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REFRESHABLE TACTILE DISPLAY USING BISTABLE
ELECTROACTIVE POLYMER AND DEFORMABLE SERPENTINE
ELECTRODE

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims the benefit ander 35 U.S.C. Section 119(e) of co-pending
and commonly-assigned U.8. Provisional Patent Application Serial No 62/662,349 filed
on April 25, 2018, by Qibing Pei and Yu Qiu entitled “REFRESHABLE TACTILE
DISPLAY USING BISTABLE ELECTROACTIVE POLYMER AND DEFORMABLE
SERPENTINE ELECTRODE”, (2018-449-1}; which application is incorporated by

reference herein.

STATEMENT REGARDING
FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT

This invention was made with government support under Grant
Numbers 1638163 and 1700829, awarded by the National Science Foundation The

Government has certain rights in the invention.

TECHNICAL FIELD

The present invention relates to tactile displays and methods of fabricating the

sanie.

BACKGROUND OF THE INVENTION

{Note: This application references a number of different publications as mdicated
throughout the specification by one or more reference numbers in brackets, e g, [x]. A

hist of these different publications ordered according to these reference numbers can be
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found below in the section entitled “References.” Each of these publications is
mcorporated by reference herein.)

The interests in developing tactile interactive devices have been growing
exponentially in recent years thanks to the increasing demands in a wide range of areas
from virtual surgery training m medical technology [1-3], haptic controller of virtual
reality (VR) headset in entertainment [4,5], and telemanipulation in robotic controls
[6,7]. Tactile communication s also indispensable for people who are visually
mmpaired [8]. Unlike audible and visual means, which are restricted to specific body parts,
the sense of touch covers the entire body. Thus, by adding the sense of touch, the quality
and amount of information one can gain from a machine will be substantially enriched.
The most widely studied tactile displays are those that provide normal indentation to
user’s fingertips by vertically moving miniature pins to reproduce shape, pattern, or
textures. Despite the growing needs, there 15 only a handful of tactile display products
available on the market due to critical technological barriers. In particular, there 15 a
need for a surtable actuation mechanism that (1} can produce large deformations with
sufficiently high blocking force, (2) can be packaged at high pixel reschution, (3Yhas a
compact form factor and s hight weight, and (4} can be produced at low costs [9].

Most of the tactile devices suffer from bulky actuator structures. Piezoelectric
bimorph tactile displays exhibit a lugh blocking force n a wide frequency range {10,111
Unfortunately, these devices are large and bulky due to the encumbrance of the
cantilevers. Tactile shape displays using RC servomotors [12] have large displacement
and appropriate actuator density but are bulky (76mm x 76mm = 119mm} and
mconvenient for day to day operation. Shape memory alloy (SMA) [13] have also been
implemented n previous tactile displays. The requirement for extensive heating and
cooling steps limits the utility of the device, and raises manufacturing costs. Phase
changing materials that exhibit volume change over melting [14] or boiling {15] point were

developed as refreshable Braille cells. These devices, which require a miniature Joule
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heating electrode and a thermally msulated chamber for each dot, have complex
architecture and usually exert small stroke and force.

In recent years, dielectric elastomer actuators {DEA) have emerged as a promising
compact tactile display technology [16, 17]. Their light weight, high actuator density,
and high stroke range, offers the same performance as previous technologies but in much
more compact form factors. However, the translation of the DEA technology to the
marketplace has been shuggish, due to the high driving voltages which could cause static
shocks or even mjury. Attempts by researchers to incorporate insulating layers to seal
the DEA generally lowered the actuation performance and increased the fabrication
complexity [18-21]. We reported an alternative approach to fabricating a refreshable
Braille display using a bistable electroactive polymer (BSEP) as an electroactive
transistor [22]. The shape memory property of the BSEP allowed for separation of high
voltage elements from operators, but the device used an external heater, and the resulting
stroke was small. While mitigated 1n these designs, the concerns for high voltage were not
entirely eliminated.

In comparison to the electric stimuls, pneumatic tactile devices are usually more
stable and can provide higher force feedback. However, most pneumatic devices either
have complex structures which require individual air streams for each actuator [23] or
require electrostatic microvalves for each dot [24] Scaling up the number of actuators
while maintaining compact form factor is challenging. Recently, Besse et al. 125]
reported a 32 by 24 actuator pneumatic flexible active skin based on a shape memory
polymer (SMP). Each actuator has a diameter of 3 mm, and 15 placed on a 4-mm pitch.
The device was demonstrated as active camouflage and tactile display with a stroke of
0.4mm. The piich and the stroke do not match the requirements for Bratle text which are
typically 2.5 mim and 0.5-0.6 mm respectively.

What 1s needed then, are superior actuation mechamss for tactile displays.

Embodiments of the present invention satisty this need.

3
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SUMMARY OF THE INVENTION

A refreshable tactile display according to one or more examples illustrated herein
comprises primarily of three parts (1) a polymer membrane with stretchable conductive layer
in serpentine patterns, (2) a fluidic pressure chamber connected to a fluidic pressure source,
and (3) a rigid membrane comprising one or more through holes. In various examples, each
through hole on the rigid membrane defines a tactile pixel area, and aligns with the
conductive layer.

In one or more examples, the polymer membrane 15 relatively rigid at ambient
femperature, possesses a tensile modulus m the range of 100 MPa to 10 GPa, and tums into a
soft and stretchable elastomer at elevated temperature (e g., above a transition temperature)
with a modulus in the range of 10 kPa to 10 MPa. In various examples, the transition
temperature of the polymer membrane 1s higher than 40°C but lower than 70°C.

In one or more examples, the conductive layer is deposited on the polymer membrane
by printing, spraying, or casting, and can be heated due to a voltage between two separated
pomts on the conductive layer.

In one or more examples, the fluidic pressure comprises pneumatic pressure caused
by compressed gas, a pneumatic purmp, or compressed vapor due to hquid evaporation. In
one or more further examples, the fluidic pressure comprises liquadous pressure caused by
compressed liquid, a liquid pump, or hiquid volume change due to phase change or
temperature change.

In various examples, the rigid membrane is laminated to the polymer membrane,

The refreshable tactile display starts with a relatively flat surface and then can be
electrically controlied to soften the polymer membrane at one or multiple pixel areas by
applying voltage on the conductive layer to generate Joule heat. The softened areas of the
polymer membrane are then deformed by the tluidic pressure source. The deformation of the

polymer membrane 1s out of plane such that part of the tactile pixel surface is raised above

4
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the plane of the polymer membrane. The deformation can be maintained at ambient
temperature, and can be recovered by raising temperature at the deformed area to above the
softening temperature of the polymer membrane.

In one example, a 4x4 portable refreshable tactile display with Braille standard
resolution has been demonstrated using a polymer membrane comprising BS80-AAS. The
steep modulus change of the BS80-AAS over a narrow temperature range achieves the
device with high blocking force of over S0g and large displacement of 0. 7mm. The “P3R”
fabrication process of Prestretch-Pattern-Protect-Release 1s effective to form a highly
compliant serpentine-patterned CNT (8-CNT) electrode in wrinkled topography  with
resistance-consistence up to 188% area strain. The electrode can soften the BSEP film at
30V in less than 1s. This patterning process 1s also applicable for larger surface area with
more taxels, while keep in compact form factor. The simple architecture of the tactile
display ensures an easvy and low-cost fabrication.

The display can be embodied in many ways including, but not limuted to, the
following.

1. A refreshable tactile display unit comprising:

a) a polymer membrane comprising a polymer which 1s relatively rigid at an
ambient temperature and 10 a rubbery state at an elevated temperature, wherein a nigid-to-
soft transition of the polymer occurs within a temperature range narrower than 10 °C;

b) a fhudic pressure chamber, wherein the fluidic pressure chamber applies fluidic
pressure, generated from a fluidic pressure source, to the polymer membrane;

d) a conductive layer including one or more heating elements coupled to the
polymer membrane; and

e} a rigid membrane comprising one or more through holes, wherein:

the polymer membrane deforms through the one or more through holes in

response to!
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one or more of the heating elements heating the polymer membrane to the
elevated temperature so as to form a softened polymer membrane in the rubbery state,
and

the fluidic pressure source applying the fluidic pressure to the softened polymer

membrane so as to deform the polymer membrane.

2. The unit of claim 1, wherein the polymer is the histable electroactive
polymer (BSEP) comprising a combination of steary] acrylate (SA), urethane diacrylate
(UDA), acrvlic acid (AA), tnimethylolpropane triacrvlate (TMPTA), 2,2-Dirsethoxy-2-
phenylacetophenone (DMPA), and benzophenone (BP),

3. The unit of claim 1, wherein the polymer is the bistable electroactive
polvmer (BSEP) comprising 80 parts of stearyl acrylate (SA) by weight, 20 parts of UDA
by weight, 5 parts of acrylic acid (AA) by weight, 1.3 parts of trimethylolpropane
triacrylate {TMPTA) by weight, 0.25 parts of 2,2-Dhimethoxy-2- phenylacetophenone

(DMPA) by weight, and 0.125 parts of benzophenone {BP) by weight.

4, The unit of clause 1, wherein the polyvmer 1s a bistable electroactive
polymer {(BSEP) comprising 40-80 parts of steary] acrylate (SA} by weight, 20-60 parts
of UDA by weight, 5-15 parts of acrylic acid (AA) by weight, 0.25-1.5 parts of
trimethylolpropane triacrylate (TMPTA) by weight, 6.125-0.75 parts of 2,2-Dimethoxy-
2- phenylacetophenone (BMPA) by weight, and 0.0075-0.2 parts of benzophenone (BP)
by weight.

5. The unit of clause 1, wherein the polymer is a bistable electroactive

polymer (BSEP) comprising a combination of tert-butyl acrylate {(TBA), urethane
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diacrylate (UDA), ethoxylated trimethylolpropane triacrylate (ETMPTA), and 2,2-
Dimethoxy-2- phenylacetophenone (DMPA).

6. The unit of clause 1, wherein the polymer is a bistable electroactive
polymer (BSEP) comprising 90-110 parts of tert-butyl acrylate (TBA) by weight, 5-25
parts urethane diacrylate (UDA} by weight, 1-5 parts ethoxylated trimethylolpropane
triacrylate (ETMPTA)} by weight, and 0.25-1.5 parts 2,2-Dimethoxy-2-

phenylacetophenone (DMPA) by weight.

7. The unit of any of the clauses 1-6, wherein the polymer membrane:

has a tensile modulus greater than 100 megapascals (MPa) but less than 10
gigapascals (GPa) at the ambient temperature; and

has a tensile modulus of greater than 10 kPa but less than 10 MPa at the elevated

temperature.

8. The unut of any of the clauses 1-7, wherein the polymer membrane has a

rigid-to-soft transition temperature higher than 40°C but lower than 70°C.

9. The unit of any of the clauses 1-8, wherein the fluidic pressure comprises
poneumatic pressure caused by compressed gas, a pneumatic pump, or compressed vapor

due to liquid evaporation.

10. The unit of any of the clauses 1-8, wherein the fhudic pressure comprises
hiquidous pressure caused by compressed liquid, a hiquid pump, or a hiquad volume

change due to a phase change or a temperature change.



WO 2020/013902 PCT/US2019/029079

11 The unit of any of the clauses 1-10, wherein the fluidic pressure chamber

is rigid.

12. The unit of any of the clauses 1-10, wherein the flidic pressure chamber

1s flexible.

13. The unit of any of the clauses 1-12, wherein the conductive laveris a

coating on the polymer membrane.

14, The unit of any of the clauses 1-13, wheremn the conductive layer 15

deposited by printing, spraving, or casting.

is. The unit of any of the clauses 1-14, wherein the conductive layer 1s

heated when a voltage is applied between two separated points on the conductive layer.

16, The untt of any of the clauses 1-15, wherein each of the heating elements

comprises a serpentine pattern.
17. The untt of any of the clauses 1-16, wherein each of the through holes
defines a tactile pixel area and s aligned with a heating element in the conductive laver

so that the heating element provides local heating of the polymer membrane.

138. The unit of any of the clauses 1-17, wherein the rigid membrane is

laminated on the polymer membrane.

19 A refreshable tactile display, comprising:
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a plurality of tactile pixels each controlled by softening a surface area of a
polymer membrane, wherein the polymer membrane is relatively rigid at ambient
temperature and in a softened state at an elevated temperature;

a conductive laver including a plurality of heating elements, each of the heating
elements coupled to a different one of the surface areas of the polymer membrane; and

a rigid membrane comprising through holes, each of the through holes aligned
with one of the heating elements, wheremn:

the softening of the polymer membrane is controlled by applying a voltage across
one or more of the heating elements, 50 as 1o heat one or more of the surface areas of the
polymer membrane to the elevated temperature and into the softened state;

the one or more surface areas in the softened state are deformed out of a plane of
the polymer membrane into a deformed state by a fluidic pressure generated using a
fluidic pressure source, such that part of the tactile pixel coupled to the surface area
associated with the tactile pixel is raised above a plane including the through holes;

the deformed state 15 maintamed at the ambient temperature; and

deformation in the deformed state 1s recovered by raising a temperature of the one
or more surface areas m the deformed state to above a softening temperature at which the

polymer membrane softens.

20. The refreshable tactile display of clause 19, wherein the polymer
membrane:

comprises a phase changing polymer exhibiting a tenstle modulus change by at
least two orders of magnitude in a temperature range of less than 10°C;

possesses a tensile modulus of at least 100 MPa at room temperature to provide a
high blocking force, and

becomes rubbery with tensile modulus less than to 1MPa at the elevated

temperature; and

9
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has a thickness greater than 10 um.

21 The refreshable tactile display of clauses 19 or 20, wherein:

the conductive layer comprises one or more conductive materials selected from
the group of single walled carbon nanotube, multiwalled carbon nanotube, graphite
power, graphene, metal nanowires, metal nanoparticles, thin coating of a metal or alloy,
thin conducting polymer coating, conducting polymer nanofibers,

each heating element covers one of the surface areas comprising a circular area
with diameter larger than 0.1 mum but less than 10 mm,

each heating element aligns with one of the through holes, comprising a circular
through hole, on the rigid membrane,

the rigid membrane comprises a chamber cover for a fluidic pressure chamber
connected to the fluidic pressure source, the fluidic pressure chamber transferring or

applying the fluidic pressure to the polymer membrane.

