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MICROELECTROMECHANICAL SYSTEM (MEMS) 
ANALOG ELECTRICAL ISOLATOR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation in part of US. 
patent application Ser. No. 09/406,364 ?led Sep. 28, 1999; 
Ser. No. 09/406,654 ?led Sep. 27, 1999 and Ser. No. 
09/400,125 ?led Sep. 21, 1999. 

FIELD OF THE INVENTION 

[0002] The present invention relates to electrical isolators 
and in particular to a microelectromechanical system 
(MEMS) device providing electrical isolation in the trans 
mission of analog electrical signals. 

BACKGROUND OF THE INVENTION 

[0003] Electrical isolators are used to provide electrical 
isolation betWeen circuit elements for the purposes of volt 
age level shifting, electrical noise reduction, and high volt 
age and current protection. 

[0004] Circuit elements may be considered electrically 
isolated if there is no path in Which a direct current (DC) can 
?oW betWeen them. Isolation of this kind can be obtained by 
capacitive or inductive coupling. In capacitive coupling, an 
electrical input signal is applied to one plate of a capacitor 
to transmit an electrostatic signal across an insulating dielec 
tric to a second plate at Which an output signal is developed. 
In inductive coupling, an electrical input signal is applied to 
a ?rst coil to transmit an electromagnetic ?eld across an 
insulating gap to a second coil, Which generates the isolated 
output signal. Both such isolators essentially block steady 
state or DC electrical signals. 

[0005] Such isolators, although simple, block the commu 
nication of signals that have signi?cant loW frequency 
components. Further, these isolators can introduce signi? 
cant frequency dependent attenuation and phase distortion in 
the transmitted signal. These features make such isolators 
unsuitable for many types of signals including many types of 
high-speed digital communications. 

[0006] In addition, it is sometimes desirable to provide 
high voltage (>2 kV) isolation betWeen tWo different por 
tions of a system, While maintaining a communication path 
betWeen these tWo portions. This is often true in industrial 
control applications Where it is desirable to isolate the 
sensor/actuator portions from the control portions of the 
overall system. It is also applicable to medical instrumen 
tation systems, Where it is desirable to isolate the patient 
from the voltages and currents Within the instrumentation. 

[0007] The isolation of digital signals is frequently pro 
vided by optical isolators. In an optical isolator, an input 
signal drives a light source, typically a light emitting diode 
(LED) positioned to transmit its light to a photodiode or 
phototransistor through an insulating but transparent sepa 
rator. Such a system Will readily transmit a binary signal of 
arbitrary frequency Without the distortion and attenuation 
introduced by capacitors and inductors. The optical isolator 
further provides an inherent signal limiting in the output 
through saturation of the light receiver, and signal thresh 
olding in the input, by virtue of the intrinsic LED forWard 
bias voltage. 
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[0008] Nevertheless, optical isolators have some disad 
vantages. They require a relatively expensive gallium ars 
enide (GaAs) substrate that is incompatible With other types 
of integrated circuitry and thus optical isolators often require 
separate packaging and assembly from the circuits they are 
protecting. The characteristics of the LED and photodetector 
can be dif?cult to control during fabrication, increasing the 
costs if unit-to-unit variation cannot be tolerated. The poWer 
requirements of the LED may require signal conditioning of 
the input signal before an optical isolator can be used, 
imposing yet an additional cost. While the forWard bias 
voltage of the LED provides an inherent noise thresholding, 
the threshold generally cannot be adjusted but is ?Xed by 
chemical properties of the LED materials. Accordingly, if 
different thresholds are required, additional signal condi 
tioning may be needed. Finally, the LED is a diode and thus 
limits the input signal to a single polarity unless multiple 
LEDs are used. 

[0009] It is common to process analog electrical signals 
using digital circuitry such as microprocessors. In such 
situations, the analog signal may be periodically sampled 
and the samples converted into digital Words input by an 
analog to digital converter to and processed by the 
digital circuitry. Conversely, digital Words produced by the 
digital circuitry may be converted into an analog signal 
through the use of a digital-to-analog converter (D/A) to 
provide a series of analog electrical values that may be 
?ltered into a continuous analog signal. Isolation of such 
signals at the interface to the digital circuitry is often desired 
and may be performed by placing an optical isolator in series 
With the electrical signal representing each bit of the relevant 
digital Word after the A/D converter and before the D/A 
converter. Particularly in the area of industrial controls 
Where many isolated analog signals must be processed and 
output, a large number of optical isolators are required 
rendering the isolation very costly or impractical. 

BRIEF SUMMARY OF THE INVENTION 

[0010] The present invention provides a mechanical iso 
lator manufactured using MEMS techniques and suitable for 
transmitting analog signals Without prior conversion to 
digital signals. A special fabrication process forms a micro 
scopic beam Whose ends are insulated from each other. One 
end of the beam is connected to a microscopic actuator, 
Which receives an analog input signal to move the beam in 
proportion to a generated actuator force. The other isolated 
end of the beam is attached to a sensor detecting movement 
of the beam to provide a corresponding analog value. The 
small scale of the total device provides inexpensive, fast and 
reliable response. 

