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ABSTRACT 

Methods for using ink-jet printing to deposit various layers 
of micro-structure devices are provided. A Wide variety of 
micro-structures may be formed using these techniques 
including, for example, many forms of MEMs structures as 
Well as other structures. 

54a 
56a 

52a 



Patent Application Publication Jan. 25, 2007 Sheet 1 0f 11 US 2007/0018532 A1 

Substrate 1 s 

Fig. 1 

12\\ /12 

14 16 14 16 14 

Substrate 1 

Fig.2 ' 

16 14 
14 14 

Substrate 1 

Fig, 3 

Substrate 1 

Fig. 4 



Patent Application Publication Jan. 25, 2007 Sheet 2 0f 11 US 2007/0018532 A1 

Substrate 1 

Fig. 6 

Substrate 1 

Fig. 7 

Substrate 1 

Fig.8 



Patent Application Publication Jan. 25, 2007 Sheet 3 0f 11 US 2007/0018532 A1 

..I 8 t a W. S .0 U S 

Substrate 1 

.10 i9 

Substrate 2 

Substrate 1 

.11 i9 F 



Patent Application Publication Jan. 25, 2007 Sheet 4 0f 11 US 2007/0018532 A1 

N24 

0 O 

C) C) C) “~22 

<3 0 0 

C) C) O 

C) 0 0 

Fig. 13 



Patent Application Publication Jan. 25, 2007 Sheet 5 0f 11 US 2007/0018532 A1 

19 

.14 Fig 



Patent Application Publication Jan. 25, 2007 Sheet 6 0f 11 US 2007/0018532 A1 

366 

400 

W /40d //34e 32 

I 

.16 i9 F 



Patent Application Publication Jan. 25, 2007 Sheet 7 0f 11 US 2007/0018532 A1 

2.9m 

www www / 

5 / 

Kwm 

/ am/ am / i 

r/ @w. 



Patent Application Publication Jan. 25, 2007 Sheet 8 0f 11 US 2007/0018532 A1 

2.9m 



Patent Application Publication Jan. 25, 2007 Sheet 9 0f 11 US 2007/0018532 A1 

Y 2.9m 

. 2.2.2.2.21.2.5...‘-.r:.1.r:...5...a...€.€>..£.€.1 I ., 

. . . . . . .. . _ . . .. _ 

.i . a. 3...... .12... .. . . ....| 1.... u 5...: ......~........... 1.. 

. . . . . . . .. .v 

12% .31... . .91.... 3.4. .1... . i..... . 2...... 3.: $ 

. . .u. . . .v . . . .N. . 1 . . .2. i . ... ,. 
. ..... . . 7. t 1r r 

iris-nil ON \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ s. 
E\ 7 E 



Patent Application Publication Jan. 25, 2007 Sheet 10 0f 11 US 2007/0018532 A1 

108 112 



Patent Application Publication Jan. 25, 2007 Sheet 11 0f 11 US 2007/0018532 A1 

122 

1 

Rows 

InEut 1'40 
\124 

Control —> Rows / 
11-20 

OutQut 
Rows 

/ 21-30 
A 120/—/ T 126~/ 

Fig. 22 



US 2007/0018532 A1 

METHOD FOR MAKING DEVICES USING INK 
JET PRINTING 

RELATED APPLICATIONS 

[0001] The present application is a divisional application 
of US. patent application Ser. No. 10/713,329, ?led Nov. 
13, 2003, Which is incorporated herein in its entirety by 
reference. 

FIELD 

[0002] The present invention relates to the fabrication of 
micro-structures, and more particularly, to methods for 
making micro-structures using ink-jet printing. 

BACKGROUND 

[0003] Much of the time and effort expended in fabricating 
micro-devices often involves the deposition and patterning 
of various materials and layers that eventually form a 
three-dimensional structure. In many cases, the various 
layers and materials are deposited and patterned using 
conventional integrated circuit processing equipment, Which 
can be expensive to purchase and maintain. In many cases, 
each layer may require the use of different equipment, Which 
can signi?cantly add to the expense in terms of increased 
production time, increased risk of contamination and/or 
mistakes, and reduced yields. 