22, The display of clause 21, wherein the carbon nanotubes are embedded in a

polymer layer.

23. The display of any of the clauses 19-22, wheremn each of the heating

elements comprise a serpentine pattern.

24, The display of any of the clauses 19-22, wherein the tactile pixels have a

relatively flat surface.

25. The display of clause 19, wherein the polymer membrane comprises a

combination of stearyl acrylate (SA), urethane diacrylate (UDA)}, acrvlic acid (AA),

10
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trimethylolpropane triacrylate (TMPTA), 2,2-Dimethoxy-2- phenylacetophenone

(DMPA), and benzophenone (BP).

26. The display or unit of any of the clauses 1-25, wherein deformation of the
polymer membrane actuates one or more pixels by displacing one or more pins in the one

or more through holes.

27. The display or unit of any of the clauses 1-26, wherein Joule heating of

the conductive layer softens the polymer membrane.

28. The display or unit of any of the clauses 1-27, wherein the polymer layer
and the conductive layer form a interpenetrating compostte (the polymer layer and the

conductive layer interpenetrate).

29, A method of making the refreshable tactile display, comprisimg:

a} stretching a softened polymer membrane and maimntaiming deformation of the
softened polymer membrane when the polymer membrane 1s cooled to ambient
temperature,

b} spraying a dispersion of carbon nanotubes {CNTs} in a solvent onto the
deformed ngid polymer membrane through a shadow mask which has one or more
serpentine shaped cutout pattern(s), so as to form a carbon nanotube coating on the
deformed rigid polymer membrane;

¢} spraying a solution comprising a polymer or polymer precursor on top of the
carbon nanotube coating; and

d) ) releasing the deformation of the stretched polvmer membrane at elevated

temperature, and cooling down to ambient temperature.

11
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30. A method of making a refreshable tactile display, comprising:

a) forming a coating of carbon nanotubes on a release substrate;

b) patterning the coating into serpentine shapes by laser ablation;

¢} applying a polymer precursor layer over the coating;

d) curing the polymer precursor layer, forming a cured polymer layer; and

) separating the cured polymer layer from the release substrate.

31 A bistable electroactive polymer, comprising a combination of stearyl
acrylate (SA), vrethane diacrylate (UDA), acryhic acid (A A), trimethylolpropane
triacrylate (TMPTA), 2,2-Dimethoxy-2- phenylacetophenone (DMPA), and

benzophenone (BP).
32 A bistable electroactive polymer (BSEP) comprising a combination of
tert-butyl acrylate (TBA), urethane diacrylate (UDA), ethoxylated trimethylolpropane

triacrylate (ETMPTA), and 2,2-Dimethoxy-2~ phenviacetophenone {DMPA}.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the drawings m which like reference numbers represent
corresponding parts throughout:

FiGs. 1A-1D. A compact tactile display according to one or more embodiments of
the present invention. FIG. 1A 18 a Schematic of the layered structure of a 4x4 pixel
array. FIG. 1B is a cross sectional view of the working mechanism. The taxels, with
Braille size (1), are individually actuated by softening (50°C) and deforming the BSEP in
the corresponding area (11}, The deformation s then maintained without any energy nput
when the BSEP film cools below 40°C (HI). The original shape is recovered by reheating
the BSEP (IV). FIG. 1C illustrates demonstration of a 4x4 tactile display showing “U”,
“C7 L7, “A”. FIG. 1D shows photographs of a 4x4 tactile display in the flat state (left)

12
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and all actuated state (right). Both states are stable without any external energy input. The
scale bar represents 2mm.

FIG. 2A. Schematic illustration of the fabrication process of the BSEP film with a
serpentine carbon nanotube (CNT) Joule heating electrode. (1) Prestretch: the BSEP film
is prestretched biaxially at elevated temperature and then cooled down. (I1) Pattern: a
carbon nanotube solution is spray coated on the prestretched BSEP through a shadow
and cured, forming a CNT-poly{UDA) interpenetrating composite. (IV) Release: the
prestrain 1s released by softening the BSEP film.

FIG. 2B. Optical microscopic images of the BSEP active layer with (above) and
without (bottom) the poly(UDA) layer. The scale bar represents 0. 1mm.

FIG. 2C. Schematic illustration of shape memory mechanism of phase changing
BSEP.

FIG. 2D, Chemical structures of monomers and initiators used for the synthesis of
BSBO-AAS,

FIGs. 3A-3D. Mechanical properties of BS80-AAS. FIG. 3A shows the sharp
change of storage modulus and loss factor with respect to temperature. FIG. 3B shows
cyelic tensile loading-unloading tests of BSB0-AAS under different stretch ratio with
strain rate of 0.01/s. FIG. 3C shows measured {symbols) and simulated {dashed curves)
blocking force required to completely press down an actuated BS80-AAS taxel with
different displacement. The thickness of the un-deformed BSEP films ranges from 40um
to 170um. FIG. 3D shows a rigid BSEP taxel with 90um thick BSEP capable of
deforming a user’s fingertip (upper left) and supporting a 25g min: stapler (down left),
and a schematic illustration of measured blocking force {(right).

FIG. 3E(1}-(111). Shape memory demonstration of a BS80-AAS film i #ts original

shape {1}, deformed with 100% linear strain via a heating-stretching-cooling procedure
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{11}, and recovered to original shape (i11). All shapes are rigid and free-standing. The scale
bar represents Tom.

FIG. 3F. Tensile stress-strain response of two different BSEP films (BS80-AAS
and BS80) at 50°C.

FIG. 3G Measured (symbols) and simulated {dashed curves) internal air pressure
needed to actuate a softened BSEP taxel to different heights. The thickness of the BSEP
films ranges from 40um to 170um.

FIG. 3H Teunsile test comparison of poly(UUDA), BSE0-AAS, and BS8U-AA3/poly(UDA)
corapostie. The composite film was made by spraviag and curtag a thin layer of polv(UDA) (5
wm ) on a 90 pm BS8O-AAS.

FIG. 31 Storage modulus measurements of the three materials at room temperature (RT)
and 30 °C high temperature (HT).

FIG. 4A-4E. Performance of S-CNT Joule heating electrode. FIG. 4A shows
relative resistance variation of a serpentine CNT electrode under different area expansion.
FIG. 4B shows hifetime test on a serpentine CNT Joule heating electrode with 100% area
expansion deforming and releasing cycle at a frequency of 0.8Hz for over 100,000 cycles.
The nsets show the serpentine CNT electrode retaming the continuous electrode line (up
left and up night, scale bar 0. 2mm) and stable heating (down left and down right, scale
bar 1mm) after the cycling test. FIG. 4C 15 a comparison of heating performance of
mmportant siretchable Joule heating films with respect to heating rate, stretchability, and
resistance consistency. Heating rates of the hiterature films were calculated from reported
temperature versus time curve under the highest voltage provided. If not specified n the
hiterature, stretchability was defined as the stretch ratio when the resistance mcreases by
20%. The resistance consistency was obtained by mitial resistance over the resistance
after a stretch-release cycle. FIG. 4D 13 a demonstration of a one-cell Braille device
showing “U” “C” “L” “A” 1n Braille characters with mfrared images of the

corresponding S-CNT Joule heating electrode shown to the left. The scale bars are Zmm.

14
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FIG. 4E shows testing of the adhesion of CNT on different BSEP films (BS80-AAS and
BS80) using Kapton™ tape.

FIG. SA-SE. THustration (FIG. SA, FIG. 5B) and simulated (FIG. 5C, FIG. 5D}
results of current density distribution in serpentine shaped and round shaped electrodes.
The widths of the red dotted hines in FIG. SA and FIG. 5B indicate relative current
density. FIG. 5E Transient temperature responses of the electrodes at 30 V. Insets in FIG.
5E are infrared camera images of the heated electrode areas. The scale bar 15 2 mm.

FIG. 6A Temperature profiles of S-CNT electrode under different voltage
supplied. Downward arrows indicate when heating voltage 1s removed. The “Softening”
line indicate the terperature above which the polymer 1s soft, and the “Stiffening” hine
mdicates the teraperature below which the polymer 1s stiff.,

FIG. 6B. Raised height and temperature of a taxel as a function of time during a
bistable actuation.

FIG. 7A. Flowchart illustrating methods of making a tactile display according to
embodiments of the present invention.

FIG. 7B. Flowchart illustrating another method of making a tactile display
according to embodiments of the present invention.

FIG. 7C. Flowchart illustrating vet another method of making a tactile display
according to embodiments of the present invention.

FiGs. 8A-8B. Schematic illustration of the proposed PolyPad, a Braille electronic
reader packaged as a (FIG. 8A) smartphone or (FI(3. 8B) tablet case, to respectively
display 5%15 and 10*30 Braille cells. The side panels on the phone case fold behind the
Braille display to stay within the sithouetie of the smartphone. The pump 1s placed on the
right-side panel and protrudes 0.5 cm from the surface of the case when folded. The
tablet case folds by extending and folding the three-piece tnangular structure, which

supports the tablet, onto the Braille display. The pump 1s placed on the center of the three
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support panels, and a similar 0.5 cm protrusion will be present when in the folded
configuration.

FIG. 9A. Schematic of the actuation of a BSEP polymer. The BSEP can be
actuated to any rigid shape mtermediate between A and D reversibly and repeatedly. FIG.
9B. Modulus change with temperature of 5 different BSEP polymer compositions.

FIG. 10A-10C. Schematic of a Braille PolyPad (not to scale). FIG. 10A shows
layered structure of a 4 x 10 Braille cell display. FIG. 10B is a cross sectional view of the
working mechansm (I}, The taxels are individually actuated in the active areas (I1). The
deformation is then maintained without any energy input at ambient temperature (I11).
The original shape is recovered by reheating the BSEP (IV). FIG. 10C 15 a photograph of
a commercial miniature pump measuring 3.73x 1. 78 x 0.5 cm.

FIGs. 11A-11D. Demonstration of a phone screen sized tactile PolyPad (23 x 44
taxels) showing “UCLA” (FIG. 114}, chemical structure of benzene (FIG. 11B), and a
complex map of UCLA School of Engineering (FIG. 11C) that 15 based on the visual map
(FIG. 11D from Google Maps.

FIG. 12A A raised BSEP dot that can support finger pressing without
deformation.

FIG. 12B Cyclic tensile loading-unloading behaviors of a softened BSEP film.

FIG. 13 A Storage modulus of the BS80 (black curve) and a VSP polymer {blue
curve) with empirically projected narrower phase-changing temperature range. FIG. 13B.
Schematic of the molecular structure of the new polymer, where A and B are
homopolymer chains of stearvacrylate and butyvlacrvlate, respectively, and X are
crosslinking sites.

FIG. 14A Optical image of a serpentine-shaped UNT electrode embedded in the
surface layer of a BSEP film, and infrared image of the electrode area under Joule

heating.
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FIG. 14B Relative resistance variation of the serpentine CNT electrode under
different area expansion.

FIG. 14C Lifetime test on the serpentine heating electrode with repeated 100%
area expansion at 0.8 Hz for 100,000 cycles.

FIG. 15, Schematic of the compliant Joule heating electrodes for a Braille cell.

FIG. 16A Schematic of a Braille cell based on a rigid, 3D printed pneumatic
chamber.

FIG. 16B. Optical (in gray background) and mfrared (in purple background)
images of a Braille cell. The pins are decorated black for easy viewing,

FIG. 17A Heating voltage {red line} and voltage for pneumatic pump (blue line).

FIG 17B. A picture of a PCB to drive a 4 x 10 Braille cell array line by line.

FIG. 18A. Data sharing archutecture. FIG. 18B Parallel display architecture. SPM:

serial-to~parallel module.

DETAILED DESCRIPTION OF THE INVENTION
TECHNICAL DESCRIPTION

In the detailed description of the mvention, references may be made to the
accompanying drawings which form a part hereof, and in which 15 shown by way of
tHustration specific embodiments in which the mvention may be practiced. It 13 to be
understood that other embodiments may be utilized, and structural changes may be made
without departing from the scope of the present mvention. A number of different
publications are also referenced herein as indicated throughout the specification. A hist of
these different publications can be found below in the section entitled “REFERENCES”.
All publications, patents, and patent applications cited herein are hereby incorporated by
reference in their entirety for all purposes.

Unless otherwise defined, all terms of art, notations and other scientific terms or

terminology used herein are intended to have the meanings commonly understood by those
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of skill in the art to which this invention pertains. In some cases, terms with commonly
understood meanings are defined herein for clarity and/or for ready reference, and the
imclusion of such definitions herein should not necessarily be construed to represent a
substantial difference over what is generally understood in the art. Many of the techniques
and procedures described or referenced herein are generally well understood and
commonly employved using conventional methodology by those skilled in the art.  As
appropriate, procedures involving the use of commercially available kits and reagents are
generally carried out in accordance with manufacturer defined protocols and/or parameters

unless otherwise noted.

A, Ixample Tacide Device

1. Desien and operation

FIG. 1A and FIG. 1B tllustrate a refreshable tactile display unit 100 comprising a
polymer membrane 102 comprising a polymer 104 which is relatively rigid 106 at an
ambient temperature and in a rubbery state 108 at an elevated temperature, wherein a
rigid-to-soft transition of the polymer occurs within a temperature range narrower than 10
°C; a fluidic pressure chamber 110, wherein the fluidic pressure chamber applies fluidic
pressure 112, generated from a fluidic pressure source 114, to the polymer membrane
102; d} a conductive layer 116 mcluding one or more heating elements 118 coupled to
the polymer membrane; and a rigid membrane 120 comprising one or more through holes
122, The polymer membrane deforms through the one or more through holes n response
to: one or more of the heating elements heating the polymer membrane to the elevated
temperature 50 as to form a softened polymer membrane in the rubbery state, and the
fluidic pressure source applying the fluidic pressure to the softened polymer membrane
so as to deform the polymer membrane. Membrane 1023 may mmclude conductive layer

116 combined with polymer membrane 102,
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FIG. 1A and FIG. 1B further illustrate a plurality of tactile pixels 124 or pins 124a
each controlled by softening a surface area 126 of the polymer membrane. FIG. 1B
tlustrates the polymer membrane s relatively rigid (in a rigid state 128) at ambient
temperature and in a softened state 130 at an elevated temperature.