[0011] Speci?cally, the present invention provides a 
microelectromechanical system (MEMS) analog isolator 
having a substrate and an element supported from the 
substrate for continuous movement betWeen a ?rst and 
second position With respect to the substrate, Where at least 
a portion of the element betWeen a ?rst and second location 
on the element is an electrical insulator to electrically isolate 
the ?rst and second locations from each other. An actuator 
attached to the ?rst portion of the element receives an input 
electrical signal and eXerts a force dependent on the input 
electrical signal urging the element toWard the second posi 
tion. Acontrol device attached to the element to eXert a force 
dependent on the displacement of the element toWard the 
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?rst position and a sensor assembly communicating With the 
second portion of the element provide an analog output 
electrical signal dependent on movement of the element 
betWeen the ?rst position and the second position. 

[0012] It is one object of the invention to produce a simple 
mechanical isolation system using MEMS techniques suit 
able for direct isolation of an analog signal overcoming the 
need for many optical isolators and further avoiding many of 
the disadvantages of current optical isolators in costs, inter 
device consistency, and incompatibility With other inte 
grated circuit components. In addition, the present invention 
requires no preconditioning of the input signal. The input 
voltage, current, or mechanical displacement can be applied 
directly to the device With no pre-processing. 

[0013] The control element may be a spring or its equiva 
lent and the sensor assembly may include a sensor providing 
the analog output electrical signal based on the amount of 
movement of the element. 

[0014] Thus another object of the invention is to provide 
the possibility of a simple open-loop analog isolator Where 
the analog signal is transmitted over an insulated beam by 
motion of the beam. 

[0015] Alternatively, the control element may be a second 
actuator attached to the element to receive a feedback 
electrical signal and exert a force dependent on the feedback 
electrical signal urging the element toWard the ?rst position. 
In this case, the sensor assembly may include a sensor 
indicating a location of the element With respect to a null 
position and an error detector receiving the output electrical 
signal to generate the feedback electrical signal so as to tend 
to restore the element to the null position. The output 
electrical signal is derived from the feedback signal. 

[0016] Another object of the invention is thus to permit a 
more complex analog isolator using feedback techniques 
Where the analog signal is transmitted as forces permitting 
minimal movement of the beam thus avoiding mechanical 
non-linearities. 

[0017] The control element may further include a third 
actuator attached to the element to receive a second feed 
back signal and exert a force dependent on the second 
feedback electrical signal urging the element toWard the 
second position. 

[0018] It is thus a further object of the invention to permit 
a feedback control of the beam alloWing feedback signals 
that may exert either a force urging the element toWard the 
?rst position or a force urging the element toWard the second 
position. 
[0019] The above described error detector may produce a 
binary electrical feedback signal indicating a position of the 
beam With respect to the null location betWeen the ?rst and 
second positions and further including a pulse Width 
demodulator circuit evaluating the duty cycle of the feed 
back signal to produce the output electrical signal. 

[0020] It is thus another object of the invention to provide 
a simple method of extracting a multi-bit digital signal from 
the isolator of the present invention. The duty cycle demodu 
lator may be a simple counting circuit. 

[0021] The actuator may be an electrostatic motor or a 
LorenZ-force motor or a pieZoelectric motor or a thermal 

expansion motor or a mechanical-displacement motor. 
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[0022] It is therefore another object of the invention to 
provide an isolator that may receive a variety of different 
electrical signals that may not be compatible With an optical 
isolator LED, for example, those having a voltage of less 
than 0.7 volts. 

[0023] Similarly, the control element may be an electro 
static motor, a LorenZ-force motor, a pieZoelectric motor, a 
thermal-expansion motor, a mechanical-displacement 
motor, or a mechanical spring. 

[0024] Thus the invention may provide both for an 
extremely simple control element that requires no electrical 
connection (eg a mechanical spring) or an adjustable 
control element that alloWs the null point of the beam to be 
freely adjusted. 

[0025] The sensor may be a capacitive sensor or a pieZo 
electric sensor or a photoelectric sensor or a resistive sensor 

or an optical sWitching sensor. 

[0026] It is therefore another object of the invention to 
provide ?exible variety of sensing techniques suitable for 
different purposes. 

[0027] In one embodiment of the invention, the element 
may be a beam attached to the substrate for sliding motion 
betWeen the ?rst and second positions. The beam may be 
supported by ?exing transverse arm pairs attached at longi 
tudinally opposed ends of the beam to extend outWard 
therefrom. 

[0028] Thus it is another object of the invention to provide 
a simple mechanism that may be implemented on a micro 
scopic scale using MEMS technologies for supporting the 
element for motion. 

[0029] The ?exing transverse arms may include a canti 
levered ?rst portion having ?rst ends attached to the beam 
and second ends attached to an elboW portion removed from 
the beam and a cantilevered second portion substantially 
parallel to the ?rst portion and having a ?rst end attached to 
the substrate proximate to the beam and a second end 
attached to the elboW portion. Further the beam and the 
transverse arms may be symmetric across a longitudinal 
beam access. 

[0030] Thus it is another object of the invention to provide 
a microscopic structure that is resistant to thermal expansion 
due to processing temperatures or to changes in the operat 
ing temperature. The symmetry ensures that the beam 
remains centered With thermal expansion While the doubling 
back of the ?exible transverse arms provides for a degree of 
stress relief. 

[0031] The ?exing transverse arms may attach to the 
substrate through a spring section alloWing angulations of 
the ends of the transverse arms With respect to the substrate. 

[0032] It is thus another object of the invention to alloW an 
effective pivoting of the ?exible transverse arms so as to 
decrease the stiffness of the beam structure. 

[0033] One embodiment of the invention may include a 
magnetic ?eld, Which may be produced by a magnet, cross 
ing the beam and at least one ?exing transverse arm may be 
conductive to an electrical signal and exert a force depen 
dent on the electrical signal urging the beam toWard a 
position. 
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[0034] It is thus another object of the invention to provide 
that the same structure used to support the beam may 
provide for its actuation or control. 