SUMMARY 

[0004] The present invention is directed at using ink-jet 
printing to deposit various layers of a micro-structure, Which 
can signi?cantly reduce the cost and time for fabricating 
such structures. It is contemplated that a Wide variety of 
micro-structures may be formed using the methods disclosed 
herein including, for example, many forms of Micro-Elec 
tro-Mechanical Systems (MEMS) structures as Well as other 
structures. 

[0005] In one illustrative embodiment, a micro-structure 
having an opening or cavity therein is provided. In this 
illustrative embodiment, a ?rst layer is provided by ink-jet 
printing, folloWed by ink-jet printing a sacri?cial layer. A 
second layer is then provided above the sacri?cial layer, also 
by ink-jet printing. The sacri?cial layer may then be 
removed to create an open space or cavity Within the 
micro-structure. 

[0006] In some embodiment, the ?rst layer, the sacri?cial 
layer and/or the second layer may be patterned, as desired. 
For example, the sacri?cial layer may be deposited in a 
pattern that includes a number of sacri?cial layer regions, 
Where adjacent sacri?cial layer regions are separated by 
gaps. The ?rst layer may be secured to the second layer in 
the gaps. One illustrative MEMs type device that may be 
formed in this manner is an electrostatic actuator. To form 
the illustrative electrostatic actuator, an electrode layer fol 
loWed by a dielectric layer may be ink-jet printed on or 
above the ?rst layer, prior to providing the sacri?cial layer. 
LikeWise, a dielectric layer and another electrode layer may 
be ink-jet printed above the sacri?cial layer, before the 
second layer is provided. After the sacri?cial layer is 
removed, the resulting open space betWeen the dielectric 
layers may alloW the ?rst layer/?rst electrode layer/second 
dielectric layer to ?ex aWay from the second layer/second 
electrode/ second dielectric layer When subject to an expand 
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ing force. When a suf?cient voltage is applied betWeen the 
?rst and second electrode layers, an electrostatic force may 
be generated betWeen the electrode layers that pulls the ?rst 
electrode toWards the second electrode, thus providing 
mechanical actuation. The dielectric layers may help prevent 
the ?rst and second electrode layers from shorting When 
brought together. 
[0007] It is contemplated that a number of sensors may be 
provided to detect When the electrodes are brought together 
and When they are spaced apart. These sensors may be 
provided in any number of Ways, including for example, by 
ink-j et printing. Other devices, such as transistors, resistors, 
capacitors, inductors and related circuits may also be 
printed, as desired, and may be used in conjunction With the 
micro-structures discussed herein. 

[0008] In some embodiments, more than one ink-jet print 
head may be used to deposit the various materials and/or 
layers of a desired micro-structure. In one example, one siZe 
or type of ink-jet print head may be used to deposit one 
material, While another siZe or type of ink-j et print head may 
be used to deposit another material. LikeWise, since thicker 
layers may require more material to be deposited at a given 
location than thinner layers, a larger noZZle ink-j et print head 
may be used to deposit the thicker layers and a smaller 
noZZle ink-j et print head may be used to deposit the thinner 
layers. Also, a smaller noZZle ink-j et print head may be used 
to deposit layers that include smaller feature siZes, to 
achieve better resolution. For dielectric layers, an ink jet 
print head that minimiZes pin holes may be desirable. Also, 
a printing pattern that has signi?cant dot-to-dot overlap may 
be desirable, particularly When the dielectric layer must 
function as an electric insulator. 

[0009] In some embodiments, each ink-jet head is 
included in a separate ink-jet cartridge. In other embodi 
ments, more than one ink-jet head may be included in a 
single ink-jet cartridge, as desired. If more than one ink-jet 
head is provided in an ink-jet cartridge, multiple reservoirs 
may be provided. Each reservoir may contain a different 
printable material, as appropriate. 