FIG. 1B and FIG. 1C show the one or more surface areas 126 in the softened state
130 are deformed out of a plane 132 of the polymer membrane into a deformed state 134
by the fluidic pressure generated using the fluidic pressure source, such that the tactile
pixel 124 or part of the tactile pixel 124 coupled to the surface area 126 associated with
the tactile pixel 1s raised above a plane 136 or thickness of the rigid membrane including
the through holes 122, The deformed state 134 1s maintained at the ambient temperature;
and deformation 134a in the deformed state 134 1s recovered by raising a temperature of
the one or more surface areas 126 in the deformed state 134 to above a softening
temperature at which the polymer membrane softens.

FIG. 1D (left) shows the 4 x 4 tactile display in the “OFF” state when the BSEP
film was not deformed and the surface of the display was flat. FIG. 1D (right) image
shows that all the taxels were actuated with a stroke of 0.7 mm. Both two states are stable
without any external energy mput.

The demonstrated tactile device illustrated in FIG. 1A contains a 4 by 4 tactile pixel
{taxel) matrix 150 with outer size of 17mm x 17mm x 3mm. Each taxel has 1.5 mm
diameter with 2.5 mm distance between the centers of two adjacent taxels {designed
according to Braille standard). As illustrated in FIG. 1A and FIG. 1B, the device primarily
comprises of two parts: a pneumatic sysiem and a thin BSEP active film that can be
thermally controlled to soften locally. The pneumatic system constitutes a pneumatic
chamber and a miniature pump to provide pressurized air for actuation. The specific BSEP
polymer used is a phase changing polymer that exhibits stiffness change of three orders of
magnitude in a narrow temperature range of less than 10°C [26]. At room temperature, the

BSEP possesses a modulus of several hundred MPa, and behaves as a rigid plastic, capable
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of providing a blocking force as high as 50 g. Above 1ts transition temperature, the polymer
becomes soft and stretchable with its modulus decreasing to 0.1 MPa. The BSEP active
film has a thickness of about 90 um. A matrix of highly compliant single-walled carbon
nanotube {CNT) Joule heating electrodes patterned in serpentine shape (S-CNT} 1s formed
on the upper surface of the BSEP film. The thermal stability, mechanical compliancy, and
chemical resistance of CN'Ts made it an 1deal choice as the Joule heating electrode [27,28].
The BSEP with S-CNT electrode 15 attached on the chamber to seal it. The rigid chamber
cover 15 then mounted using an adhesive tape or adhesive layer 138 and 4 corner screws.
The circular operungs 132a on the adhesive tape and the openings or holes 122 in the
chamber cover align with the 5-CNT electrode areas, each defining a taxel area 140, A pin
124a with a flange on one end to prevent the pin from dropping out of the taxel cell i3
placed in each taxel The protruding surface 142 of the pin is the tactile mterface of the
taxel. As each taxel has an independent S-CNT Joule heating electrode, the modulus of the
BSEP can be admunistered locally, enabling individual taxel control of the display panel.
By synchromizing the pneumatic pressure and thermal stimuli, the BSEP can be locally
softened and deformed, thereby raising individual pins by 0.7 mm i height (FIG. 1) and
presenting unique configurations to the end user. Upon cooling, the BSEP nigidifies, which
takes less than 2 s, no external energy input 1s then needed. In FIG. 1C, the 4 x 4 tactile
display shows “UJ7 “C” “L” “A” on the device, demonstrating the precise control of
idividual dots. The display can be quickly refreshed by reheating the deformed taxels

without applying any pneumatic pressure.

2. Example serpentine-patterned carbon nanoctube (8-CNT) electrode

tabrication
The core component in the pneumatic tactile display is the BSEP film with
stretchable Joule heating electrode. To obtam high stretchability, we developed a “P3R”

fabrication process: Prestretch-Pattern- Protect-Release (FIG. 2A). The method starts with
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prestretching a softened BSEP film biaxially by 100% x 100%. The prestretched film
maintains the stable shape after it cools down. A dispersion solution of CNTs in an
isopropyl alcohol and water mixture solvent is then sprayed on the prestreiched BSEP
through a shadow mask. The mask has a serpentine shaped cutout pattern formed by laser
ablation. Next, a solution of urethane diacrylate (UDA) monomer in toluene is sprayed on
top of the CNT-coated BSEP film. Because of its low viscosity, the UDA solution
infiltrates into the CNT network, forming an ultra-thin CNT- Poly(UDA) interpenetrating
composite electrode after the UDA layer is cured. As the CNT network is embedded into
the poly(UDA) layer, physical translation of CNTs 15 largely prevented during the
deformation of the BSEP film. Moreover, since the UDA monomer 18 also one of the co-
monomers to form the BSEP, the poly(UDA) layer strongly bonds the BSEP fum. When
the resulting poly(UDAYCNT/BSEP compostte structure 13 heated above the BSEP’s Tm
to release the prestreich in the BSEP layer, the BSEP matrix along with the S-CNT
electrode shrinks 100% x 100% biaxially, while the poly(UDA) layer wrinkles up (FIG.
2B). The wrinkled topography s shown as a “greasy” surface m the upper microscopic
mmage, whereas the flat surface of the UNT/BSEP electrode prepared without the
polv{UDA) shows a “dry” surface. Note that the “greasy” surface resulted from the surface
unevenness that blurs the optical image and wmparts the S-CNT electrode with high
stretchability. This “P3R” method and the serpentine shaped pattern of the CNT layer

afford an active BSEP film with a highly comphiant and stretchable Joule heating electrode.

3. Example BSEP compositions and structures

Variable stiffness material has been an actively researched subject for decades
because the ability of muscle to adjust its modulus is responsible for the adaptability and
dexterity of animals. Shape memory polymers (SMP), which exhibit a modulus change by
a few hundred-fold during glass transition [29], can be programmed to different rigid

shapes via stretching at elevated temperatures. (Glass transition typically spans in a broad
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temperature range of over 20 °C [22] which linit the utility of these materials. For
applications ivolving human tactile interaction [25], the SMP needs to remain rigid up to
around 37°C to prevent incidental shape changes. The actuation would be conducted above
the polymer’s glass transition temperature (Tg), or more than 20°C above body temperature
which could induce tissue damage. This limitation 1s addressed in embodiments described
herein with a phase changing BSEP polymer comprising a stearyl acrylate (SA) moiety in
the polymer that can reversibly crystallize and melt within a narrow temperature range
(FIG. 2C) [26]. The phase change occurs within 10°C and induces a modulus change of
nearly 1000-fold.

FIG. 2C illustrates an example BSEP material is a variable stiffness polymer
comprising nanometer-size crystalline aggregates in a chemically crosshinked polymer
matrix. The shape memory property is obtained by reversible crystal melting (phase-
changing), resulting in a material with large modulus change between the rigid and rubbery
states during temperature cvcles. Below its transition temperature, the soft side chains (SA
moieties} from different polymer backbones pack closely to form crystalline aggregates
which stiffen the material. Above the melting temperature (Ta) of the crystalline aggregates,
the polymer becomes rubbery and can be programed into different shapes. Such
deformation may be preserved by cooling down the temperature below Ty, as the crystalline
aggregates of SA moieties reform. And the shape can berecovered by reheating the polymer
above Tu

In one or more examples of a BSEP based tactile actuator, large blocking force, low
actuation {pneumatic) pressure, and high mechanical toughness are the main aspects that
needed to be considered. Stearvl acrylate (SA) has a long alkyl chain that can crystallize at
room temperature. The reversibly crystallizing and melting of SA moieties provide the
variable stiffness property. Urethane diacrylate (UDA) 1s an oligomer comprising flexible
polvether diol segments. UDA was selected as long chain crosslinker to enhance elongation

at break and improve the toughness. Trimethylolpropane triacrviate (TMPTA), which is a
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trifunctional acrylic monomer, was used as small molecule corsslinker to provide the
network baseline. Such small molecule crosslinker can stiffen the polymer at larger strains,
thus increase the tensile strength. Acrylic acid (AA) was added to introduce hydrogen bonds
to the polymer system, which can help increase the modulus change, mechanical toughness,
and electrode bonding.  2,2-Dimethoxy-2-phenylacetophenone (DMPA}  and
benzophenone (BP) were synergistically used as co-initiators to achieve complete bulk and
surface curing in thin films.

The compounds used to synthesize the phase changing BSEP are shown n FIG. 2D,
and the synthetic details are found in the experimental section. To obtain the optimal
overall performance for tactile display application, the BSEP was formulated to contain 80
parts of SA (by weight), 20 parts of UDA, 5 parts of acryhic acid (AA), 1.5 parts of TMPTA,
0.25 part of DMPA, and 0.125 part of BP, and the polymer 15 labeled as BS80-AAS. Adding
the small amount of acrylic acid was found to help ncrease the modulus change,

mechanical toughness, and electrode bondmg.

4, Characterization of an example BSEP (BS80-AAS)

FIG. 3E demonstrates the shape memory property. A strip made from BS80-AAS
was attached on two pieces of Kapton™tape at the ends. The imtial distance between two
tapes was 1.5 cm. At 50 °C, the softened BSB0-AAS was stretched to 3 cm with a linear
strain of 100%. The film was then cooled down in air to “lock” the deformation. The
deformed film was free- standing with a fixation rate close to 100%. The original shape can
be recovered by heating the strip again above the transition temperature, and the recovery
rate 1s 100%.

Stiffness change 1s critical for BS80-AAS to maintain the actuated shape. The
hydrogen bonds from the carboxvlic acid group in AA helped increase the difference in
modulus between room temperature and elevated temperature. At room temperature, the

carboxylic acid groups form double hydrogen bonding dimers which help increase the

5
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stiffness [30]. With increasing temperature, the strength of hydrogen bonds decreases, thus
won’t have much effect on the modulus of softened BSEP. Dynamic mechanical analysis
of the BSEP polymer was conducted at a temperature ramping rate of 2 °C/min from 25 to
55 °C and a mechanical loading frequency of 1Hz FIG 3A shows that BS80-AAS
possesses a steep stiffness change of 3000 times from about 300 MPa to about 0.1 MPa.
The transition occurs from 40 °C to 47 °C. Once the transition 1s completed, the storage
modulus remains constant with further increasing temperature. The ultralow modulus of
only 0.1 MPa in the rubbery state 15 resulted from the presence of large amount of molten
stearyl chains which serve as plasticizers to the polymer The substantial modulus
switching leads to high shape memory property (FIG. 3E(1)-(111)). In fact, the fixation rate
and recovery rate of BS80-AAS are both close to 100%.

An essential requirement for the refreshable tactile display 1s the reversibility and
repeatability of the taxel actuation over many cycles. The elasticity of BS80-AAS in the
rubbery state was thus characterized. The loss factor of the softened BS80-AAS 15 around
0.05 (FIG. 3A), which indicates very low viscoelasticity and thus fast response speed.
Cyclic tensile tests were also carried out at 50 °C with a strain rate of 0.01 s\ The tests
consisted of three loading-unloading loops with stramn successively up to 50%, 100%, and
150%, respectively, in three separate tests. The resulting stress-strain curves are shown n
FIG. 3B where the loading and unloading curves completely overlap, suggesting that the
material behaves elastically with mmimal hysteresis, thereby agreeing with the low loss
factor measured in dynamic mechanical analysis. Another important requirement for
BS80-AAS to resist fracture during stretching is high toughness. The hydrogen bonds from
acrylic acid act as reversible crosslinks to enhance the toughness. Physical crosslinks have
been identified as an essential element to toughen soft gel {31-33]. The non-permanent
crosslinks can break and re- form to overcome stress concentration and dramatically
enhance crack propagation resistance. The comparison of toughness between BSBO-AAS

and BS80 {without acrylic acid) was characterized via uniaxial tensile test at 50 °C (degrees
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Celstus) with a stretching rate of 0.1 mm/s (FIG 3F). The BS80-AAS has a maximum
elongation of 320% with a normal tensile strength of 8 MPa and true tensile strength
calculated to be 34 MPa. Without the toughening effect from acrylic acid, BS80 ruptured
at 191% strain with a tensile strength of only 0.26 MPa (true stress calculated to be 0.76
MPa). The high tensile strength of BS80-AAS 1s important for the polymer to resist against
fracture. Meanwhile, the stress to obtain up to 200% strain is low, i.e, the softened BS80-
AAS 15 highly compliant, and large deformation could be obtained with low pneumatic
pressure. The air pressure needed to actuate a taxel to different heights was measured and
the results are shown in FIG. 3G. For a 90 pm thick BSEP film, the pressure to generate
an out-of-plane displacement of 0.7 mm (mimimum displacement requirement for Braille
15 0.5 mun [34]) 1s only 160 mmHg,

In the rigid state of the BSEP polymer, the crystalline aggregates of the SA moieties
act as hard segments in the polymer, resulting 1n a storage modulus of 340 MPa. The taxels
are thus expected to be able to resist large forces applied to the raised dots. The blocking
force, or force required to press down the raised dots to completely overcome the ongmal
vertical displacement, was measured for taxels in which the BSEP polymer had oniginally
been actuated mnto various raised height. Note that raised height of 0.75 mim means the
BSEP film was actuated to a half-dome shape with an area expansion of 100%. The results
are shown in FIG. 3C for BSB0-AAS films with pre-deformation thickness ranging from
40 um to 170 pm. ANSYS Finite Element Analysis (FEA) was also performed to simulate
the blocking force of the taxels based on Yeoh’s 3rd hyperelastic model. The FEA
simulation results match the experimental data quite well. More information about FEA
simulations can be found in the attached appendix. For the taxel display panel device we
fabricated, the BSEP film with un-deformed thickness of 90 um was used. The rigid taxels

with displacement of 0.5 mm have a blocking force of 50 g, which 1s much greater than the

o0

15 g requirement in typical tactile devices [34]. An actuated BS80-AAS dot 1s capable of
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supporting vigorous tapping and rubbing from a user’s finger without deformung,

suggesting that the rigid BSEP actuator 1s strong enough for repetitive heavy touches.