[0035] The beam may include transverse extending pri 
mary capacitor plates attached to the beam and extending 
out from the beam proximate to secondary capacitor plates. 
The effective area of the primary capacitor plates may be 
equal across the longitudinal axis of the beam and the 
capacitor plates may be attached to the beam betWeen 
attachment points of at least tWo of the ?exing transverse 
arm pairs. In one embodiment, the capacitors may include 
interdigitated ?ngers. Parallel plate capacitors Will also Work 
(although they have less linearity). 
[0036] Another object of the invention is to provide a 
method for the integration of an electrostatic motor to the 
isolator in a Way that balanced and Well-supported forces 
may be obtained. 

[0037] The primary capacitor plates may be positioned 
With respect to the secondary capacitor plates so as to draW 
the primary capacitor plates toWard the secondary capacitor 
plates on one side of the beam While to separate the primary 
capacitor plates from the secondary capacitor plates on the 
other side of the beam. Conversely, the capacitor plates may 
be positioned so that all draW together With a given motion. 

[0038] Thus it is another object of the invention to alloW 
the capacitor plates to be used as a sensor in Which a 
comparison of capacitance values reveals a position of the 
beam or as an electrostatic motor. 

[0039] The beam may include a ?rst and second micro 
machined layer, the ?rst of Which is insulating to provide the 
portion of the electrical insulator in a region Where the 
second layer is removed. 

[0040] Thus it is another object of the invention to provide 
a simple method for forming insulating and conductive 
elements required by the present invention. 

[0041] The electrical insulator of the beam may be 
betWeen the actuator and the control element or betWeen the 
control element and the sensor or both. 

[0042] It is further an object of the invention to provide 
that the controlling circuit may be placed on either side of 
the isolation or to provide redundant isolation for greater 
total isolation. 

[0043] The analog isolator may include a second sensor at 
a ?rst portion of the element to provide a second output 
electrical signal indicating movement of the element to the 
second position, the output second electrical signal being 
electrically isolated from the ?rst output electrical signal. 

[0044] Thus it is another object of the invention to provide 
for an isolator that produces a signal indicating movement of 
the beam and thus operation of the isolator from the isolated 
side. 

[0045] The isolator may further include a second actuator 
as a second portion of the element to receive a second input 
signal and exert a force dependent on the second input 
electrical signal urging the element toWard the second posi 
tion. 

[0046] Thus it is another object of the invention to provide 
for a bi-directional electrical isolator suitable for use in 
multi-level control loops or for the purpose of resetting a 
scaling factor. 
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[0047] The foregoing objects and advantages may not 
apply to all embodiments of the inventions and are not 
intended to de?ne the scope of the invention, for Which 
purpose claims are provided. In the folloWing description, 
reference is made to the accompanying draWings, Which 
form a part hereof, and in Which there is shoWn by Way of 
illustration, a preferred embodiment of the invention. Such 
embodiment also does not de?ne the scope of the invention 
and reference must be made therefore to the claims for this 
purpose. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0048] FIG. 1 is a simpli?ed block diagram of the present 
analog isolator shoWing its elements of an actuator, a control 
element and a sensor communicating along a single 
mechanical element that may move to transmit data betWeen 
the actuator and sensor and shoWing insulating portions of 
the moving element; 

[0049] FIG. 2 is a top plan vieW of one embodiment of the 
isolator of FIG. 1 using three electrostatic motors and a 
capacitive sensor shoWing support of a moving beam con 
necting these components by means of ?exible transverse 
arms and shoWing implementation of the insulating sections 
of the beam; 

[0050] FIG. 3 is a simpli?ed perspective vieW of an 
insulating section of the beam of FIG. 2 shoWing the use of 
laminated conductive and nonconductive layers and the 
removal of the conductive layer to create the insulating 
section; 
[0051] FIG. 4 is a fragmentary vieW of one transverse arm 
of FIG. 2 shoWing an optional doubling back of the arm at 
an elboW so as to provide stress relief; 

[0052] FIGS. 5a and 5b are fragmentary detailed vieWs of 
the elboW of FIG. 4 shoWing the incorporation of a spring 
alloWing angulation of the portion of the transverse arm 
attached to the beam for improved force characteristics; 

[0053] FIG. 6 is a vieW of one pair of transverse arms of 
FIG. 2 shoWing electrical separation of the arms of the pair 
to alloW a current to be imposed on the arm to create a 
LorenZ-force motor such as may be substituted for the 
electrostatic motors of FIG. 2; 

[0054] FIG. 7 is a ?gure similar to that of FIG. 1 shoWing 
the addition of a second sensor and second actuator on 
opposite ends of the beam to alloW for a bi-directional 
isolator or With the additional sensor alone, a high reliability 
isolator; and 

[0055] FIG. 8 is a detailed vieW of the sensor of FIG. 1 
and its associated processing electronics for extracting a 
digital Word from the isolator of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0056] Referring noW to FIG. 1, a MEMS analog isolator 
10 per the present invention includes an actuator 12, control 
element 14, and a sensor 18 mechanically interconnected by 
a movable beam 20. 

