary
requirements

High accuracy

High accuracy
and repeatability

Outstanding
in-position stability

Star tracking Outstanding
velocity regulation
(sidereal rate—often
requiring very fine
resolution)

Target Fast (and variable) slew

tracking rate

Ability to change
directions quickly

Resolution, or the smallest possible
movement of a system, is also known
(somewhat misleadingly) as step
size. The feedback device determines
resolution, and in some cases, theo-
retical resolution can exceed practi-
cal resolution. For example, in a ball-
screw-based positioning system, a
theoretical resolution of 4 nm can be
obtained by combining a 4-mm/revo-
lution screw, 1000-line encoder, and
a x1000 multiplier. The actual mo-
tion system will never be able to make
a single 4-nm step due to friction,
windup, and mechanical compliance.

In-position stability is the system

“jitter” about a stable, controlled posi-
tion being maintained by the control-
ler and rotary stage. This attribute
may be influenced by mechanical
compliance in the system, as well as
servo tuning details and amplifier
(linear versus pulse-width modula-
tion) capabilities.

Velocity regulation, or the ability of
a controller and stage to closely fol-
low a commanded velocity profile, is
expressed as either a peak-to-peak or
as a root-mean-squared value. Pre-
cise definition of a timescale for this
measurement is crucial. The required

Secondary Tertiary

requirements requirements

Excellent Moderate to high

repeatability load-carrying

Ability to make capacity

rapid moves

Ability to make

rapid moves

Excellent accuracy Moderate to high

and repeatability load-carrying
capacity

Very good Moderate to high

in-position stability load-carrying
capacity

Excellent following-

error characteristics

velocity (often termed sidereal rate)
can be extremely low, requiring high-
resolution systems to avoid “staircase”
motion effects as the gimbal tracks
from one encoder position to the next
over a relatively long period of time.

Finally, following error is defined as
the difference between the command-
ed and actual positions while the axis
is moving.

Although these basic motion met-
rics define gimbal system perfor-
mance, other values are just as im-
portant. Tightly influenced by motor
holding torque, gear ratios, and bear-
ing strength, the load capacity—the
total mass that the gimbal structure
can hold or support and also effective-

Attribute Gear drive

Accuracy Moderate

Repeatability
direct encoder)

Payload capacity
on gear ratio)

Smooth scanning Moderate

Fine motion stepping
regulation

Moderate (can be better with

Can be outstanding (depends

Very smooth scanning/velocity

ly actuate—must be considered. Along
with this, the required speed, range of
motion, and duty cycle, as well as the
ability of the gimbal to withstand se-
vere environmental conditions such

as high condensing humidity, extreme
temperature ranges, vacuum, or clean-
room applications, are of critical im-
portance. And of course, the foot-
print of the gimbal must be taken into
account, considering that often the
gimbal must fit into a predefined loca-
tion such as on an optical table or in a
vacuum chamber. Motor size and ori-
entation, as well as brake and gearbox
footprints, can influence this attribute.
Although piezo-driven and belt/chain-
driven positioning solutions are con-
sidered for some unique applications,
gear- and direct-driven systems are
almost universally considered. Both
gear and direct-drive gimbal technol-
ogies have attributes that offer specific

advantages for particular uses (see
Table 2).

Gear-driven gimbals utilize a preci-
sion gear and matched worm-drive
mechanism to achieve rotary mo-
tion in the azimuth (AZ) and eleva-
tion (EL) axes (see Fig. 1). Design

and implementation flexibility are
achieved using a rotary motor to drive
the worms, allowing the designer to
choose stepper versus servomotor and
different types of encoders. The dif-

Direct drive
Very good
Outstanding

Moderate
Very good (outstanding with

linear drives)

Very good

High torque

Very good to excellent (depending
on motor sizing and gear ratios)

Moderate to good (depending
on stage/motor size)



ferent motor choices also result in a
greater range of controller and drive
choices, and can easily accommodate
fail-safe braking options. The sys-
tem can be tailored to enhance sys-
tem speed (low ratio) or drive capacity
(higher ratio) by choosing a specific
worm/gear ratio.

Geared gimbals usually represent
a cost-effective choice. The mechani-
cal linkages used within geared gim-
bals can offer very good in-position
stability. The motor is not directly driv-
ing the AZ or EL axis for either drive,
which to some extent mutes the ser-
vo-dithering motion from coupling
through the system and manifest-
ing as excessive jitter. Perhaps the
most obvious advantage offered by
this solution is in the gearing itself.
Higher load capacities, as well as the
ability to tolerate somewhat unbal-
anced loads (limited by stresses in
the gear teeth), is a natural benefit,
while excellent overall system stift-
ness is also achieved.