5. Example Serpentine CNT Joule heatine electrode fabrication

Mechanical impedance of the Joule heating electrode coated on the BSEP film can
alter the actuated strain (raised height) and uniformity (shape of the raised dome structure}.
It is essential to develop a heating electrode that i1s both highly compliant and stretchable.
In recent years, great efforts have been made to develop stretchable conductors for the next
generation of flexible and wearable electronics that can conform to movable and arbitranily
shaped surfaces [35-37] Much of these reported stretchable conductors are too stiff for the
present apphication. We selected carbon nanotube as the Joule heating electrode material
thanks to the nanotubes’ large length-to-diameter aspect ratio that form highly porous
percolation networks and high thermal and environmental stability. The Joule heating
would require a thick coating of CNT to obtain low surface resistance for low-voltage
heating, but a thick coating would mduce significant mechanical impedance {27] and may
delaminate from the polymer matrix. Moreover, with such high resolution, where the
closest distance between two adjacent taxels 15 only 1 mm, 1t 1s essential for the Joule
heatimg electrodes to receive uniform and precise heating to prevent crosstalk. To overcome
these 1ssues, the “P3R” fabrication process: Prestretch-Pattern-Protect-Release was
employed to obtain simultaneously tow surface resistance, low mechanical impedance, and
high stretchability.

The carbon nanotubes (P3-SWNT, Carbon Solutions, Inc} we used for the electrode
are specifically tatlored for dispersion in solvents, and contain 6% carboxylic acid groups
(SWNT-COOH) [43]. The SWNT-COOH bonds to BS80-AAS strongly through the
hydrogen bonding interactions between carboxylic acid groups. FIG. 4E demonstrates the
CNT electrode on a BS80-AAS film capable of surviving multiple tape peeling tests. A
™

Kapton™ tape with a high peeling strength of 46 0z/in was used to check if the UNT could
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be removed during peeling. After several peeling processes, the resistance and the color of
the CNT electrode on BS80-AAS didn’t change at all, suggesting strong bonding between
CNT and BS80-AAS. In comparison, the CNT electrode(s) similarly formed on a BS80
film were almost completely transferred to the tape after one test, and lost surface
conductivity.

FIG. SA illustrates the softening of the polymer membrane s controlled by
applying a voltage (V) S00 across one or more of the heating elements 118 {e.g. across
electrodes 502}, so as to heat one or more of the surface areas 126 of the polymer
membrane to the elevated temperature and into the softened state.

The heating process is the most critical step in the operation of the tactile display
device. To achieve high- efficiency heating with low mechanical impedance, we fabricated
the CNTs into a serpentine shape. The serpentine architecture has been explored by a
number of groups as an effective approach to impart large stretchability to electrodes [38-
42]. As a Joule heating electrode, a more important characteristic 15 uniform and rapid
heating. With applied voltage, the charge carriers will be restricted within the winding path
of the serpentine pattern, resulting in uniform heating over the taxel area. On the other hand,
for the round shaped pattern, the charge carriers tend to travel the shortest distance, causing
the heat mainly being distributed along the equatorial area (FIG. 5A). In our device, the
resistance of one S-CNT was kept at around 30-40 k2 to ensure low voltage (~ 30 V)
activation for the device. As shown in FI(z 5B, the time needed for serpentine shaped
electrode to reach 45 °C, which 1s the temperature to soften BS80-AAS, 1s less than 1s,
while it will take more than 5 seconds (s} for the round shaped electrode (with same
resistance) to reach 40°C. The unique winding path of S-CNT increases the heating
efficiency, resuiting in rapid and uniform heating 1n a very short time. The short heating
phase also prevents excess heat dissipation. Moreover, the serpentine pattern is also very
effective to retain the compliancy of the Jfoule heating electrode. Under the same electrode

loading per unit area, the storage modulus of the poly(UDAYCNT/BS80-AAS films where
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the CNT electrode is either blanket-coated or serpentine patterned are 1.9 MPa and 0.36
MPa, respectively, at 50 °C. Both moduli are higher than that of the bare BS80-AAS film
which 1s 0.13 MPa at 50 °C. Note that PUA layer has higher stiffness compared to BS80-
AAS, which also contributes in the modulus increase. High comphiancy of the S-CNT

electrode 1s essential for the low air pressure actuation.

6. Charactenization of the Example Serpentine UNT Joule heatine elecirode

Joule heating characteristics of the S-CNT electrode under different voltages were
also investigated, and the results are shown in FIG. 6A. FIG. 6A shows the time evolution
of temperature increase and decrease for the serpentine CNT electrode under ditferent
voltage input. The temperature increased rapidly with time and reached a relative saturated
plateau. The plateau imcreased with the input power. In most cases, the taxel can reach the
softening line, which is 47 °C, within a few seconds. The coohing process takes longer
because of the temperature overshooting. For the proposed taxel, 40 °C 15 the temperature
to stiffen the materal, so the cooling time usually takes less than 2 5. Thus, the electrode
exhibits high heating rate, with minmmal energy consumption considering the high
resistance of the S-CNT electrode. As the BSEO-AAS stiffens below 40°C, the cooling step
only requires about 2 seconds to reach completion. In addition, the pneumatic pump assists
i heat dissipation further driving down the duration of the cooling step. Thus, a taxel
actoation cycle requires about 3 seconds for completion. After one second, the Joule
heating can be turned off, while the pneumatic pump is turned on. Because of the elastic
nature of the BS80-AAS film, once the pump 13 on, the pin mterface is lifted immediately.
Then the pump can be turned off in 2 seconds when the film has cooled down.

To ensure stable heating during actuation, the resistance of the Joule heating
electrode needs to remain constant. In our device, to latch a 0.7mm displacement, the BSEP
active layer needs to expand about 100% area strain to form a half spherical dome. In other

words, the Joule heating electrode needs to be compliant enough to be stretched at least
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100% area strain without much restriction to the polymer matrix, while maintaining a
constant resistance to allow for consistent heating steps. FIG. 4A shows the normalized
resistance of a bratlle sized S-CNT electrode on BS80-AAS in response to area expansion
on a diaphragm. The resistance stays almost constant with area strain up to about 200%,
and increases dramatically with further increase strain. Such behavior is reasonable
because of the “Prestretch-Release” process from the “4P3R” fabrication process
mentioned above. In the “Prestretch” part, the BSEP film 1s prestretched to about 100% x
100% biaxaal strain. The following “Releasing” process causes the CNT coating embedded
in the P(UDA) layer to wrinkle with the P(UDA) layer. Subsequent stretching translates
mto flattening of the wrinkles without substantial elongation withun the CNT coating and
thus ensures a relatively constant resistance untd the wrinkles have been flattened and
further stretching leads to elongation within the S-CNT coating. To obtain high
stretchability and durability of the S-CNT electrode, interpenetration of the CNT network
with in the protecting P(UDA) layer 1s important to prevent the carbon nanotubes from
translational movement during repetitive deforming-recovering cycles.

Cyche stretching test was also carried out on one taxel. Under induced area strain
of 100%, which will exert a displacement over 0.7 mm, the resistance and Joule heating
characteristics remain stable for over 100,000 repetitive cycles at a frequency of 6.8 Hz
(FIG. 4B). The upper msets show optical microscope images of a continuous electrode line
of the S-UNT electrode before and after the 100,000 cycles of lifetime test. Umiform and
precise heating was observed from the infrared thermal images of the electrode after the
test {fower insets). FIG. 4C compares heating rate, stretchability, and resistance consistency
of §-CNT electrode with other reported compliant and stretchable Joule heating films that
can generate uniform heat across the surface. The main efforts of contemporary research
activities on stretchable heaters are focused on fow dimensional carbon materials (filled
symbols) {44-47], metal nanowires: silver based (open symbols) [48-52] and copper based

(half-filled symbols) [53-56], and conductive polymers (half-filled pentagon) [57] The S-
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CNT electrode can simultaneously perform fast heating rate (31°C/s), large stretchability
(188% linear strain), and high resistance consistency (98.9%), which can be very
challenging for most other reported Joule heating electrodes to fulfill all three-performance
metrics at the same time. FIG. 4D demonstrates a Braille cell device using the S-CNT-
BSEP system, which shows “U” “C” “L” “A” in Braille characters. The insets are the
corresponding infrared images of working S-CNT Joule heating electrodes. The heating is
precise and uniform without any crosstalk between adjacent dots.

FIG. 4F shows the adhesion tests of an example CNT electrode on BSEP substrates.
Same amount of CNT solution was sprayed on BS80-AAS and BS80 respectively through
a shadow mask. The resulting CNT/BS8(-AAS and CNT/BS80 has the same wmnitial
resistance. Two pieces of Kapton™ tape with peeling strength of 46 oz/in were attached
fumly on top of CNT/BSEPs. The tapes were then peeled off, and the resistance of the
electrodes were measured subsequently. The results show a constant resistance of
CNT/BSB0-AAS after 3 repetitive tape-peel tests, while CNT/BS&0 lost surface
conductivity after one test as almost all the UNT has transferred to the tape. The results
demonstrate the strong bonding between UNT and BS80-AAS, and such strong bonding is

because of the hydrogen bond interaction between acryhic acid and SWNT-COCH.

7. Example Thermal and pneumatic contro] sequence

FI(G. 6B demonstrates an example thermal and pneumatic control sequence of a taxel.
The actuation cycle starts with the BS80-AAS membrane at room temperature and in an
OFF state. The interface surface 1s tlat. The taxel area of BS80-AAS 1s heated up by S-ONT
Joule heating electrode for 1 5. Then the pneumatic pump is turned on with the S-CNT
electrode voltage removed at the same time. The softened BSEP area 1s deformed out-of-
plane by the pneumatic pressure, which props up the pin interface. The taxel 1s allowed to
cool for 2 s before the pump 1s turned off. The raised pin’s height is measured to be around

0.7 mm and remains relative stable after removal of the internal pneumatic pressure. The
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raised pin falls back to the original position when the deformed BS80-AAS 15 softened by

the Joule heating electrode and recovers to flat.

B. Experimental methods for fabrication of the example tacule device

described in section A

1. Materials

Urethane diacrylate (UDA) (catalog name: CN9021) was obtained from
SARTOMER and used as received. Stearyl acrylate (SA), trimethylolpropane triacrylate
(TMPTA), acrylic acad (AA), 2.2-Dimethoxy-2- phenyilacetophenone (DMPA),
benzophenone (BP), and isopropyl alcohol (IPA) were purchased from Sigma-Aldrich and
used as received. Single-walled carbon nanotubes (P3-SWNT) were purchased from
Carbon Solutions, Inc.

UDA 15 a urethane diacrylate oligomer comprising a flexible polyether diol segment
and an aliphatic diisocyanate segment. In one or more examples, the homopolymer,
polv{UDA), has a large elongation at break of 495%, a tensile strength of 0.93 MPa, and a
modestly fow modulus of 0.66 MPa at room temperature and 0.19 MPa at 50 °C. In one or
more examples, the resulting BRE0-AAS/poly(UDA) composite film has ligher maximum
elongation of 357% and tensile strength of 8 05 MPa compare to pristine BS80-AAS, and
desptte the strengthening effect from poly(UDA), the stress-strain behavior of the two films
are very similar at strain smaller than 200%. Thus, in one or more examples, poly(UDA)
won’t have much mechanical effect on the BSEP film during operation of the device. In the
example illustrated At room temperature, because of the lower modulus of poly(UDA), the
storage modulus of the composite film s lower (320 MPa) compared to that of BS80-AAS
(344 MPa). In the rubbery state, the composite possesses a shightly higher modulus of 0.16

MPa compare t0 0.13 MPa of BS80-AAS.



WO 2020/013902 PCT/US2019/029079

2. BSSO-AAS thin film fabrication:

The prepolymer solution was made by mixing 80 parts of SA (by weight}, 20 parts
of UDA, 5 parts of AA, 1.5 parts of TMPTA, 0.25 part of DMPA and 0.125 part of BP at
S50°C. The prepolymer solution was then injected between a pair of glass slides on a hot
plate with two strips of tape as spacer. The thickness of the liquid layer was defined by the
thickness of the spacer. Next, the prepolymer was cured through a UV curing conveyor
equipped with a Fusion 300S type “H” UV curing bulb for about 3min. Then the film can
be gently peeled off the glass shide after 1t cooled down to room temperature.

The CNT dispersion solution was made by mixing 5 mg of P3-SWNT powder, 1
mi water, and 20 ml IPA. The mixture was bath sonicated for 90 nunutes {(min) to get a
stable dispersion. Large aggregates were then disposed using centrifuge at 8500rpm for
10min. The resulting supernatant is then ready for spray coating.

The stretchable S-CNT electrode was obtained by first prestretching the softened
BSEP film by 100% x 100% biaxaally. Then a shadow mask with serpentine pattern cutout
was attached to the prestretched rnigid BSEP. The prepared UNT dispersion solution was
sprayed on BSEP through the mask using an airbrush at an aw pressure of 30 pounds per
square 1nch (psi}. Next, a solution of UDA 1 toluene (10vol) was spraved and cured on
top of the entire film without the mask. Finally, the film recovered to its original size by
heating and releasing the prestretch.

The tensile stress-strain response of softened BS80-AAS and BS80 were measured
at 50 °C using DMA. The tensile strength i1s 8MPa for BS80-AAS and 0.26MPa for BS80,
while the elongation at break is 320% and 191% for BS80-AAS and BS80 respectively.
The improved toughness of BS80-AAS is due to the reversible crosslinks introduced by

acrylic acid.
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3. Pevice assembly

The resuiting film of BSEP with S-CNT was attached to the chamber cover with a
double-sided KaptonTM tape as adhesive layer in between. The double-sided tape
was cut with openings that align with the S-CNT matrix. The whole device could be

assembled by screwing the chamber cover with the pneumatic chamber.