[0057] The actuator 12 includes terminals 22a and 22b and 
22c+22d through Which an analog electrical input signal 21 
may be received and converted into a mechanical force 
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tending to move the beam 20 in an actuation direction 24 
indicated by an arrow. In the microscopic scale of the 
MEMS analog isolator 10, the actuator may be a pieZoelec 
tric actuator, a thermal-expansion motor, a mechanical 
displacement motor, an electrostatic motor, or a LorenZ 
force motor generally knoWn in the art, the latter tWo to be 
described in more detail beloW. For a LorenZ-force motor or 

thermal-expansion motor, the analog electrical input signal 
21 Will be a current, for the piezoelectric or electrostatic 
motor, the input electrical signal Will be a voltage. 

[0058] The actuator 12 communicates With a ?rst end of 
the beam 20. An opposite end of the beam 20 is received by 
the sensor 18 Which detects movement of the beam 20 and 
through its terminals 26a and 26b and 26c+26d produces an 
electrical signal that may be measured directly or further 
processed by processing electronics 28 to produce the output 
signal 30 indicating movement of the beam 20. The sensor 
18 may be a pieZoelectric-type sensor, a photoelectric sen 
sor, a resistive sensor, an optical sWitching sensor, or a 
capacitive sensor according to techniques knoWn in the art 
of MEMS design. In the preferred embodiment, the sensor 
18 uses counterpoised movable plate capacitors as Will be 
described in more detail beloW. 

[0059] Attached to the beam 20 betWeen the actuator 12 
and the sensor 18 is the control element 14 Which provides 
both a force on the beam 20 opposite the actuation direction 
24 and tending to resist the operation of the actuator 12 or 
With the actuation direction 24 augmenting the operation of 
the actuator 12, as indicated by double headed arroWs 35. 

[0060] Absent an analog electrical input signal 21, the 
control element 14 may hold the beam 20 in a position 
toWard the sensor 18. Ideally, the control element 14 pro 
vides a force that increases With motion of the beam 20 in 
the actuation direction 24. In this Way, a simple relationship 
betWeen actuation force and movement of the beam 20 is 
generated (e.g., With a simple spring-type system). The 
MEMS analog isolator 10 provides extremely loW friction 
and inertia so this movement or force is consistent and rapid. 
Alternatively, the control element 14 may provide a rapidly 
increasing force (in a feedback system) arresting the move 
ment of the beam 20 for any actuation force. Here the 
magnitude of the arresting force provides the output signal. 

[0061] As described, the force provided by the control 
element 14 may be adjustable by varying a current or voltage 
to the structure and used in a feedback mode to essentially 
eliminate all but a small movement of the beam 20. Some 
movement of the beam 20 is necessary for the sensor 18 to 
provide the necessary countervailing feedback, but the 
movement may be reduced to an extent that non-linearities 
in the actuators and mechanical elements of the MEMS 
analog isolator 10, that might occur With more pronounced 
movement, are eliminated. Speci?cally, in this mode, the 
movement of the beam 20 is detected by processing elec 
tronics 28 to produce a position signal. The position signal 
is compared against a reference signal 29 to produce an error 
signal 31 Which is directed to the control element to produce 
a restoring force returning the beam 20 to the null point. The 
connection betWeen the error signal to the control element 
14 may be direct or may be further modi?ed by a feedback 
netWork 33 providing compensation for the system accord 
ing to Well-knoWn feedback techniques. The feedback net 
Work 33 may steer voltage to either terminals 38c and 38d 
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With a return at terminal 50 for actuation toWard the sensor 
18 or to terminals 38a and 38b With a return at terminal 50 
for actuation toWard the actuator 12 re?ecting the fact that 
the electrostatic motors provide only a single direction of 
force. 

[0062] The beam 20 includes conductive portions 32a and 
32b, located at the actuator 12 and sensor 18, respectively, 
and such as may form part of the actuator 12 or sensor 18. 
Insulating portions 34a and 34b separate conductive por 
tions 32a and 32b from a centermost conductive portion 32c 
that may be part of the control element 14; the insulating 
portions 34a and 34b thus de?ning three regions of isolation 
36a-c. The ?rst region 36a includes the actuator 12 and 
conductive portion 32a, the second region 36b includes the 
center conductive portion 32c and the control element 14, 
and the third region 36c includes the conductive portion 32b 
and sensor 18. 

[0063] The insulated beam 20 provides a mechanism by 
Which the analog electrical input signal 21 acting through 
the actuator 12 may produce a corresponding output signal 
30 at the sensor 18 electrically isolated from the analog 
electrical input signal 21. The control element 14 may be 
electrically isolated from either the input signal and/or the 
output signal 30. 

[0064] The control element 14 is preferably a LorenZ 
force motor or an electrostatic motor of a type that Will be 
described beloW. For the former of these tWo control ele 
ments, terminals 38a and 38b and return 50 are provided to 
provide a bi-directional current dictating the countervailing 
force provided by the control element 14. The direction of 
the current dictates the direction of the force. For the latter 
electrostatic structure, terminals 38a, 38b, 38c, and 38d are 
provided. Voltage is applied either to terminal pair 38a and 
38b (With reference to return 50) or to terminal pair 38c and 
38d (With respect to return 50) to determine the direction of 
the force. 

[0065] Referring noW to FIG. 2, the beam 20 may extend 
above a substrate 42 along a longitudinal axis 40 passing 
along a midline betWeen transversely opposed pylons 44 
attached to a substrate 42. The pylons form the terminals 22a 
and 22b, 38a-38a', 26a, and 26b described above. Ideally, the 
substrate 42 is an insulating substrate and thus pylons 44 are 
all mutually isolated and particular conductive layers are 
placed or Wire bonding used to make the necessary connec 
tions. 