[0010] In some embodiments, multiple ink-jet heads are 
used sequentially to deposit the various materials and/or 
layers of a micro-structure, While in other embodiments, 
multiple ink-jet heads are used simultaneously. When mul 
tiple ink-jet head are used simultaneously, the material 
deposited by one ink-jet head preferably does not overlap 
the material just deposited by another ink-jet head, as some 
time may be required for the “ink” to dry. HoWever, this is 
not required in all embodiments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIGS. 1-12 shoW in cross section an illustrative 
ink-j et printing method for fabricating an electrostatic actua 
tor array; 

[0012] FIGS. 13-14 shoW top vieWs for a device fabricated 
using the method illustrated in FIGS. 1-12; 

[0013] FIGS. 15-16 shoW in cross section another illus 
trative ink-j et printing method for fabricating an electrostatic 
actuator array; 

[0014] FIG. 17 illustrates a unit cell for an electrostatic 
actuator array in a closed state; 
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[0015] FIG. 18 illustrates a unit cell for an electrostatic 
actuator array in an expanded state; 

[0016] FIG. 19 illustrates the functioning of an electro 
static actuator array; 

[0017] FIGS. 20-21 illustrate a method for providing 
devices to detect the state of an actuator cell; and 

[0018] FIG. 22 shoWs an illustrative control scheme for an 
electrostatic array. 

DETAILED DESCRIPTION 

[0019] The following detailed description should be read 
With reference to the draWings. The draWings, Which are not 
necessarily to scale, depict illustrative embodiments and are 
not intended to limit the scope of the invention. 

[0020] FIGS. 1-12 shoW in cross-section an illustrative 
ink-j et printing method for fabricating a device including the 
use of a patterned sacri?cial layer. As shoWn in FIG. 1, the 
process begins With a substrate 10. Any suitable material 
may be used for the substrate 10 including, for example, 
polymers, plastics, silicon or other semiconductors and 
semiconductor alloys, glass, metals, etc. 

[0021] As shoWn in FIG. 2, one or more ink-jet printing 
heads 12 then deposit in a predetermined pattern a sacri?cial 
layer 14 and a device layer 16. In the illustrative embodi 
ment, the sacri?cial layer 14 and the device layer 16 are only 
applied to the desired regions, and no subtractive type 
process is used to remove unWanted regions in the gaps 
therebetWeen. HoWever, in some embodiments, a subtrac 
tive process may be used to form the patterned sacri?cial 
layer 14 and the patterned device layer 16, if desired. 

[0022] In some cases, the multiple ink-jet printing heads 
12 are used simultaneously to provide the patterned sacri 
?cial layer 14 and a patterned device layer 16. For example, 
When the patterned sacri?cial layer 14 and the patterned 
device layer 16 have different properties (i.e. the materials 
have different viscosities or are created using suspensions of 
different siZe particles), different ink-jet printing heads 12 
may be used to dispense the different materials. Also, the use 
of tWo or more ink-j et printing heads 12 may alloW for faster 
placement of thick layers of material. In some cases, mul 
tiple ink-j et printing heads 12 may be operated sequentially, 
While in other cases simultaneously, as desired. In some 
embodiments, only a single ink-jet print head may be used. 

[0023] In some embodiments, each ink-jet head is 
included in a separate ink-jet cartridge. In other embodi 
ments, more than one ink-jet head may be included in a 
single ink-jet cartridge, as desired. If more than one ink-jet 
head is provided in an ink-jet cartridge, multiple reservoirs 
may be provided. Each reservoir may contain a different 
printable material, as appropriate. 

[0024] FIG. 3 shoWs a continuation of the illustrative 
process of FIG. 2, With additional material added to the 
patterned device layer 16 and over the top of the patterned 
sacri?cial layer 14. FIG. 4 further continues the process 
from FIG. 3, Where patterned conductive layer 18 are printed 
over selected regions of the patterned device layer 16. The 
patterned device layer 16 and the patterned conductive layer 
18 may be printed simultaneously to shorten the time 
required to deposit the layers, if desired. Next, and as shoWn 
in FIG. 5, a patterned dielectric layer 20 may be provided 
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over the patterned conductive layer 18. In some embodi 
ments, the patterned device layer 16 may also be thickened 
to provide a relatively planar top surface, if desired. 