4. Finite element analysis simulation:

Finite element analysis {FEA} was carried out to study the mechanical
performances of BS80-AAS thin film. By taking advantage of mathematical
aﬁpmximation, FEA could simplify the complex physical analysis process to the overall
consideration of every discrete, small, simple but interactional element in the system.
Through comparing the experimental results and the simulated results, a more accurate
perception could be obtained. To better understand the actuation performances, a
computer simulation based on ANSYS FEA software was performed. Like most
elastomers, softened BSEP is essentially incompressible. The strain energy function W,

which is the energy preserved in material per unit volume, is defined as:

W= Co(r — 3) (3

(a3
(V8]
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Where:

W = The strain energy density, which is strain per unit volume;
N = A positive deciding the number of terms in the above function (N=1 for Yeoh’s 1*

model, N=2 for

Yeoh’s 2model and N=3 for Yeoh’s 3“model);

r; = The first invariant of the deviatoric strain;

Jii= Material constants, describing the shear behavior of the material;

By fitting the strain energy density function with the experimental uniaxial stress-
strain curve through nonlinear least square optimization techmque, Yeoh’s 3rd hyperelastic
model was selected to tailor the mechanical properties of softened BS80-AAS. Thus, the
strain energy density function W was determined as:

W =75060(r,—3)+22284(r ;1 — 3)* —908.2(r, — 3)3

The constants in this nonlinear elastic model were derived from the strain-stress curve
measured from the experimental uniaxial tensile test. Solid 185, a three-dimensional eight-
node element type, was used to mesh the model. For the solver control of the FEA process,
the large deflection option was on to take the nonlinear effect in for consideration. The model
was set according to the international Braille standard. For the reported 4 x 4 tactile display, a
layer of BS80-A AS was first created on the bottom, on top of which a rigid PMMA substrate
with through holes that correspond with the taxel areas was glued. In this way, areas other
than the taxels are all constrained by the PMMA board as fixed support to prevent any
deformation.

To demonstrate the actuation, ANSYS finite element model was carried cut to
simulate the internal pneumatic pressure needed to actuate a taxel to different heights. The

tests were conducted on BS80-AAS film with thickness ranging from 40 um to 170 um. The
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simulated results match the experimental data quite well. The pneumatic pressure to generate a
stroke of 0.7 mm 1s 100 mmHg for 40 pm BSEP and 160 mmHg for 90 ym BSEP. For the 170
um BSEP, the stroke with 160 mmHg pressure is only 0.3 mm. In one or more examples, the
thinner the BSEP film 1s, the lower pressure is required to actuate the taxel to the same
height. However, in one or more examples, if the BSEP 1s too thin, the taxel may not be able
to provide enough blocking force to the end user. Thus, in one or more examples, 90 um
BSEP was chosen to fabricate the tactile display. Please note that 160 mmHg 1s not high
pressure, as a latex balloon in its 2/3 capacity has a pressure of 810 mmHg.

To demonstrate the heating performance, ANSYS finite element analysis was also
carried out to simulate the current density distribution in serpentine shaped and round shaped
electrode (FIG. 5C and FIG. 5D). Both models are established according to the setup of one
taxel. The resistivity of SWCNT (107 ('m) and the mesh size of 0.02 mm were applied to
the two models. 30 V was set as the activation voltage during the simulation. The serpentine
shaped and round shaped electrode were divided into 6578 elements and 3103 elements
respectively to analyze thetr steady-state electric conduction. Based on the simulation results,
the serpentine shaped UNT has a more uniform distribution of current density within the
electrode area, which should serve better as heating electrode.

The experimental results of the heating performance of serpentine shaped CNT and
round shaped CNT are also corresponding with the simulation. With same resistance (50
kQ} andvoltage supply (30 V), the serpentine shaped electrode exhibits higher and more
locally defined heating spots. For the S-CNT, the time needed to reach 50 °C, which 1s the
temperature to soften BS80-AAS, is less than 1 second (s) whereas round shaped electrode is
unable to reach the required temperature even after 5 seconds of applied voltage The
infrared thermal images (ICI 9320P) of the serpentine shaped electrode illustrates these
advantages. That is because that during the lengthy heating process of round shaped electrode,
more and more heat dissipates through air and surrounding matenals, crosstalk of adjacent
taxels could happen with such high-density array. As for the serpentine shaped CNT, the
unique winding path increases the heating efficiency and results in rapid heating n a very

short time.
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C. Process steps
FIG. 7 1s a flowchart Hlustrating a method of fabricating a refreshable tactile display
unit,

5 Block 700 represents providing a polymer {(e.g., polymer membrane} which is relatively
rigid at ambient temperature and rubbery at an elevated temperature (e.g., above a transition
temperature).

In one or more examples, the polymer/polymer membrane 15 the bistable electroactive
polymer {(BSEP) comprising combination of stearyl acrylate (SA), urethane diacrylate

10 (UDA), acrylic actd (AA), trimethylolpropane triacrylate (TMPTA), 2,2-Dimethoxy-2-

phenylacetophenone (BMPA), and benzophenone (BP).

In one or more examples, the polymer/polymer membrane 15 the bistable electroactive
polymer (BSEP) comprising 80 parts of stearyl acrviate (SA) by weight, 20 parts of UDA by
weight, 5 parts of acrylic acid (AA) by weight, 1.5 parts of trimethyvlolpropane triacrylate

15 (TMPTA) by weight, 0.25 parts of 2,2-Dimethoxy-2- phenylacetophenone (DMPA) by

weight, and 0.125 parts of benzophenone (BP) by weight.

In one or more embodiments, the polymer/polymer membrane is the bistable
electroactive polymer (BSEP} comprising 40-80 parts of steary] acrylate {(SA) by weight, 20-
60 parts of UDA by weight, 5-15 parts of acrylic acid (AA) by weight, 0.25-1.5 parts of

20 tnimethylolpropane triacrylate (TMPTA) by weight, 0.125-0.75 parts of 2,2-Dimethoxy-2-

phenylacetophenone (DMPA) by weight, and 0.0075-0.2 parts of benzophenone (BP) by
weight.

In one or more embodiments, the polymer/polymer membrane is the bistable
electroactive polymer (BSEP) comprising a combination of tert-butyl acrylate (TBA),

25 wrethane diacrylate (UDA), ethoxylated trimethylolpropane triacrylate (ETMPTA), and 2,2-

Dimethoxy-2- phenylacetophenone (DMPA).

In one or more embodiments, the polymer/polymer membrane 13 the bistable
electroactive polymer (BSEP) comprising 90-110 parts of tert-butyl acrylate (TBA) by
weight, 5-25 parts urethane diacrylate {(IJDA) by weight, 1-5 parts ethoxylated

30 trimethylolpropane triacrylate (ETMPTA} by weight, and 0.25-1.5 parts 2,2-Dimethoxy-2-

phenyiacetophenone (DMPA) by weight.
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In one or more embodiments, the components {e.g., TBA, UDA, ETMPTA, DMPA,
SA, AA, and/or TMPTA) of the BSEP examples provided herein are polymerized together
through chemical bonds to form a massive polymer network.

In one or more examples, the bistable electroactive polymer is a polymer exhibiting
SMP and electrical actuation in the rubbery state. In one or more examples, the display
described herein does not utilize the electrical actuation property of the BSEP.

In one or more embodiments, the BSEP 1s a phase changing polymer changing
modulus using a different mechanism as compared to an ordinary SMP.

In one or more examples, the polymer membrane has a tensile modulus greater than
100 MPa but less than 10 GPa at the ambient temperature and has a tensile modulus of
greater than 10 kPa but less than 10 MPa at the elevated temperature. In one or more
examples, the polymer membrane possesses a tensile modulus of at least 100 MPa at room
temperature to provide a high blocking force and becomes rubbery with tensile modulus less
than 1MPa at the elevated temperature to become deformable and stretchable. In one or
more examples, the polymer membrane comprises a phase changing polymer exhibiting a
tenstle modulus change by at least two orders of magnitude in a temperature range of less
than 10 °C. In one or more examples, the polymer membrane has the transition temperature
comprising a rigid-to~soft transition temperature higher than 40 °C but lower than 70 °C.

In one or more examples, the polymer membrane has a thickness greater than 10 ym.

Block 702 represents coupling a conductive layer including one or more heating
elements (e.g., Joule heating elements) to the polymer membrane. In one or more examples,
the step comprises couphing a conductive layer, mcluding one or more serpentine patterns, to
the polymer membrane.

In one or more examples, the conductive layer 15 a coating on the polymer membrane.

In one or more examples, the conductive layer 1s deposited by printing, spraying, or
casting.

In one or more examples, the conductive layer can be deposited into serpentine
patierns.

In one or more examples, the conductive layer is heated when a voltage s applied

between two separated points on the conductive layer.
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In one or more examples, the conductive layer comprises carbon nanotubes {e.g.,
single walled carbon nanotubes}. The carbon nanotubes can be embedded in a polymer layer,
for example.

In one or more examples, the conductive layer comprises silver nanowires. The silver
nanowires can be embedded in a polvmer layer, for example.

Bilock 704 represents connecting a thudic pressure chamber to the polymer membrane
and a fluidic pressure source. The fluidic pressure chamber can apply/transfer fluidic
pressure {generated 1n the fluidic pressure source) to the polymer membrane so as to deform
the polymer membrane. The fluidic pressure chamber can be rigid or flexible.

In one or more examples, the fhindic pressure comprises pneumatic pressure caused
by compressed gas, a pneumatic pump, or compressed vapor due to ligqud evaporation.

In one or more examples, the fluidic pressure comprises ligquidous pressure caused by
compressed liquid, a liquid pump, or a liquid volume change due to a phase change ora
temperature change.

Block 706 represents connecting a rigid membrane including one or more through
holes. The polymer membrane deforms through the one or more through holes, or actuates a
pin in each of the through holes, in response to (1) the conductive layer heating the polymer
membrane to the elevated temperature (so as to form a softened polymer membrane which 13
rubbery/in a rubbery state), and (2) the flnidic pressure source applying the fluidic pressure to
the softened polymer membrane. Fach of the through holes may define a tactile pixel area
and be aligned with a heating element {e.g., serpentine pattern} in the conductive layer so that
the heating element can provide local heating of the polymer membrane.

In one or more examples, the rigid membrane 15 laminated on the polymer membrane.

Block 708 represents the end result, a refreshable tactile display, e.g., as illustrated in
FIG. 1.

In one or more examples, the refreshable tactile display comprises a matrix of tactile
pixels each controlled by softening a surface area of a polymer membrane at one or more
pixel areas, wherein the polymer membrane is relatively rigid at ambient temperature and
rubbery at an elevated temperature; a conductive layer including a matrix of heating elements
(e.g., serpentine patterns), each of the heating elements coupled to a different one of the

surface areas of the polymer membrane; and a rigid membrane comprising through holes,
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each of the through holes aligned above one of the heating elements (e.g., one of the
serpenting patterns). The softening of the polvmer membrane 1s controlled by applying a
voltage across the conductive layer {(or across one or more of the heating elements), so as to
heat one or more of the surface areas of the polymer membrane to the elevated temperature
and into a softened state. As illustrated herein, the one or more surface areas in the softened
state are deformed out of a plane of the polymer membrane into a deformed state by the
fluidic pressure applied from a thudic pressure source, such that part of the tactile pixel
coupled to one of the surface areas 1s raised above a plane including the through holes. In one
or more examples, the deformed state 1s maintained at the ambient temperature and
deformation in the deformed state is recovered by raising a temperature of the one or more
surface areas (deformed areas) to above a softening temperature at which the polymer
membrane softens.

In one or more examples, each serpentine pattern or heating element covers one of the
surface areas comprising a circular area with diameter larger than 0.1 mm but less than 10
mm, and each serpentine pattern aligns with one of the through holes, comprising a circular
through hole, on the rigid membrane. In one or more examples, the rigid membrane
comprises a chamber cover for a fluidic pressure chamber connected to the fluidic pressure
source, so that the fluidic pressure chamber may transfer or apply the fluidic pressure to the
polymer membrane.

FIG. 7A and 7B illustrate, in one or more examples, the method of making the
refreshable tactile display comprises (a) stretching the softened polymer membrane and
maintaining deformation of the softened and/or stretched polymer membrane when the
polymer membrane 15 cooled to ambient temperature (e.g., as represented in the providing
step 700 or step 710}, (b) applying/spraying a dispersion of carbon nanotubes (CNTs)ina
solvent onto the deformed rigid polymer membrane through a shadow mask which has one or
more serpentine shaped cutout pattern(s), so as to form a carbon nanotibe coating on the
deformed rigid polymer membrane (e.g., as represented in the coupling step 702 or step 712},
(¢} spraving or applving a solution comprising a polymer or polymer precursor on top of the
carbon nanotube coating {&.g., as represented in step 700 or step 714}; and {(d) releasing the
deformation of the stretched polymer membrane at elevated temperature {Block 716), and

cooling down to ambient temperature (Block 718}, so as to form the display 500

(43
O



(4]

10

Ju—
(v

30

WO 2020/013902 PCT/US2019/029079

FIG. 7A and 7C illustrate, in one or more further examples, the method of making a
refreshable tactile display comprises {a) forming a coating of carbon nanotubes on a release

g, by laser

=

substrate (Block 720); (b) patterning the coating into serpentine shapes, e.
ablation (Block 722); (¢} applving a polymer precursor laver over the coating {Block 724);

(d} curing the polymer precursor layer, forming a cured polymer layer (Block 726); and (e}
separating the cured polymer layer from the release substrate (Block 728}, so as to form the

display 560.