[0066] The beam 20 is supported aWay from the substrate 
42 and held for movement along the longitudinal axis 40 by 
means of ?exing arm pairs 46 extending transversely on 
opposite sides of both ends of the beam 20 and its middle. 
The ?exing arms 46 extend aWay from the beam 20 to 
elboWs 48 transversely removed from the beam 20 on each 
side of the beam 20. The elboWs 48 in turn connect to 
expansion compensators 50, Which return to be attached to 
the substrate 42 at a point near the beam 20. As mentioned 
above, these expansion compensators are not absolutely 
required. They serve as stress relief if that is needed. The 
?exing transverse arms 46 are generally parallel to the 
expansion compensators 50 to Which they are connected. 
The ?exing transverse arms 46, elboWs 48 and expansion 
compensators are conductive to provide electrical connec 
tions betWeen the conductive portions 32a, 32b, and 32c and 
stationary electrical terminals (not shoWn). 
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[0067] Referring noW to FIG. 4, the length L1 of each 
expansion compensator 50 betWeen its point of attachment 
52 to the substrate 42 and its connection to a corresponding 
?exing transverse arm 46 at elbow 48 and the length L2 of 
the ?exing transverse arm 46 de?ned as the distance 
betWeen its connection to beam 20 and the elboW 48 are set 
to be nearly equal so that expansion caused by thermal 
effects in the ?exing transverse arm 46 is nearly or com 
pletely canceled by expansion in the expansion compensator 
50. In this Way, little tension or compression develops in the 
?exing transverse arm 46. Both the ?exing transverse arm 46 
and the expansion compensator 50 in this embodiment are 
fabricated of the same material, hoWever it Will be under 
stood that different materials may also be used and lengths 
L1 and L2 adjusted to re?ect the differences in thermal 
expansion coef?cients. Note that a doubling back of the arm 
is not required. A straight connection Will also Work. The 
doubling back of the arm is a stress-relieving feature. Stress 
in the beam Will affect the spring constant. Depending on the 
spring constant desired, and other geometric and process 
(eg substrate choice) considerations, stress relief may or 
may not be needed or desirable. 

[0068] Referring to FIG. 5a, the elboW 48 may include a 
serpentine portion 54 extending longitudinally from the 
expansion compensator 50 to its ?exing transverse arm 46. 
As shoWn in FIG. 5b, the serpentine portion 54 alloW 
angulation 0t betWeen the ?exing transverse arm 46 and 
expansion compensator 50 such as provides essentially a 
radius adjusting pivot, both decreasing the force exerted by 
the ?exing transverse arm pairs 46 on the beam 20 With 
movement of the beam 20 and decreasing the stiffness of the 
structure. 

[0069] Referring again to FIGS. 2 and 3, in betWeen the 
?exing transverse arm pairs 46 the beam 20 expands to 
create T-bars 56 ?anking insulating portion 34a and 34b. 
Insulating material 58 attached to these T-bars 56 create the 
insulating portions 34. Generally the beam 20 may be 
fabricated using Well-knoWn MEMS processing techniques 
to produce a structure suspended above the substrate 42 and 
composed of a laminated upper conductive layer 60 (for 
example polycrystalline silicon or crystalline silicon option 
ally With an upper aluminum layer) and a loWer insulating 
layer 62 such as silicon dioxide or silicon nitride. The 
insulating portions 34 may be obtained simply by etching 
aWay the upper layer in the region 34a or 34b according to 
techniques Well knoWn in the art using selective etching 
techniques. An improved method of fabricating these struc 
tures is described in US. Pat. No. 6,159,385 issued Dec. 12, 
2000 hereby incorporated by reference. The edges and 
comers of the T-bars 56 may be rounded to increase the 
breakdoWn voltage betWeen them. 

[0070] Each of the upper conductive layer 60 and loWer 
insulating layer 62 are perforated by vertically extending 
channels 64 such as assists in conducting etchant beneath the 
layers 60 and 62 to remove a sacri?cial layer that normally 
attaches layers 60 and 62 to the substrate 42 beloW according 
to techniques Well knoWn in the art. 

[0071] Referring noW to FIG. 2 again, portion 32a of the 
beam 20, such as provides a portion of the actuator 12 may 
have transversely outWardly extending, moving capacitor 
plates 66 overlapping With corresponding transversely 
inWardly extending stationary capacitor plates 68 attached to 

Sep. 23, 2004 

the pylons 44 representing terminals 22a and 22b. Each of 
the moving capacitor plates 66 and their corresponding 
stationary capacitor plates 68 may have mutually engaging 
?ngers (as opposed to being simple parallel plate capacitors) 
so as to provide for a more uniform electrostatic force over 
a greater range of longitudinal travel of the beam 20. The 
thus formed electrostatic motor operates using the attraction 
betWeen the capacitor plates 66 and 68 With the terminals 
22b and 22a connected to a more positive voltage than that 
of beam 20 (connected to terminals 22c+22a), to urge the 
beam 20 in the actuation direction 24. For this reason, 
stationary capacitor plates 68 are after the moving capacitor 
plates 66 on both sides of the beam 20 as one travels along 
the actuation direction. Capacitor plates 66 and 68 are 
cantilevered over the substrate 42 by the same under etching 
used to free the beam 20 from the substrate 42. 