[0025] In FIG. 6, another patterned sacri?cial layer 14 is 
printed along With additional material for the patterned 
device layer 16, With the patterned sacri?cial layer 14 
printed over a portion of the patterned dielectric 20. In FIG. 
7, another patterned dielectric layer 20 is printed in the 
regions shoWn, along With more of the patterned device 
layer 16. In FIG. 8, another patterned conductive layer 18 is 
printed over a portion of the patterned dielectric layer 20, 
such that the patterned conductive layers 18, lined With the 
patterned dielectric layers 20, are positioned on either side 
of the patterned sacri?cial layer 14 as shoWn. An illustrative 
shape or pattern for the patterned conductive layers 18 as 
Well as the patterned dielectric layers 20 is shoWn and 
described further With respect to FIG. 14 beloW. 

[0026] FIG. 9 illustrates the addition of more material to 
the patterned device layer 16. FIG. 10 shoWs the addition of 
another patterned sacri?cial layer 14 along With more mate 
rial added to the patterned device layer 16. In the illustrative 
embodiment, a second substrate 22 is then added in FIG. 11. 
The second substrate 22 may be printed, groWn, or sepa 
rately provided and attached by an adhesive or the like, as 
desired. 

[0027] In the illustrative embodiment, and as shoWn in 
FIG. 12, several through holes 24 may then be created by 
laser ablation, drilling or any other suitable process. The 
patterned sacri?cial layers 14 may then be removed by a 
subtractive process to create openings or voids. 

[0028] In the illustrative embodiment, tWo electrostatic 
actuator unit cells 28a and 28b are formed by the openings 
or voids created by the removal of the patterned sacri?cial 
material. Each electrostatic actuator cell 28a and 28b 
includes a pair of electrodes formed by the pattern conduc 
tive layers 18, and the electrodes are separated by a void as 
Well as the patterned dielectric layers 20. The placement of 
several through holes Within the device is further illustrated 
by the overhead vieW shoWn in FIG. 13. 

[0029] FIG. 13 is a top vieW of the electrostatic actuator 
array of FIG. 12 taken along line B-B. A number of through 
holes 24 are shoWn at locations that intersect the sacri?cial 
layers 14. FIG. 14 is an elevation vieW taken along line A-A 
of FIG. 8. In the illustrative embodiment of FIG. 14, each 
cell is relatively long, though other con?gurations and 
shapes may be used, depending on the application. Patterned 
conductive leads 1 may also be printed, if desired. The 
patterned conductive leads 1 may, for example, extend from 
the patterned conductive layers (e.g. electrodes) to conduc 
tive leads of other actuator cells on the same or different 
layers, and/or to the edge of the substrate or some other 
location for coupling to one or more control lines, for 
example. If desired, the patterned conductive leads 1 may 
also be printed “vertically” through through-holes (not 
shoWn) to connect to buried electrodes, and/or to provide 
VIAS for multi-layer interconnect. 

[0030] For the illustrative process of FIGS. 1-12, the 
patterned device layer 16 is preferably ?exible enough so 
that When the substrates 10 and 22 are pulled apart by an 
external force, the openings formed by the removal of the 
patterned sacri?cial layer expand. In the illustrative embodi 
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ment, traces may be printed going to or from the conductive 
members 18, such that a voltage differential may be applied 
betWeen the tWo conductive members 18 of each of the 
electrostatic actuator cells 28a and 28b. When a voltage is 
applied, an attractive electrostatic force may be created 
betWeen the corresponding conductive members 18, thereby 
pulling the conductive members 18 toWard one another and 
closing the corresponding electrostatic actuator cell 2811 and 
28b. This is further illustrated beloW With reference to FIGS. 
17-1. 

[0031] FIGS. 15-16 shoW another schematic cross-sec 
tional vieW of an illustrative ink-jet printing method for 
fabricating a micro-structure, and more speci?cally, an illus 
trative three-dimensional array of electrostatic actuator cells. 
As shoWn in FIG. 15, several layers have been printed 
betWeen a ?rst substrate 30 and a second substrate 32. 
Included are a patterned device layer generally shoWn at 
34a-34e, patterned sacri?cial layers generally shoWn at 
36a-36e, patterned conductive layers generally shoWn at 
38a-38h, and patterned dielectric layers generally shoWn at 
40a-40d. The patterned dielectric layers 40a-40d are shoWn 
as one layer, but preferably each patterned dielectric layer 
40a-40d may each include tWo or more layers. As can be 
seen, the layers are patterned and printed in a three-dimen 
sional fashion to construct a three-dimensional array of 
electrostatic actuators, similar to that described above With 
respect to FIGS. 1-14, but With more unit cells in a vertical 
direction. 