D, Example Display Panel
FIG. 8 illustrates an electronic display technology (e.g., PolyPad) for Braille text and

graphics. The proposed display panel comprises an array of tactile pixels (taxels)
electronically actuated to vanous ratsed heights (e.g., up to 0.6 mm) from the surface and
maintain form until triggered to relax. In one example, the display 500 may be thin and
packaged as a smartphone or tablet case as an attachment of the mohile devices. Most of the
mobtle devices are Bratlle ready. In one example, once folded, the display fits within the
sithouette of the smartphone, e g., with a total thickness of ~ 1 cm and weighing ~150 grams
and/or such that the folded device has an outside envelope of ~80 x 160 x 10 mm. Thus, i
one or more examples, the device has one or more of the following characteristics: foldable,
lighter weight, more content, and lower cost than conventional devices, benefiting a majority
of current Braille users and possibly promoting Braille hiteracy rate through thewr enhanced
functionality and user friendliness.

FIG. 9A and FIG. 9B illustrate operation of an example BSEP transducer for use in
the display, the BSEP comprised of nanometer-size crystalline aggregates in a chemically
crosslinked polymer matrix; the reversible phase-change results in a large modulus change
from rigid to rubbery states during temperature cycles. The storage modulus of the polymer
at room temperature is on the order of 100 MPa, similar to a tough plastic and sufficient to
serve as Braille dots. Above the phase-change temperature {7}, the polymer becomes
rubbery with a storage modulus ~0.2 MPa (state B), and 1t can be either electrically actuated
or mechanically deformed (state C). The 7w itself 1s tunable around 40°C, as shown in the
modulus charts m FIG. 9B. The polymer also demonstrates shape memory properties with
fixation rate and recovery rate both close to 100%,; thus, 1t can be systematically actuated to

undergo large, nigid-to-rigid deformation (A to D).
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In one or more examples, the Braille dots can be actuated with displacement of
around 0.6 mm by applying 100 V/um electric field to the sofiened BSEP membrane. The
use of such a device in real-life application can be challenging due to the high driving
voltage, about 4 kV (as high-V, low-power switching circuits may be currently unavailable).
In addition, the insulation requirements for the high V bus lines between dots {pixels) lints
the display resolution. Finally, controlling the temperature change in the actuation cycle
requires Joule heating electrodes that are highly comphliant to avoid restricting the expanding
BSEP film all the while sustaining repeated large-strain deformation without significant loss
of conductivity. FIG. 10 illustrates an example transducer technology {comprising taxel
architecture and actuation mechanism) for the display that can overcome these challenges,
exploiting the variable stiffness of the BSEP polymer which 1s thus also called a variable
stiffness polymer (VSP). In the example, a compliant and stretchable serpentine-shaped
silver nanowire {(AgNW) Joule heating electrode s used to modulate the stiffness of the VSP.
A pneumatic pressure change supplied by a miniature-sized pump expands the VSP film to
raise Braille pins. A flexible printed circuit board (PCB) is placed on the VSP film and
aligned with the AgNW electrodes. Circular openings in the PCB allow the out-of-plane
{(diaphragm) deformation of the V8P films i the active taxel areas. The outer most sheet —
the chamber cover — contains pins that interface with the user’s fingertips.

In one or more examples, the taxel architecture enables a PolyPad panel comprising S
x 15 Braille cells, wherem each cell 1s made up of 3 x 2 Braille dots set to display
alphanumeric letters and numbers {0 to 9}. In one or more examples, 3D printing techniques
can be used fabricate the pneumatic chamber, pins, and other essential parts of the display
device. In one or more further examples, a low-voltage {e.g., 12 V), high-current driving
circuit can be fabricated to display Braille texts and refresh the contents.

FIG. 11 illustrates an example taxel architecture comprising a multiline tactile device with
compact form factor that can display graphical mformation. FIG. 11 ilustrates that a multihine
display with a size of a smart phone screen can convert visual information into tactile patterns,

including Enghish letters, molecular structures, and maps.

D1, Example Improving the VSP polvmer for operational efficiency and robustness

The BSEP polymer BS80 shown in FIG. 12A exhibits a modulus of >100 MPa at
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ambient temperatures, which is important to maintain a farge supporting force and its shape
(FIG. 12A). Above 45 °C, it becomes a soft rubber with reversible, large-strain deformation
(Fig. 12B}. As the core active material, it 1s essential for BS80 to have steep modulus
variation and high tensile strength at both the ngid and rubbery states to ensure high
supporting force and durability during repeated use and incidental impacts. The preliminary
BS80 15 a random copolymer of stearyl acrylate (SA) and butylacrylate at an 80:20 weight
ratio. A small amount of trifunctional acrylate monomer was added for chemical
crosslinking. The randomly distributed crystalline size of SA moieties in rigid BS80 has
resulted in modulus inconsistency below the transition temperature (FIG. 13, black curve),
which affects the supporting force of the Braille dot. The synthesis of controllable polymer
structure can be investigated and modified to make the BSEPs with more predictable
modulus change and higher toughness.

Further improvement can expand the modulus plateau below the transition
temperature such that below 42 °C the modulus remains above 100 MPa, maintaining the
shape of the raised Braille dots and providing large supporting force even in hot weather
(Fig. 13B, blue curve), e g., by synthesizing a triblock copolymer comprised of two SA
homopolymer chains linked by a butvlacrylate homopolymer chain (Fig. 13B) via anionic
living or atom transfer radical polymerization. The homopolymer chains in the resulting VSP
polymer will have controllable chain length and narrow chain length distribution
(polydispersity <1.1} 23] The stearyl groups in this new V5P may be more closely
assembled than those i the BS80, and thus can crystallize more rapidly below its melting
temperature, which deternunes the polymer’s 7. The resulting nanocrystallites may have a
more uniform size distribution, and the softening of the BSEP may be suppressed until
approaching the Tn, leading to steep modulus change n a narrow phase-changing
terperature range shown by the blue curve in Fig. 13A. The modulus of the BSEP at the
rigid state may be tuned by the weight ratio of poly(SA) blocks to poly{butylacrylate) blocks.
The crossiinking groups at the polymer chain ends (X in Fig. 13B) may be introduced to
affect chemical crosslinking and prevent viscous flow in the softened state. This chenical
crosslinking has at least two interesting features. First, the modulus above 7w 1s determined
by the chemucal crosslink density and thus remains relatively flat with further increasing

temperature. This constant modulus eases the control of the actuation strain. Second, the
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modulus in the rubbery state 1s controllable by adjusting the concentration of the X group.
Low modulus n the soft state is essential for low pressure actuation and low energy
consumption. However, the polymer must retain high toughness to prevent material rupture.
Other examples of polymer include Kraton™, which is synthesized by anionic living
polvmerization and known for high tensile strength. Similar ABA-type triblock copolymers
exhibiting supersoft modulus but low tensile sirength have also been synthesized by atom

transfer radical polymerization [24, 25] and may also be used.

a. Modifvine the polvmerization conditions to increase the chain lengths in the

triblock copolvmer, The reaction is sensitive to moisture and protonic acid impurities. Thus,

all monomers will be carefully purified before use. The inhibitors added in the monomers to
prolong storage lifetime will be removed with flash chromatography. Furthermore,
experimental conditions, such as the reaction temperature and duration, may be

systematically adjusted to maximize the polymer chain.

b. Introducing reversible crosslinks to enhance toughness

Physical crosshinks such as hydrogen bonds have been identified as essential elements
in enhancing the toughness of soft gels [26, 28, 34]. The non-permanent crosslinks can break
and re-form to overcome stress concentration and dramatically restrict crack propagation. In
our preliminary study modifying the BS880 polymer, a random copolymer synthesized via
free radical polymenization, adding acrylic acid significantly enhanced the polymer’s tensile
strength (FIG. 3F). At 5% acrylic acid loading, the tensile strength reaches 8 MPa. The true
tensile strength 1s calculated to be 34 MPa, which is i the range of polvurethane [28] at 42
MPa and PDMS-silica composite [29] at 27 MPa. Without the toughening effect from acrylic
acid, the BSEP ruptured at 191% strain with a tensile strength of only 0.26 MPa (true stress
calculated to be .76 MPa). To adapt this approach for the ABA tniblock copolymer BSEP,
the acrylic acid can be studied as a hydrogen bond forming co-monomer. In one or more
examples, the amount of acrylic acid and acrylamide may be varied between 0 and 10
weight%. The tensile strength, as well as the storage modulus and loss factor of the resulting
polymers may be characterized to obtain the structure-property relationship which may be

used to guide optimization of overall performance (e.g., using statistical evaluation}..

o
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Improved BSEP according to embodiments described herein are enabling technology
of the PolyPad device. In one or more examples, the target VSP matenial may have a 7w of
~43 °( such that the modulus of the polymer exceeds 100 MPa at temperatures up to 42 °C,
high encugh to avoid accidental softening due to environmental heat. The modulus at 45 °C
and higher may be at least three orders of magnitude lower, enabling pneumatic raising of the
Braille dots by a low-cost compact pneumatic pump. In one or more examples, decreasing
the temperature range required to accomplish this stiffness variation to 3 °C reduces power
consumption by 50%. The V8P film at the soft state may have a true tensile strength greater
than 10 MPa to resist tearing and puncture, and other types of mechanical bumps that would
be expected in typical usage in the field. In one or more examples, the film can be biaxially
stretched by 100% area expansion for 200,000 cycles without measurable fatigue to meet the
apphication requirement. The estimated 200,000-cvcle of operation assumes a device hifetime
of 3 years , in which an average user flips 300 pages per day. In one or more examples, to
mitigate against chain-growth polymerization being hindered by the presence of acrylic acid ,

acrylamide, another commonly used monomer containing hydrogen bonds can be used.

02, Feample Improving the Joule heating electrode for fast heatine and low cost

fabrication i the display

Temperature controls the modulus change of the VSP. A compliant electrode coated
on the V8P provides localized Joule heating to efficiently regulate the transition while also
compensating for heat dissipation. We have developed a composite electrode technology for
stretchable electronic devices 1o which CN'Ts and/or AgNWs are embedded in the surface
layer of the substrate, providing high surface conductivity without significantly impeding the
deformability of the polymer substrate [ 59-62]. Electrode resistance s constant at up to
~30% strain, but larger strain induces significant resistance increases, lowering the heating
power from a given driving voltage. Serpentine-architecture electrodes have been explored as
an effective approach to impart large stretchability to metal films [63-67]. We combined
these two approaches and fabricated serpentine shaped UNT electrodes embedded in the
surface layer of BSEP films (FIG 14A). The serpentine ribbon was formed by spray coating
through a shadow mask. This electrode can heat to 70 °C in 2 seconds at 30 V, with constant

electrode resistance at up to 180% area expansion and for 100,000 cycles at 100% area
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expansion. This is very promising or useful for the application in a display. Further
improvements may include (1) significantly lowering the electrode resistance in order to
increase the heating rate and thus the refresh speed of the PolyPad devices, (2) lowering the
resistance allowing the Joule heating to be done at 12 V enabling use of store-bought,
mexpensive, and compact switching circuiis; and (3} improved pattern resolution and, by
extension, fabrication yield.

The electrical power equals (¥)*/R, where V' is the driving voltage and R is the load
resistance. Reducing the voltage from 30 V to 12 V requires lowering the load resistance
from 50 k€2 to 8 k(} to maintain the electrical power. This is obtainable by increasing the
thickness of the CNT layer by a factor of 6.25, but the layver would become more rigid and
impede the expansion of the VSP film [68]. As such, in one or more examples, a much more
conductive material than CNT (e g, silver nanowires) can be instead be used to form the
serpetine-shaped Joule heating electrode. Our work has led to AgNW coating with a sheet
resistance as low as 10 ¥/sq, with high optical transparency and mechanical compliancy [59,
69]. The AgNWs has also demonstrated effective and stable heating up to 200 °C. When a
uniform coating of AgNWSs 1s transferred into an elastomer substrate, the resulting composite
electrode can be stretched to 50% stran repeatedly and reversibly [69, 70]. However, the
resistance at 50% strain is three times that at zero strain, partly due to elongated shape and
partly due to other factors, including shding among nanowires. In one or more examples, the
AgNW coating may be patterned mto a serpentine-shaped ribbon to better accommodate
large macroscopic strains while maitaining small strains within the ribbon (FIG. 15} In one
or more examples, nanowire {e.g., Ag nanowire} ribbons can be patterned by laser ablation,
e.g., with one or more of the following dimensions: 50 pm wide AgNW ribbons with 10
/sq, total length of the ribbon of 15 mm for each 1.5 mm diameter Braille dot, and length-
to-width ratio of the ribbon of 15 mmy/50 um or 300. For such dimensions, the resistance s
16 &2 % 300 or 3 k{3, much lower than the 8 k(3 required to lower the dniving voltage from 30
to 12 V. The heating rate 1s thus increased by at least 166% (heating rate increases
superhinearly with input electrical power as heat dissipation loss is reduced with faster
heating). It is estimated that the heating time to raise the temperature of the V8P fiim to

>45 °C can be controlled to within 0.5 5 via the new compliant AgNW electrode.
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The combination of highly conductive AgNW network and the streichable serpenting
patterning may lead to Joule heating electrodes with low voltage activation (12 V), high
stretchability (>100% area sirain), and fast refresh speed (~1 s}. The heating speed can be
improved to 0.5 s. The cooling speed could also be improved to <0.5 s with the stiffness
variation of the VSP film being completed within a temperature range spanning only 3 °(C.
Therefore, the refresh speed can be shortened to ~1 s as compared to ~5 s at present.

A potential problem is increased resistance after repeated heating and stretching
cycles of the AgNW based heaters. We have proven that CNT serpentine electrodes are
capable of stable resistance performance across 100,000 cycles at 100% area expansion. A
risk mutigation is to increase the sheet resistance of the AgNW coating to below 10 {/sq,
such that the ribbon could be made thinner to lower the local strain in the ribbon. Techniques
that we have separately developed to improve the thermal stability of the AgNW network®
may also be introduced as necessary to ensure that the resistance increase after 200,000

heating cycles i1s no more than 20%.