[0072] The pylons 44 ?anking portion 32c of the beam 
such as form pads 38a-38a' likeWise include moving and 
stationary capacitor plates 66 and 68 in tWo distinct pairs. As 
noted, this section provides the control element 14 and as 
such, tWo electrostatic motors; one (using terminals 38c and 
38a) created to produce a force in the opposite direction of 
actuator 12 With the moving capacitor plates 66 folloWing 
the stationary capacitor plates 68 as one moves in the 
actuation direction 24 and the other (using terminals 38a and 
38b) created to produce a force in the same direction to the 
actuator 12 With the moving capacitor plates 66 preceding 
the stationary capacitor plates 68 as one moves in the 
actuation direction 24. These tWo actuators are used in 
combination to give the best possible control of the closed 
loop system. 

[0073] Referring still to FIG. 2, portion 32b of the beam 
also supports moving capacitor plates 66 and stationary 
capacitor plates 68. HoWever in this case, the capacitor 
plates do not serve the purpose of making an electrostatic 
motor but instead serve as a sensing means in Which 
variation in the capacitance betWeen the moving capacitor 
plates 66 and stationary capacitor plates 68 serves to indicate 
the position of the beam 20. In this regard, the order of the 
stationary and moving capacitor plates 66 and 68 is reversed 
on opposite sides of the beam 20. Thus, the moving capaci 
tor plates 66 precede the stationary capacitor plates 68 on a 
?rst side of the beam (the upper side as depicted in FIG. 2) 
as one moves in the actuation direction 24 (as measured 
betWeen terminal 26a and terminals 26c+26a') Whereas the 
reverse order occurs on the loWer side of the beam 20 (as 
measured betWeen terminal 26b and terminals 26c+26a'). 
Accordingly as the beam 20 moves in the actuation direction 
24, the capacitance formed by the upper moving capacitor 
plates 66 and stationary capacitor plates 68 increases While 
the capacitance formed by the loWer plates decreases. The 
point Where the value of the upper capacitance crosses the 
value of the loWer capacitance precisely de?nes a null point 
and is preferably set midWay in the travel of the beam 20. 

[0074] Techniques for comparing capacitance Well knoWn 
in the art may be used to evaluate the position of the beam 
20. One circuit for providing extremely accurate measure 
ments of these capacitances is described in co-pending 
application Ser. No. 09/677,037 ?led Sep. 29, 2000, hereby 
incorporated by reference. 

[0075] Generally, the operating structure of the MEMS 
analog isolator 10 is constructed to be symmetric about an 
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axis through the middle of the beam 20 along the longitu 
dinal axis 40 such as to better compensate the thermal 
expansions. In addition, the operating area of the plates of 
the capacitors, plates 66 and 68 on both sides of the beam 20 
for the actuator 12 and the control element 14, are made 
equal so as to be balanced. For similar reasons, the capaci 
tors of the electrostatic motors and the control element 14 
are placed betWeen ?exing transverse arm pairs 46 so as to 
better control slight amounts of torsion caused by uneven 
forces betWeen the capacitor plates 66 and 68. 

[0076] Referring noW to FIG. 6, it Will be understood that 
one or both of the electrostatic motors forming the actuator 
12 and the control element 14 described above, may be 
replaced With LorenZ-force motors 75 in Which forces are 
generated not by electrostatic attraction betWeen capacitor 
plates but by the interaction of a current With a magnetic 
?eld. In the LorenZ-force motor 75, a magnetic ?eld (eg 
with a permanent magnet, not shoWn) may be generated 
adjacent to the MEMS analog isolator 10 to produce a 
substrate-normal magnetic ?ux 70. The expansion compen 
sators 50 supporting the ?exing transverse arm 46 on 
opposite sides of the beam 20 are electrically isolated from 
each other so that a voltage may be developed across 
expansion compensators 50 to cause a current 72 to ?oW 
through the ?exing transverse arm 46. This current ?oW in 
the magnetic ?eld generated by the magnet Will produce a 
longitudinal force on the beam 20 that may act in lieu of the 
electrostatic motors. The amount of de?ection is generally 
determined by the ?ux density of the magnetic ?eld 70, the 
amount of current and the ?exibility of the ?exing transverse 
arm pairs 46 in accordance With the right hand rule. 

[0077] The LorenZ-force motors 75 are tWo quadrant, 
meaning they Will accept currents in either direction to 
produce a force With or opposed to the actuation direction 
24. Hence With LorenZ-force motors 75 (or the bi-directional 
electrostatic motor of the control element 14 described 
above), the MEMS analog isolator 10 may operate With tWo 
polarities unlike an optical isolator. 

[0078] Referring noW to FIG. 7, the actuator 12 positioned 
on beam portion 32a, may be teamed With a second sensor 
74 for sensing motion of the beam 20 and that sensor 74 may 
be used to provide isolated feedback to a device producing 
the analog electrical input signal 21 as to motion of the beam 
20 such as may be used to ensure greater reliability in the 
transmission of signals. 

[0079] Alternatively or in addition, the sensor 18 may be 
teamed With an actuator 76 having the same orientation of 
actuator 12 but positioned in isolation portion 32b. When 
actuator 76 is teamed With sensor 74, they together provide 
a bi-directional analog isolator in Which isolated signals may 
be sent from either end of the beam 20 to the other end. It 
Will be understood that another variation of this embodiment 
may eliminate the control element and instead the actuators 
76 and 12 may be used during transmission by the other 
actuator as the control element. Such a device may be useful 
in some multi-loop analog system or for scaling adjustment. 