[0032] FIG. 16 shoWs the addition of several through 
holes 42 that are created using laser ablation or any other 
suitable process. The through holes 42 are shoWn piercing 
all of the various layers shoWn in FIG. 15 including both 
substrates 30 and 32. In some embodiments, neither sub 
strate 30 and 32 is pierced by the through holes, but rather 
the through holes 42 are provided before adding the ?rst 
and/or second substrates 30 and 32. In any event, and in the 
illustrative embodiment, the patterned sacri?cial layers 40a 
40d are selectively removed through the through holes 42 
using any suitable process, such as a subtractive process. 
The removal of the patterned sacri?cial material 40a-40d 
leaves behind several openings or voids, such as opening or 
void 44. As a result, a number of stacked electrostatic 
actuator cells are de?ned betWeen the substrates 30 and 32. 
One such stacked electrostatic actuator cell is shoWn at 46. 

[0033] FIG. 17 shoWs in more detail the electrostatic 
actuator unit cell 46 in a closed state. The electrostatic 
actuator unit cell 46 includes ?exible layers 52a and 52b 
(e.g. device layers), dielectric layers 54a and 54b, and 
conductive or electrode layers 56a and 56b placed betWeen 
the dielectric layers 54a and 54b and the ?exible layers 52a 
and 52b. Athrough hole 58 is also shoWn. The through hole 
may be useful in removing the sacri?cial layers, as described 
above, and during actuation, may reduce ?uidic drag on 
movement of the actuator, as further described beloW. 

[0034] FIG. 18 illustrates the unit cell 46 of FIG. 17 in an 
expanded state. In the illustrative embodiment, the unit cell 
46 has been subjected to an expansion force, causing the 
?exible layers 52a and 52b to become separated to create an 
expanded cavity 60 therebetWeen. In the illustrative embodi 
ment, When the cell 46 expands as shoWn, ?uid such as air 
or other ?uid or gas, may ?ll the cavity 60 by entering the 
through hole 58. If a voltage is applied betWeen the con 
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ductive layers 56a and 56b, an electrostatic attraction force 
is created betWeen the conductive layers 56a and 56b. When 
the electrostatic force overcomes the expansion force, the 
unit cell 50 Will close, rolling from the outside of the unit 
cell 46 toWard the center. In some embodiments, the con 
ductive layers 56a and 56b extend all the Way across the unit 
cell as shoWn in FIG. 17. In other embodiments, and as 
shoWn in FIG. 18, the conductive layers only extend over an 
outer or peripheral portion of the unit cell 50. With this 
con?guration, the unit cell 50 may not completely close, as 
shoWn in FIG. 17, but instead may leave the center portion 
partially open. This may reduce stiction by maintaining a 
portion of the unit cell 50 in a partially expanded state. This 
may also reduce stiction by discouraging the creation of 
charge traps in the dielectric nearer the center of the unit cell 
50. Such charge traps may make it more di?icult to begin 
separating the tWo dielectric layers if both are relatively 
planar. 
[0035] FIG. 1 shoWs the functioning of an electrostatic 
actuation array 70. The array 70 is shoWn disposed betWeen 
a ?rst plate 72 and a second plate 74, each of Which may be 
used in forming the array 70, or the plates 72 and/ or 74 may 
receive or otherWise be attached to the substrates used in 
forming the array 70. In one embodiment, the substrate used 
in forming the array 70 may be removed and discarded, and 
the array 70 may be attached to the plates 72 and 74, Which 
may be, for example, too large or made from an unsuitable 
material, and/or not suitable for use in the fabrication 
process for the array 70. 

[0036] Anumber of unit cells are shoWn betWeen plates 72 
and 74, With some expanded cells 76 and some closed cells 
78. As shoWn in the close-up portions on the left, When a 
voltage is applied to some cells 80, the cells collapse to a 
closed state. When the voltage is removed or is beloW a 
threshold level, the cells 82 expand, especially under an 
expanding force 75 that pulls the substrates 72 and 74 apart. 