Although the load-multiplying ef-
fect of a geared system is attractive
for greater load-handling capability,
some specifications suffer. Backlash
effects (the portion of command-
ed motion that produces no change
in position upon reversal of travel
direction—caused by clearance be-
tween elements in the drive train) can
degrade the bidirectional repeatability
of the gimbal. The mechanical com-
pliance in this style of drive train es-
sentially prohibits quick motions and
sharp direction reversals as the con-
stituent rotary stages waste most of the
motion efforts in overcoming hyster-
esis (reversal error) and suffer from the
mechanical abuse these types of moves
would impart to the gears and linkages.
For applications requiring highly re-
peatable and accurate motion in more
than one direction of travel, such as
target tracking and some beam-steer-
ing applications, this deficiency can

rule out the use of worm-gear-driven
gimbals.

These issues can be partially solved
by using an external encoder installed
close to the axis of rotation, but this
addition sacrifices one geared-gimbal
advantage: low relative cost.

Also, thermal expansion effects, and
the corresponding degradation of sys-
tem accuracy and repeatability, will be
much more dramatic with worm drives
because of their asymmetric nature and
dissimilar materials used in their struc-
tures. Wear, lubrication, and mainte-

FIGURE 2. Compared to gear-driven gimbals,
direct-drive gimbals offer higher accuracy and
the ability to make quick movement and direc-
tion reversals. These attributes are useful for
applications such as calibration and encoder
testing, star and solar tracking, and inertial de-
vice testing.

nance issues must be considered for
worm-gear-driven gimbals to ensure
proper lubrication of the gear train over
the lifetime of the gimbal as the worm-
gear teeth wear.

Two applications that are best suited
to gear-driven gimbals are large-op-
tic beam steering and general labora-
tory duty. Large optical components
require the positioning system to have
a large load-carrying capacity, with
limited acceleration and velocity re-
quirements. The ability to use an aux-
iliary encoder with gear-driven gim-
bals mitigates backlash to some extent,
while providing high load-bearing
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capability and excellent in-position
stability. These attributes are also im-
portant in the laboratory, where the
high gear ratios and excellent stiffness
of the gear-driven gimbal can meet a
wide range of laboratory positioning
requirements.

While gear-driven gimbals rely on a
mechanical drive train to achieve mo-
tion and the resulting system stift-
ness, direct-driven solutions couple
the stages of the AZ and EL axes to
the rotary motor itself (see Fig. 2). Al-
though any type of rotary motor
can be integrated into such a gim-
bal structure, brushless motors are
the most common. The absence of
gear trains and mechanical cou-
plings eliminates position errors
caused by hysteresis, windup, and
backlash. As a result, direct-drive
achieves higher accuracy than
worm gears.

An accuracy-influencing factor in
direct-drive gimbal systems is the
directly coupled feedback device.
Rotary encoders are typically used
to track the position of each axis,
and inductosyns and resolvers can
be used to offer a higher degree of
environmental ruggedness and sta-
bility. Current encoder technology
can achieve subarcsecond accuracy,
allowing the resulting gimbal axes to
have accuracy values less than 10 arc-
seconds. The directly coupled feed-
back devices used in these gimbals al-
low bidirectional repeatability values
of around 5 to 10 arcseconds, com-
pared to ranges that are typically at
least twice that for gear-driven axes.
Because the stages of direct-driven
gimbals do not have the mechanical
windup and backlash of their gear-
driven counterparts, quick moves
and sharp direction reversals can be
made. Slew rates of 300°/s or more are
possible, compared to a maximum
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velocity of perhaps 60°/s for worm-
gear gimbals.

Despite the inherent motion per-
formance advantages of direct-drive
gimbals, some drawbacks to this tech-
nology do exist. Perhaps the most ba-
sic limitation of direct drive is the al-
lowable aperture of the motors housed
within them. Rotary gears can have
an almost arbitrarily large through-
hole, but the integral motors around
which direct-drive stages and gim-
bals are constructed essentially limit

the aperture size to about 100 mm in
all but the most unusual designs. This
constraint likely would not be con-
fining for most routine applications,
but could be limiting for those that
require clear apertures through the
base/azimuth stage for some special-
ized beam-steering or polarizer appli-
cations. Other disadvantages of direct-
drive systems are merely the inverse
of gear-driven features: load-bear-
ing capability can be less than what
might be achieved with gear-driven

solutions and direct-drive gimbals are
less able to accommodate unbalanced
loads because the motors would con-
stantly need to be engaged without
the aid of a gear system.

Applications that benefit from the
high accuracy, ability to make rapid
moves, fast (and variable) slew rate, and
excellent following-error characteris-
tics of direct-drive gimbals are missile-
seeker-head testing, sensor qualifica-
tion, beam steering, and star and target
tracking. a
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Aerotech’s Automation 3200 FireWire®-
based software-only controller offers up to
32 axes of synchronized motion through one
interface, with no degradation in
performance as axis count increases.

Aerotech manufactures a wide range of
direct-drive and gear-drive linear and rotary
stages, including air bearings, vacuum
compatible systems, and custom designs.

Aerotech AMG and AOM series gimbals
and optical mounts provide the ultimate
performance in azimuth and elevation
motion, and are available in direct-drive,
worm-gear drive, and manual versions.
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