[0080] It Will be understood With greater circuit complex 
ity that certain of the elements of the actuator 12, control 
element 14 and sensor 18 may be combined into individual 
structures and hence, these terms should be considered to 
cover the functional equivalents of the functions of actuator 
control element 14 and sensor 18 Whether or not they are 
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realiZed as individual structures or not. Further the relative 
location of the control element 14, the actuator 12 and the 
sensor 18 may be sWapped and still provide isolated signal 
transmission. 

[0081] Referring noW to FIG. 8, a digital Word output 100 
can be obtained from the sensor 18 by making use of an error 
signal 31 resulting directly from a comparison of the capaci 
tors of the sensor 18 by capacitive comparison circuit 102 of 
a type Well knoWn in the art. One such circuit for providing 
extremely accurate measurements of these capacitances in 
described in co-pending application Ser. No. 09/677,037 
?led Sep. 29, 2000, hereby incorporated by reference. As so 
con?gured, the error signal 31 (When connected to the 
control element 14) Will tend to restore the beam 20 to a null 
position dependent on the location Where the values of the 
capacitors of the sensor 18 change their relationship of 
Which is greater than the other. The output of the capacitive 
comparison circuit 102 Will generally be a duty cycle 
modulated square Wave 104 produced as the beam 20 
Wanders back and forth across the null point under the 
in?uences of the actuation force and the restoring force. The 
beam 20 provides an inertial averaging of the error signal 31 
so that its average force is proportional to the actuation 
force. Counter 106 measures the percentage of time that the 
error signal 31 is in the high state. In one embodiment, the 
output of the capacitive comparison circuit 102 may be 
logically ANDed With a high rate clock signal to cause the 
counter 106 to count up during the time the error signal 31 
is high and not otherWise. The counter may be reset peri 
odically by a second time interval signal 110. The value on 
the counter 106 just prior to the resetting Will be proportional 
to the duty cycle of the error signal 31 and therefore to the 
actuation signal. The frequency of the clock signal 108 and 
the period of the time interval signal 110 may be selected 
according to the desired resolution in the digital Word output 
100 according to methods Well knoWn in the art. 

[0082] Referring again to FIG. 2, MEMS fabrication 
alloWs that a portion of the substrate 42 may also include 
integrated circuits 73 having a number of solid-state devices 
such as may implement, for example, the capacitor sense 
circuitry described above. A number of the MEMS analog 
isolators 10 may be placed on a single integrated circuit With 
appropriate interconnects made for providing them With the 
currents required. Generally, using the MEMS analog iso 
lator 10 of the present invention, a single integrated circuit 
of arbitrary complexity, such as an industrial controller, may 
include isolators on the same substrate 42 manufactured 
concurrently With each other. These MEMS analog isolators 
10 may provide for either inputs to the remaining integrated 
circuitry in the form of a digital Word or, through the use of 
an on-board digital to analog converter, isolated analog 
outputs from the integrated circuit 73. 

[0083] It is speci?cally intended that the present invention 
not be limited to the embodiments and illustrations con 
tained herein, but that modi?ed forms of those embodiments 
including portions of the embodiments and combinations of 
elements of different embodiments also be included as come 
Within the scope of the folloWing claims. 

We claim: 
1. A microelectromechanical system (MEMS) analog 

isolator, comprising: 

a substrate; 
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an element supported from the substrate for movement 
betWeen a ?rst and second position With respect to the 
substrate, Where at least a portion of the element 
betWeen a ?rst and second location on the element is an 
electrical insulator to electrically isolate the ?rst and 
second locations from each other; 

an actuator attached to the ?rst portion of the element to 
receive an input electrical signal and exert a force 
dependent on the input electrical signal urging the 
element toWard the second position; 

a control element attached to the element to exert a force 
dependent on the displacement of the element toWard 
one of the ?rst position and the second position; and 

a sensor assembly communicating With the second portion 
of the element to provide an output electrical signal 
dependent on movement of the element betWeen the 
?rst position and the second position. 

2. The MEMS analog isolator of claim 1 Wherein the 
control element is a spring and the sensor assembly includes 
a sensor providing the analog output electrical signal. 

3. The MEMS analog isolator of claim 1 Wherein the 
control element is a second actuator attached to the element 
to receive a feedback electrical signal and exert a force 
dependent on the feedback electrical signal urging the ele 
ment toWard the ?rst position; and including 

Wherein the sensor assembly including a sensor indicating 
a location of the element With respect to a null position 
and an error detector receiving the output electrical 
signal to generate the feedback electrical signal so as to 
tend to restore the element to the null position and 
Wherein the output electrical signal is derived from the 
feedback signal. 

4. The MEMS analog isolator of claim 1 Wherein the 
control element further includes a third actuator attached to 
the element to receive a second feedback signal and exert a 
force dependent on the second feedback electrical signal 
urging the element toWard the second position; 

Whereby more complex feedback control of the element 
may be accomplished. 

5. The MEMS analog isolator of claim 3 Wherein the error 
detector produces a binary electrical feedback indicating a 
position of the beam With respect to a null location betWeen 
the ?rst and second positions and further including a pulse 
Width demodulator circuit evaluating the duty cycle of the 
feedback signal to produce the output electrical signal. 

6. The MEMS analog isolator of claim 1 Wherein the 
actuator is selected from the group consisting of: an elec 
trostatic motor, a LorenZ-force motor, a pieZoelectric motor, 
a thermal-expansion motor, and a mechanical-displacement 
motor. 

7. The MEMS analog isolator of claim 1 Wherein the 
control element is selected from the group consisting of: an 
electrostatic motor, a LorenZ-force motor, a pieZoelectric 
motor, a thermal-expansion motor, a mechanical-displace 
ment motor, and a mechanical spring. 