[0037] In some embodiments, there is a certain hysteresis 
to the actuation of the unit cells, because the electrostatic 
attraction forces are proportional to the distance betWeen the 
electrodes. Therefore, the voltage needed to maintain a cell 
in a closed state is typically less than the voltage required to 
collapse a cell. In operation, and in an illustrative embodi 
ment, the array 70 is ?rst pre-tensioned via expanding force 
75 such that there are at least some expanded cells 76 in the 
array 70. Then one or more voltages are selectively applied 
to some or all of the unit cells to provide actuation betWeen 
plates 72 and 74. 

[0038] In one illustrative embodiment, a polymer is used 
for the device layers that become the ?exible layers of the 
unit cells. For example, existing polymer blends such as 
MYLAR® or KAPTON® (both registered trademarks of 
E.I. du Pont de Nemours & Co., Wilmington, Del.) may be 
used and adapted to be ink-jet printed. In one embodiment, 
a polyimide layer of KAPTON® may be used. HoWever, it 
is contemplated that any suitable material may be used, 
depending on the application. 

[0039] To reduce the number of materials used, it is 
contemplated that the same material may be used for both 
the device layers and the dielectric layers. For example, a 
polymer having a high dielectric constant may be used. 
Alternatively, or in addition, the number of layers may be 
reduced by, for example, using a conductive material for at 
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least part of the device layers. In this embodiment, the 
conductive device layer may perform a dual function of a 
?exible support member and an electrode. 

[0040] More speci?cally, one illustrative embodiment 
may use 5-micron thick polymer (polyimide) layers for the 
device layers (i.e. as measured betWeen vertically stacked 
cells), l-micron thick dielectric layers, 0.1-micron thick 
conductive layers and 0.3-micron thick sacri?cial layers. 
The conductive layers may be provided by, for example, 
ink-jet printing using a suspension including nano-particles 
of gold and/or silver as the ink. In the illustrative embodi 
ment, the sacri?cial layers are preferably made from a 
material that can be selectively removed Without disturbing 
the other layers. 

[0041] In some embodiments, the selection of a particular 
ink-jet print head for a particular type of material or “ink” 
may be desirable. For example, thicker layers typically 
require more material to be placed at a given location than 
thinner layers, so a larger noZZle ink-jet print head may be 
desirable to pass the material or “ink” more quickly. Layers 
With smaller feature siZes may make use of a smaller ink-jet 
print head to achieve better resolution. For dielectric layers, 
an ink jet head that minimiZes pinholes may be used, and a 
printing pattern With signi?cant dot-to-dot overlap may be 
desired. 

[0042] In some embodiments, each ink-jet head is 
included in a separate ink-jet cartridge. In other embodi 
ments, more than one ink-jet head may be included in a 
single ink-jet cartridge, as desired. If more than one ink-jet 
head is provided in an ink-jet cartridge, multiple reservoirs 
may be provided. Each reservoir may contain a different 
printable material, as appropriate. 

[0043] In some embodiments, multiple ink-jet heads may 
be used sequentially to deposit the various materials and/or 
layers of a micro-structure, While in other embodiments, 
multiple ink-jet heads may be used simultaneously. When 
multiple ink-jet head are used simultaneously, the material 
deposited by one ink-jet head preferably does not overlap 
the material just deposited by another ink-jet head, as some 
time may be required for the “ink” to setup or dry. HoWever, 
this is not required in all embodiments. 

[0044] It is contemplated that a number of sensors may be 
provided to detect When the electrodes are brought together 
and When they are spaced apart. These sensors may be 
provided in any number of Ways, including for example, by 
ink-j et printing. Other devices, such as transistors, resistors, 
capacitors, inductors and related circuits may also be ink-jet 
printed, as desired, and may be used in conjunction With the 
micro-structures discussed herein. 

[0045] Knowledge that a cell has or has not collapsed may 
be useful in a number of Ways. For example, once it is 
determined that a cell has closed, the voltage applied may be 
reduced to discourage damage in the dielectric layers or to 
save poWer, if desired. Alternatively, or in addition, knoWing 
Whether a cell has closed can be used to observe or deter 
mine Whether the actuator is functioning properly. If a cell 
that is supposed to close does not, the applied voltage may 
be increased to cause such closure or a different or redundant 

cell may be selected to replace the malfunctioning cell. 