D3, Example Assembling driving circuit and fabricating proof-of-concept PolvPad

devices

FIG. 16 lustrates an example Braille cell that can be used 10 a Polypad device. The
cell 1s actuated to display in sequence the letters “U”, “C”, “L”, and “A” in Braille. This
Braille cell 15 a convenient platform to evaluate the VSP polymer, the comphant Joule
heating electrode, and to articulate the layered structure of the taxel panel. FIG. 10 illustrates
the general architecture of the taxel array scaled up to 4 < 10 cells. In one or more exarmples
of a smartphone device embodiment (FIG. 8}, a panel comprising 5 # 15 cells may be used to
cover the smartphone screen area. With a total of 5 < 15 x 6 or 350 Braille pins that need to
be mdependently controlled to display and refresh Braille contents, designing a rapid-
switching, compact and energy efficient driving circuit is an important aspect.

FiG. 17A illustrates an example operational scheme for the Braille display based on
an BSEP film: when the corresponding heating voltage is turned on, it takes ~ 2 seconds to
heat and soften the BSEP film in the Braille dot areas. Midway during heating the air pump is
activated to raise the softened dots. The heating voltage 1s then powered off, and the pump

stays on for another 2 seconds until the VSP has stiffened. The raised dots retain their shapes
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until the next refresh cycle. The actuation voltages are 30 V for heating and 5 V for pumping.
FIG. 178 illustrates an example integrated circuit fabricated on a compact printed circuit
board {(PCB) to supply 30 V inputs to the Joule heating electrodes to individually switch the
Braille dots on a PolyPad panel. The prototype PCB 1s 150 x 70 x 1.6 mm, and was designed
to control the actuation of a 4 x 10 Braille cell matrix. During operation, the Braille content
displays from the beginning of the first line. It requires about 4 seconds to display each line,
and a total time of 16 seconds for the control panel to finish displaying one page. This
preliminary work demonstrates the technical feasibility. In another example, the PCB can be
designed to control 5 x 15 cells with compact size, faster refresh speed, and high power
efficiency.

Line-scanning technique was used in the preliminary PCB to control the actuation of
each line, meaning that the four lines share the same 8-bit data signals from the
microprocessor control umit (MCU) as shown in FIG. 18A. By doing that, the number of VO
ports of MCU was largely reduced for small-size structure. However, the display time to
actuate the whole page increased accordingly. A more efficient architecture for the 5 © 15
Braille cell array, as shown in FIG. 138, can be used to paralletly display 5 lives. In this
architecture, data are parallelly collected in the serial-to-parallel modules and distributed to
the five lines. By doing this, 1t only takes 2 us more time to finish data generation for the
whole page display in each refresh process as compared to refreshing a single line in the
previous design. This approach reduces refresh of PolyPad Braille content from 16 to 4
seconds, while maintaining the compact form factor of the PCB. Use of the improved VSP
film and compliant AgNW electrode ilustrated heremn, respectively, can potentially shorten
screen refresh time to ~ 1 second (s).

Electrical contacts between the bus lines 1o the PCB board and the Joule heating
electrodes can be made by proper alignment, as tlustrated m FIG. 15, A sidver nanoparticle
paste minimizing contact resistance will be screen printed on the contact ends of the Joule
heating electrodes before taxel panel assembly.

An exemplary device may further include a smartphone application (e.g., the 108
APP}Y and communication (firmware and electronics) between the APP and the tactile
display. The APP captures content from three types of sources. The most direct source is pre-

loaded reading materials such as books. Another source is an internet browser, where text
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from web pages can be obtained by a HTML parser. Finally, the APP can capture displayed
images, then recognize handwritien characters using Optimal Character Recognition (OCR)
algorithm or run image classification to generate captions using an artificial intelligence {Al)
server in the Cloud. The APP then translates the contents from the above sources into Braille
text, and communicates with or drives the tactile display via Bluetooth, e.g., which consumes
about 2.5 milliwatts {mW} with around 10 meters range.

In one or more examples, the power consumption of the PolvPad is mainly for
heating, pumping, refreshing and communicating. In various examples, the PCB and the
Bluetooth together consume about 40 mW {peak power is 50 mW) during operation, and
heating and the pneumatic pump consume a peak power of approximately 0.7 W total, giving
a total peak power consumption of the PolyPad of about 0.8 W. Under such exemplary
conditions,eEquipped with a typical phone battery (~3000 mAh), the device can work for
around S hours after each full charge if a user refreshes the pages rapidly. Under normal use,
the usage time is more than 2 days without need of recharging.

In one or more examples, the thickness of the Braille display panel is determuned by
the PCB board, the pneumatic pump, and the battery. The PCB can be fabricated on a metal
thin sheet for compactness and enhanced mechanical properties, for example. A commercial
micro air pump, 3.75 # 1.78 » 0.5 e, designed for medical application producing 30 kPa
pressure and 4.7 mL/s flow rate, can drive the softened V8P film, for example. A typical
~3000 mAh lithium battery is 11 x 5 x 0.3 cm’. Using such components, the overall
thickness of the PolyPad device embodiment 13 ~ 1 cm, thicker than a typical iPhose cases,
but stilt comfortably fitting in a user’s pocket. Total device weight 18 ~ 150 grams, shightly
lighter than an 1Phone X.

Adhesive layers can also be selected {e.g , as available at 3M®) and air-releasing
microchannels may be created to obtain the optimal tradeott for rapid expansion of the VSP
film when the pump 1s on, and rapid release (via leakage) of the air pressure when the pump
is turned off. The results can be admimistered with the internal pneumatic pressure to
guarantee the Braille dots rapidly raise during actuation and rapidly return during refreshing.

In one or more examples, a fabrication process includes: {1) large area coating of the
V8P polymer by doctor blade coating in a clean environment for highly umiform films; (2)

AgNW electrode deposition using Meyer rod techniques and patterning using a laser scriber;
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and (3) assembly and alignment of the components. Raised Braille pin heights with respect to
applied pneumatic pressure, supporting force on the pin, and cycle lifetime of the device can
be characterized and modified according to application. In one or more examples, materials
and textures of the pin top surface can be selected for optimal tactile reading.

To adapt the above design for the fabrication of a tactile graphic display panel
comprising 23 x 44 pins, the same pin-to-pin center distance of 2.5 mm can be maintained.
The taxels are uniformly distributed over the smartphone screen area. An exemplary PCB
board can include buslines vertically interconnected electrode (VIE) such that the buslines do
not occupy the taxel surface area. In one or more examples, a circuit can be designed to
enable the control of 3 discrete states of the pump: OFF, 50% and 100% pressure, to
correspond to the flat, half-raised, and fully raised Braille pin heights. In one or more
examples, the dimensions and power consumption of the graphic panel is comparable to the
Braille-only panel.

PolyPad durability and ruggedness can be comparable to other consumer electronics
made for continuous use 1n active envrionments, such as cell phones and biomedical devices,

due to use of analagous materials, component designs, and manufacturing processes.

Example embodimenis

A display or unit according to one or more embodiments described herein include, but
is not linuted to, the following examples.

I A refreshable tactile display unit comprising:

a} a polvmer {104) membrane {102a} comprising a polymer {104) which is relatively
rigid (106} at an ambient temperature and in a rubbery state (130, 134} (108) at an elevated
temperature, wherein a rigid (1006)-to-soft transition of the polymer (104) occurs within a
temperature range narrower than 10 °C (degrees Celsius);

b} a fludic pressure chamber (110), wheremn the fluidic pressure chamber (110)
apphes fluidic pressure {112), generated from a fluidic pressure source (114}, to the polymer
(104} membrane (102a};

d) a conductive layer {116) including one or more heating elements (118} coupled to

the polymer (104} membrane (102a); and
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e} a rigid {106) membrane (1023} comprising one or more through holes {122)holes
(122}, wherein:

the polymer (104} membrane (102a) deforms through the one or more through holes
{122)holes (122} in response to:

one or more of the heating elements (118) heating the polymer (104} membrane
(102a) to the elevated temperature so as to form a softened polymer (104) membrane {102a)
in the rubbery state {130, 134) (108}, and

the fluidic pressure source (1 14) applyimg (100} the fluidic pressure {112} to the
softened polymer (104} membrane (102a) so as to deform the polymer {104} membrane

(102a).

2. The unit of embodiment 1, wherein the polymer {(104) 15 the bistable
electroactive polymer {104) (BSEP) comprising a combination of stearyl acrylate (SA),
urethane diacrylate (UDA), acrylic acid {AA), trimethylolpropane triacrylate (TMPTA}, 2.2-
Dimethoxy-2- phenylacetophenone (DMPA), and benzophenone (BP).

3. The unit of embodiment 1, wherein the polymer (104) is the bistable
electroactive polymer (104} (BSEP) comprising 80 parts (2) of stearvi acrylate (SA) by
weight, 20 parts (2) of UDA by weight, S parts {2) of acrylic acid (AA) by weight, 1.5 parts
(2} of trimethylolpropane triacrylate (TMPTA) by weight, 0.25 parts (2} of 2,2-Dimethoxy-2-
phenviacetophenone (DMPA) by weight, and 0. 125 parts (2} of benzophenone (BP) by
weight.

4. The unit of embodiment 1, wherein the polyvmer (104} 15 a bistable
electroactive polyrmer (104) (BSEP) comprising 40-80 parts (2) of steary] acrylate (SA) by
weight, 20-60 parts (2} of UDA by weight, 5-15 parts (2) of acrylic acid (AA} by weight,
(.25-1.5 parts (2} of trimethylolpropane triacrylate (TMPTA) by weight, 0.125-0.75 parts (2}
of 2,2-Dimethoxy-2- phenylacetophenone (BMPA} by weight, and 0.0075-0.2 parts {2) of

benzophenone (BP) by weight.
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5. The unit of embodiment 1, wherein the polvmer (104} 15 a bistable
electroactive polymer (104} (BSEP} comprising a combination of tert-butyl acrviate (TBA),
arethane diacrylate (UDA), ethoxylated timethylolpropane triacrylate (ETMPTA), and 2,2~

Dimethoxy-2- phenylacetophenone (BDMPA).

6. The unit of embodiment 1, wherein the polymer {(104) 15 a bistable
electroactive polymer (104} (BSEP) comprising 90-110 parts (2} of tert-butyl acrviate (TBA)
by weight, 5-25 parts (2} urethane diacrylate (UDA) by weight 1-5 parts (2) ethoxvlated
trimethylolpropane triacrylate (ETMPTA) by weight, and 0.25-1.5 parts (2) 2,2-Dimethoxy-

2- phenylacetophenone (DMPA) by weight.

7. The unit of any of the embodiments 1-6, wherein the polymer {104} membrane
{102a):

has a tensile modulus greater than 100 megapascals (MPa) but less than 10
gigapascals (GPa) at the ambient temperature; and

has a tensile modulus of greater than 10 kPa but less than 10 MPa at the elevated

temperature.

8. The unit of any of the embodiments 1-7, wheremn the polymer (104)
membrane {102a) has a nigid (106})-to-soft transition temperature higher than 40°C but lower

than 70°C.

S. The unit of any of the embodiments 1-8, wherein the fluidic pressure (112}
comprises pneumatic pressure caused by compressed gas, a pneumatic pump, or compressed

vapor due to hiquid evaporation.

10.  The unit of any of the embodiments 1-8, wherein the fluidic pressure (112)
comprises liquidous pressure caused by compressed liquid, a liquid pump, or a hquid volume

change due to a phase change or a temperature change.
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It The unit of any of the embodiments 1-10, wherein the fluidic pressure (112}

chamber (114} 1s rigid (106).

12. The unit of any of the embodiments 1-10, wherein the fluidic pressure (112)

chamber {114) is flexible.

13, The unit of any of the embodiments 1-12, wherein the conductive layer (116}

is a coating on the polymer (104) membrane {102a).

14, The unit of any of the embodiments 1-13, wherein the conductive layer (116)

15 deposited by printing, spraying, or casting.

15. The unit of any of the embodiments 1-14, wherein the conductive laver (116)
is heated when a voltage 1s applied between two separated points on the conductive layer

(116).

16. The unit of any of the embodiments 1-15, wherein each of the heating

elements (118) comprises a serpentine pattern.

17. The unit of any of the embodiments 1-16, wherein each of the through holes
{122)holes (122} defines a tactile pixel (124} area and 1s aligned with a heating element i the
conductive layer (116} so that the heating element provides local heating of the polymer

{(104) membrane {102a}.

8. The unit of any of the embodiments 1-17, wherein the rigid {106) membrane

(102a) 15 laminated on the polyvmer (104) membrane (102a).

9. A refreshable tactile display (500), comprising;
a plurality of tactile pixel (124)s each controlled by softening a surface {142) area of a

polvmer (104) membrane (1023}, wherein the polymer (104) membrane (102a) 1s relatively
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rigid (106} at ambient temperature and in a softened state (130, 134} at an elevated
temperature;

a conductive layer {116) including a plurality of heating elements (118}, each of the
heating elements (118} coupled to a different one of the surface (142) areas of the polymer
(104) membrane (102a); and

a rigid (106} membrane (102a} comprising through holes (122)holes (122), each of
the through holes (122)holes {(122) aligned with one of the heating elements (118}, wherein:

the softenung of the polymer (104} membrane (102a) is controlled by applying (100} a
voltage across one or more of the heating elements (118), so as to heat one or more of the
surface (142) areas of the polymer {104} membrane (102a)} to the elevated temperature and
into the softened state (130, 134);

the one or more surface (142) areas in the softened state {130, 134) are deformed out
of a plane (132, 136} of the polymer (104) membrane {102a) into a deformed state (130, 134)
by a fluidic pressure (112} generated using a fluidic pressure {(112) source, such that part of
the tactile pixel (124) coupled to the surface (142) area associated with the tactile pixel (124)
is raised above a plane (132, 136) including the through holes (122}holes (122);

the deformed state (130, 134} is maintained at the ambient temperature; and

deforroation (134a) 1o the deformed state (130, 134) 1s recovered by raising a
ternperature of the one or more surface {(142) areas 1n the deformed state (130, 134) to above

a softening temperature at which the polymer (104) mermbrane (102a) softens.