8. The MEMS analog isolator of claim 1 Wherein the 
sensor is selected from the group consisting of a capacitive 
sensor, a pieZoelectric sensor, a photoelectric sensor, a 
resistive sensor, or an optical sWitching sensor. 

9. The MEMS analog isolator of claim 1 Wherein the 
element is a beam attached to the substrate for sliding 
motion betWeen the ?rst and second positions. 
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10. The MEMS analog isolator of claim 8 Wherein the 
beam moves With respect to the substrate along a longitu 
dinal axis and including ?exing transverse arm pairs 
attached at longitudinally opposed ends of the beam to 
extend outWard therefrom to support the beam With respect 
to the substrate. 

11. The MEMS analog isolator of claim 9 Wherein the 
?exing transverse arms attached to the substrate at points 
proximate to the beam and Where the ?exing transverse arms 
include: 

(i) cantilevered ?rst portions having ?rst ends attached to 
the beam and second ends attached to an elboW portion 
removed from the beam; and 

(ii) cantilevered second portions substantially parallel to 
the ?rst portions and having ?rst ends attached to the 
substrate and second ends attached to the elboW por 
tion; 

Whereby expansion of the ?rst portion is offset by sub 
stantially equal expansion of the second portion so that 
the amount of stress in the beam can be controlled. 

12. The MEMS analog isolator of claim 9 Wherein the 
?exing transverse arms attach to the substrate through a 
spring section alloWing angulation of the end of the trans 
verse arm With respect to the substrate. 

13. The MEMS analog isolator of claim 9 Wherein the 
beam and transverse arms are symmetric across a longitu 
dinal axis. 

14. The MEMS analog isolator of claim 9 including 
further a magnetic ?eld crossing the beam and Wherein at 
least one ?exing transverse arm pair is conductive to receive 
an electrical signal and exert a force dependent on the 
electrical signal urging the beam toWard position. 

15. The MEMS analog isolator of claim 9 including 
transverse extending primary capacitor plates attached to the 
beam and extending outWard from the beam proximate to 
secondary capacitor plates. 

16. The MEMS analog isolator of claim 14 Wherein an 
effective area of the primary capacitor plates is equal across 
the longitudinal axis of the beam. 

17. The MEMS analog isolator of claim 14 Wherein the 
capacitor plates attach to the beam betWeen the attachment 
points of at least tWo of the ?exing transverse arm pairs. 

18. The MEMS analog isolator of claim 14 Wherein the 
primary capacitor plates are positioned With respect to the 
secondary capacitor plates so as to draW the primary capaci 
tor plates toWard the secondary capacitor plates on one side 
of the beam While to separate the primary capacitor plates 
from the secondary capacitor plates on the other side of the 
beam With a given motion. 

19. The MEMS analog isolator of claim 14 Wherein the 
primary capacitor plates are positioned With respect to the 
secondary capacitor plates so as to draW the primary capaci 
tor plates toWard the secondary capacitor plates on both 
sides of the beam With a given motion. 

20. The MEMS analog isolator of claim 1 Wherein the 
beam includes ?rst and second micro-machined layers, the 
?rst of Which is insulating to provide the portion of electrical 
insulator in a region Where the second layer is removed. 

21. The MEMS analog isolator of claim 1 Wherein the 
portion of electrical insulator of the beam is betWeen the 
actuator and the controlling device. 
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22. The MEMS analog isolator of claim 1 wherein the 
portion of electrical insulator of the beam is betWeen the 
controlling device and the sensor. 

23. An isolated circuit module comprising: 

a substrate; 

a plurality of interconnected solid-state electronic devices 
formed on the substrate into an integrated circuit hav 
ing analog input and output points; 

a mechanical analog isolator also formed on the substrate 
and electrically attached to at least one of the integrated 
circuit input and output points, the mechanical analog 
isolator including: 

a substrate; 

an element supported from the substrate for movement 
betWeen a ?rst and second position With respect to the 
substrate, Where at least a portion of the element 
betWeen a ?rst and second location on the element is an 
electrical insulator to electrically isolate the ?rst and 
second locations from each other; 

an actuator attached to the ?rst portion of the element to 
receive an input electrical signal and exert a force 
dependent on the input electrical signal urging the 
element toWard the second position; 

a control element attached to the element to exert a force 
dependent on the displacement of the element toWard 
the ?rst position; 
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a sensor assembly communicating With the second portion 
of the element to provide an output electrical signal 
dependent on movement of the element betWeen the 
?rst positions. 

24. The isolated circuit module of claim 23 Wherein the 
actuator of the mechanical analog isolator is attached to at 
least one output point of the integrated circuit Whereby the 
output electrical signal provides an isolated output for the at 
least one output point. 

25. The isolated circuit module of claim 23 Wherein the 
sensor of the mechanical analog isolator is attached to at 
least one input point of the integrated circuit Whereby the 
output electrical signal provides an isolated input to at least 
one output point. 

26. The MEMS analog isolator of claim 1 including 
further a second sensor at the ?rst portion of the element to 
provide a second output electrical signal indicating move 
ment of the element to the second position, the second 
output electrical signal being electrically isolated from the 
output electrical signal. 

27. The MEMS analog isolator of claim 26 including 
further a second actuator at the second portion of the element 
to receive a second input electrical signal and exert a force 
dependent on the second input electrical signal urging the 
element toWard the second position. 