[0046] FIGS. 20-21 illustrate several embodiments for 
detecting the state of an actuating unit cell. A unit cell is 
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shoWn generally at 90 and includes an upper ?exible mem 
ber 92 and a loWer ?exible member 94, similar to that 
described above. Embedded or placed on the upper ?exible 
member 92 is a conductive member or gate 96, Which may 
include a conductive lead, as shoWn. Embedded or placed on 
the loWer ?exible member 94 is a doped or other conductive 
region 98, Which includes a source 100 and a drain 102, With 
a channel 104 there-betWeen. When a voltage applied 
betWeen the source 100 and drain 102, current Will not ?oW 
unless the channel 104 is subjected to a threshold electric 
?eld. When the unit cell 90 is in the open con?guration, 
there is no ?eld created in the region of the channel 104, and 
thus no current ?oWs betWeen the source 100 and drain 102. 

[0047] When a voltage is applied to the electrodes of the 
unit cell 90, the upper ?exible layer 92 snaps to the loWer 
?exible layer 94, bringing the gate 96 adjacent to the source 
100 and the drain 102. When this actuation occurs, a voltage 
supplied at the gate creates an electric ?eld in the channel 
104, thereby alloWing current to ?oW betWeen the source 
100 and drain 102, similar to a ?eld effect transistor (FET). 
Such a ?eld effect transistor may be used to sense Whether 
the cell 90 is in the open or closed position. 

[0048] A second illustrative embodiment for monitoring 
Whether the cell 90 is in the open or closed state is a 
capacitive device. In this example, a ?rst electrode 106 and 
a second electrode 108 may be provided in or on the 
dielectric 94 on opposing sides of the unit cell 90. The 
distance betWeen the electrodes 106 and 108 changes When 
the cell closes, as shoWn by vieWing FIGS. 20 and 21. 
Because capacitance is related to the distance betWeen the 
tWo capacitive electrodes, the capacitor betWeen the elec 
trodes 106 and 108 Will change from a ?rst capacitance to a 
second capacitance When the unit cell 90 closes. The capaci 
tance can be monitored by, for example, observing the 
frequency response of an RC circuit that includes the 
capacitor formed by the electrodes 106 and 108. Observing 
the capacitance (or changes in capacitance) can indicate 
Whether the unit cell 90 is open or closed. 

[0049] Another illustrative device for monitoring Whether 
a unit cell has closed may include printing a pieZo device 
110 on a portion of the unit cell 90 that stretches during 
actuation. For example, a pieZoelectric device may be 
printed in or on the dielectric layer, the ?exible layer 94 or 
any other layer as desired. A conductive trace (or traces) 
leading to the pieZoelectric device may also be provided by 
ink-jet printing. Because the traces are printed on material 
that is also provided by ink-j et printing, it is possible to route 
traces three-dimensionally more easily than With some other 
processes. If the pieZo device 110 is piezoelectric, it Will 
create a varying voltage as the cell opens and closes. If the 
pieZo device 110 is a pieZo-resistive device, then the resis 
tance Will vary as the cell opens and closes. 

[0050] Another illustrative embodiment for monitoring 
Whether a unit cell has closed may include a ?rst relay 
contact 112 on the upper ?exible layer 92 and a second relay 
contact 114 on the loWer ?exible layer 94. When the cell 90 
is in an expanded shape as shoWn in FIG. 20, the relay 
contacts 112 and 114 are separated and no current ?oWs 
therebetWeen. Once the cell collapses as shoWn in FIG. 21, 
the relay contacts may come into contact, alloWing current 
to ?oW betWeen the relay contacts. The embodiments shoWn 
in FIGS. 20-21 are merely illustrative of unit cell opening/ 
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closing sensors that may be used. These embodiments may 
be used separate from one another, or may be combined to 
provide multiple sensors, if desired. 

[0051] It is contemplated that the knowledge of Whether a 
particular cell is opened or closed may also be used to 
control the voltages that are applied to other cells. FIG. 22 
shoWs an illustrative block diagram for a controller of an 
electrostatic actuator array. An input to a control block 120 
may be a signal calling for an actuator to contract gradually 
or smoothly. The control block 120 may be provided, for 
example, by printing a logic circuit on, Within, or adjacent 
to an actuation array. In the illustrative embodiment, the 
control block 120 provides a control voltage to a ?rst roW 
block 122 of unit cells. This may cause, for example, a ?rst 
set of ten roWs of unit cells to close. Once the control block 
120 receives a signal indicating that the roWs in the ?rst roW 
block 122 have closed, the control block 120 may send a 
signal to a second roW block 124, causing a second set often 
roWs to close. After the control block 120 receives a signal 
indicating that the roWs in the second roW block 124 have 
closed, the control block 120 may send another signal to 
close the roWs in a third roW block 18. 

[0052] In some cases, When an actuation voltage is applied 
to all a group of the cells (e.g. roWs), some of the cells may 
immediately close While others may not. The cells that 
immediately close may not contribute signi?cantly to actua 
tion of the overall actuator, but rather may simply cause the 
device layers of adjacent cells to ?ex further. In some cases, 
it may be desirable to increase the actuation voltage to only 
those cells that have not immediately closed, and possibly 
reduce the actuation voltage to those cells that have already 
closed. 

[0053] The control block 120 may also send back a signal 
indicating the status of the roWs controlled by the control 
block 120. In some embodiments, a sequence of roW closing 
signals sent by the control block 120 may simply be a timed 
sequence, rather than Waiting for signals indicating that the 
roWs have closed. 

[0054] It is also contemplated that additional layers of 
material may be deposited for the purpose of improving 
device performance and/or properties. A simple example 
may include providing an adhesive betWeen layers of dis 
similar materials. For example, polyimide materials, While 
strong and ?exible and thus suitable for forming the ?exible 
device layers, may not adhere Well to certain other materials 
such as certain conductive or dielectric materials. In order to 
improve adhesion With the polyimide materials, a tie layer 
may be provided (including by ink-j et printing) betWeen the 
polyimide materials and the other conductive or dielectric 
layers, if desired. Likewise, a number of adhesion-improv 
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ing curing techniques may be used, for example, post 
processing ultraviolet light exposures, anneals, or other 
treatments, as desired. 

[0055] Those skilled in the art Will recogniZe that the 
present invention may be manifested in a variety of forms 
other than the speci?c embodiments described herein. 
Accordingly, departures in form and detail may be made 
Without departing from the scope and spirit of the present 
invention as described in the appended claims. 

What is claimed is: 
1. A method of forming an electrostatic actuator compris 

ing: 
providing a ?rst ?exible member having a ?rst electrode 

adjacent a dielectric; 

providing a second ?exible member having a second 
electrode adjacent a dielectric; 

Wherein the ?rst ?exible member and the second ?exible 
member are con?gured and connected together to 
de?ne a chamber having an open state and a closed 
state; and 

providing a sensor adjacent the ?rst ?exible member 
and/or the second ?exible member to provide an indi 
cation of Whether the chamber is in the open state or the 
closed state. 

. The method of claim 1 Wherein the sensor is a PET. 

. The method of claim 1 Wherein the sensor is a capacitor. 

. The method of claim 1 Wherein the sensor is a relay. 
5. The method of claim 1 Wherein the sensor is a pieZo 

electric element. 
6. The method of claim 1 Wherein the ?rst sensor is a 

pieZoresistive element. 
7. The method of claim 1 Wherein at least part of the 

sensor is ink-jet printed. 
8. A method for forming an electrostatic actuator that 

includes a ?exible structure having a number of electrodes, 
Wherein the ?exible structure is adapted to be expanded to 
create a number of open spaces Within the ?exible structure, 
Wherein the number of electrodes are disposed so that, When 
the ?exible structure is expanded, pairs of electrodes are 
separated by the open spaces, the method comprising the 
step of ink-jet printing at least part of the ?exible structure. 

9. The method of claim 8 comprising the step of ink-jet 
printing the electrodes. 

10. The method of claim 8 Wherein the ?exible structure 
includes ?exible layers that support the number of elec 
trodes, the method comprising the step of ink-jet printing the 
?exible layers. 
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