20. The refreshable tactile display {500) of embodiment 19, wherein the polymer
{(104) membrane {102a};

comprises a phase changing polymer (104} exhibiting a tensile modulus change by at
least two orders of magnitude n a temperature range of less than 10°C;

possesses a tensile modulus of at least 100 MPa at room temperature to provide a
high blocking force, and

becomes rubbery with tensile modulus less than to 1MPa at the elevated temperature,
and

has a thickness T greater than 10 ym.

h
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21 The refreshable tactile display (500) of embodiments 19 or 20, wherein:

the conductive layer {116} comprises one or more conductive materials selected from
the group of single walled carbon nanotube, multiwalled carbon nanotube, graphite power,
graphene, metal nanowires, metal nanoparticles, thin coating of a metal or alloy, thin
conducting polymer {104) coating, conducting polymer (104) nanocfibers,

each heating element covers one of the surface (142) areas comprising a circular area
with diameter larger than 0.1 mm (34) but less than 10 mm (34},

each heating element aligns with one of the through holes (122)holes (122},
comprising a circular through hole, on the rigid (106) membrane {102a),

the rigid (106} membrane (102a) comprises a chamber cover for a fluidic pressure
(112} chamber connected to the fluidic pressure {112} source, the fluidic pressure (112)
chamber transferring or applying (100) the fluidic pressure (112} to the polymer (104)

membrane (102a).

22. The display (500) of embodiment 21, wherein the carbon nanotubes are

embedded 1in a polymer (104) layer.

23. The display (500) of any of the embodiments 19-22, wherein each of the

heating elements (118) comprise a serpentine pattern.

24, The display (500} of any of the embodiments 19-22, wherein the tactile pixel

{(124)s have a relatively flat surface (142).

25.  The display (500} of embodiment 19, wherein the polymer (104} membrane
{102a) comprises a combination of stearyl acrylate (SA}, urethane diacrylate (UDA), acrylic
acid {AA), trimethylolpropane triacrvlate (TMPTA), 2,2-Dimethoxy-2- phenylacetophenone

{DMPA}, and benzophenone (BP).

26. The display (500} or unit of any of the embodiments 1-25, wherein
deformation {134a} of the polymer (104) membrane (102a) actuates one or more pixels by

displacing one or more pins {124a} in the one or more through holes (122)holes (122).
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27. The display (500} or unit of any of the embodiments 1-26, wherein Joule

heating of the conductive layer (116} softens the polymer (104) membrane {(102a).

(v

28. The display (500} or unit of any of the embodiments 1-27, wherein the
polymer {104) layer and the conductive layer (116) form a interpenetrating composite {the

polvmer (104} laver and the conductive layer {(116) interpenetrate).

29. A method of making the refreshable tactile display (500) (e.g., of any of the
10 previous embodiments), comprising:
a) stretching a softened polymer (104) membrane (102a) and maintaining deformation
{134a) of the softened polymer {104) membrane (102a) when the polymer (104} membrane
(102a} 1s cooled to ambient temperature;
b} spraying a dispersion of carbon nanotubes {CNTs) in a solvent onto the deformed
15 rigid (106) polymer (104} membrane (102a) through a shadow mask which has one or more
serpentine shaped cutout pattern{s), so as to form a carbon nanotube coating on the deformed
rigid (106} polymer (104) membrane (102a);
) spraying a solution comprising a polymer (104} or polymer {104} precursor on top
of the carbon nanotube coating; and
20 d) ) releasing the deformation (134a) of the stretched polymer (104} membrane (102a)

at elevated temperature, and cooling down to ambient temperature.

30, A method of making a refreshable tactile display (500} (e.g., of any of the
previous embodiments), comprising:
25 a) forming a coating of carbon nanotubes on a release substrate;
b} patterning the coating mto serpentine shapes by laser ablation;
c) applyving (100} a polymer {104) precursor layer over the coating;
d} curing the polymer (104) precursor layer, forming a cured polymer (104} layer; and

&) separating the cured polymer (104} layer from the release substrate,

h
h
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31 A bistable electroactive polymer (104) (e.g., for use in any of the previous
embodiments), comprising a combination of stearyl acrylate {(SA)}, urethane diacrylate
(UDA)}, acrvlic acid (AA), trimethylolpropane triacrylate (TMPTA), 2.2-Dimethoxy-2-

phenylacetophenone (BMPA), and benzophenone (BP).

32. A bistable electroactive polymer (104) (BSEP) (e.g., for use in any of the
previous embodiments) comprising a combination of tert-butyl acrylate (TBA), urethane
diacrylate (UJDA), ethoxylated trimethylolpropane triacrylate (ETMPTA), and 2,2-
Dimethoxy-2- phenylacetophenone (BMPA).

33. A PolyPad device of any of the previous embodiments fabricated to display §
% 15 Braille cells (450 Braille pins) and 1012 tactile graphic pixels in a relatively small area
comparable to a smart phone screen, optionally further comprising a PCB board to
mdividually switch the taxels 15 compact and thin, and optionally wherein the display 13
integrated with the pump and battery into a foldable phone case-like package with a total
thickness of ~1 cm, optionally with fully raised pin height to be 0.6 mm with height varnation
of <20% among the 450 dots, and an intermediate height of 0.3 mm (for graphic display)
with height variation of <20%. In one or more examples, the power consumed for heating,
pumpting, refreshing and communicating, of about 0.8 W or less; a single phone battery will
aliow a use time of one day on a full charge.

34. The display of any of the previous embodiments, wherein the Joule heating
electrode is patterned directly and only on the active taxel areas, the area being heated s only
1.77 mm” per taxel pixel or less, and the polymer film 15 6f 90 {im thickness or less, 30 V was
applied to the S- CNT electrode of 50 kQresistance takes 1 s to reach S0°C, the power
consumption 1s calculated to be 18 mW.

35 The display of any of the previous embodiments, whergin for a smartphone
screen-sized panel with 48 X 24 taxels, roughly 50% of the dots are raised during content
refreshing, so the total power consumption 1s 2.16 W or less, the device further comprising a
switching circuit and a pneumatic pump consume about 1 W during operation, so that overall
power consumption s thus 3.16 W which is within the feasible range for small or portable

devices.
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36. A method of reading a display of any of the previous embodiments,
comprising a human feeling or sensing the pins, taxel, or tactile pixel using their fingertips,
wherein the taxel, tactile pixels or pins are arranged according to Braille format so that the
human reads, feels, or senses the Braille format using the fingertips.

37. The method or device of any of the previous examples, further comprising a
computer {e.g., smartphone} modulating the pins, taxels, or tactile pixels using a voltage
applied to the heating elements/conductive layer, the pins, taxels, or pixels modulated so that
the Braille format represents information outputted from, or intended for display by, the
computer.

38. The method or device of any of the previous examples, wherein the fluidic

pressure comprises a constant or uniform pressure during the reading.

Advantases and Improvements

Many transducer technologies are under investigation for refreshable Braille displays.
In addition to piezoelectrics [13], there are electromagnetic linear actuators, shape memory
alloys (8MAs) [14] thermopneumatic actuators {TPAs) [135, 16] electrostrictive polymers
{171, and dielectric elastomers (DEs) [18, 19]. These technologies all offer certain
advantages, as well as linutations. FElectromagnetic linear actuators are difficult to shrink to
Braille dot size and require continuous power. SMAs require complex thermal management
strategies to maintain reasonable actuation rates, which increases cost. TPAs suffer from
siow response speed and high-power consumption, requiring periodic pulsing to maintain
their actuated shape. Electrostrictive polymers and DEs have poor cycling lifetimes and high
driving voltages {1-5 kV), and have only one stable state, requiring constant actuation to
remain in the raised state. This causes major 1ssues with regard to hmited rehiability, high
power consumption, and safety concerns. Actuator configurations capable of bi-stability are
possible, but are much more complex. Oscillatory operation modes also exist wherein active
dots are oscillated between the up and down states while inactive dots remain 1n the down
state {20]. While this method circumvents the need for bi-stability, the oscillating mode
makes characters more difficult to read, and can accelerate actuator fatigue. As observed by
Leonardis, et al. [11], none of these actuation technologies offer the compactness, flexibility,

and low power consumption required by the proposed PolyPad devices illustrated herein.

h
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Embodiments described herein, on the other hand, provide a high resolution refreshable
tactile display that can exert large sircke and provide high blocking force. Embodiments of the
device described herein have a compact structure and high actuator density with a single fhudic
reservoir. In one or more examples, the tactile display described herein uses the bistable
electroactive polymer (BSEP) thin film with highly stretchable Joule heating electrodes as the
active layer that can perform stable actuation with low voltage supply (30V). Each actuator can
be individually controlled by application of local heating and pneumatic pressure. An enabling
element of this approach is the fabrication of a highly stretchable Joule heating electrode. The
compliant heater can locally soften the BSEP film in a rapid and precise manner. Thus, while the
activation of the BSEP transistor requires high voltage, a pneumatic tactile display according
to embodiments of the present invention requires only a low voltage signal to achieve large
stroke, high blocking force, and safe operation with fast response speed. Moreover, unlike
other commercialized tactile devices, which have complex components and cost several thousand
dollars, a pneumatic tactile display according to examples described herein possesses a compact
form factor with extraordinary working performances, and can be produced at low cost.

The demonstrated refreshable tactile display should find a wide range of applications
in recreation, entertainment, robotics, health care, and so on. Potential applications for such
tactile display are numerous, such as reproducing surface topography, providing haptic
feedback for human- machine interfaces, and electronic Braille readers.

In one or more examples, the unique combination of the VSP and pneumatic actuation
results in a compact Braille technology that can be packaged 1nto small convenient form factors
with low production cost for broad adoption. The low driving voltage facilitates low-cost,
energy-efficient, and compact circuitry. The bistable VSP membrane ensures long-term
durability. A serpentine patterned {e.g., AgNW) network embedded in the VSP membrane
enables fast and rehiable display refreshing. Matenals and device architecture 1s adaptable for
Braille add-on to various devices including, but not limited to, the iPhone®, iPad®, and Kindle",

with high tactile pixel resolution, compact form factors, light weight, and fast display refresh.
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Conglusion

This concludes the description of the preferred embodiment of the present invention.
The foregomg description of one or more embodiments of the mvention has been presented for
the purposes of itlustration and description. It 1s not intended to be exhaustive or to himit the
mvention to the precise form disclosed. Many modifications and vanations are possible n
light of the above teaching. Tt 15 intended that the scope of the mnvention be imited not by this

detatled description, but rather by the claims appended hereto.
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WHAT IS CLAIMED IS:

1. Arefreshable tactile display unit comprising:

a) a polymer membrane comprising a polymer which is relatively rigid at an
ambient temperature and in a rubbery state at an elevated temperature, wherein a
rigid-to-soft transition of the polymer occurs within a temperature range narrower
than 10 °C;

b) a fluidic pressure chamber, wherein the fluidic pressure chamber applies
fluidic pressure, generated from a fluidic pressure source, to the polymer membrane;

d) a conductive layer including one or more heating elements coupled to the
polymer membrane; and

e) a rigid membrane comprising one or more through holes, wherein:

the polymer membrane deforms through the one or more through holes in
response to:

one or more of the heating elements heating the polymer membrane to the
elevated temperature so as to form a softened polymer membrane in the rubbery
state, and

the fluidic pressure source applying the fluidic pressure to the softened

polymer membrane so as to deform the polymer membrane.

2. The unit of claim 1, wherein the polymer is the bistable electroactive
polymer (BSEP) comprising a combination of stearyl acrylate (SA), urethane
diacrylate (UDA), acrylic acid (AA), trimethylolpropane triacrylate (TMPTA), 2,2-
Dimethoxy-2- phenylacetophenone (DMPA), and benzophenone (BP).

3. The unit of claim 1, wherein the polymer is the bistable electroactive
polymer (BSEP) comprising 80 parts of stearyl acrylate (SA) by weight, 20 parts of
UDA by weight, 5 parts of acrylic acid (AA) by weight, 1.5 parts of trimethylolpropane
triacrylate (TMPTA) by weight, 0.25 parts of 2,2-Dimethoxy-2- phenylacetophenone
(DMPA) by weight, and 0.125 parts of benzophenone (BP) by weight.
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4. The unit of claim 1, wherein the polymer is a bistable electroactive
polymer (BSEP) comprising 40-80 parts of stearyl acrylate (SA) by weight, 20-60
parts of UDA by weight, 5-15 parts of acrylic acid (AA) by weight, 0.25-1.5 parts of
trimethylolpropane triacrylate (TMPTA) by weight, 0.125-0.75 parts of 2,2-
Dimethoxy-2- phenylacetophenone (DMPA) by weight, and 0.0075-0.2 parts of
benzophenone (BP) by weight.

. The unit of claim 1, wherein the polymer is a bistable electroactive
polymer (BSEP) comprising a combination of tert-butyl acrylate (TBA), urethane
diacrylate (UDA), ethoxylated trimethylolpropane triacrylate (ETMPTA), and 2,2-
Dimethoxy-2- phenylacetophenone (DMPA).

6. The unit of claim 1, wherein the polymer is a bistable electroactive
polymer (BSEP) comprising 90-110 parts of tert-butyl acrylate (TBA) by weight, 5-25
parts urethane diacrylate (UDA) by weight,1-5 parts ethoxylated trimethylolpropane
triacrylate (ETMPTA) by weight, and 0.25-1.5 parts 2,2-Dimethoxy-2-
phenylacetophenone (DMPA) by weight.

7. The unit of any of the claims 1-6, wherein the polymer membrane:

has a tensile modulus greater than 100 megapascals (MPa) but less than 10
gigapascals (GPa) at the ambient temperature; and

has a tensile modulus of greater than 10 kPa but less than 10 MPa at the

elevated temperature.

8. The unit of any of the claims 1-7, wherein the polymer membrane has

a rigid-to-soft transition temperature higher than 40°C but lower than 70°C.

9. The unit of any of the claims 1-8, wherein the fluidic pressure
comprises pneumatic pressure caused by compressed gas, a pneumatic pump, or

compressed vapor due to liquid evaporation.
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10.  The unit of any of the claims 1-8, wherein the fluidic pressure
comprises liquidous pressure caused by compressed liquid, a liquid pump, or a

liquid volume change due to a phase change or a temperature change.

11.  The unit of any of the claims 1-10, wherein the fluidic pressure

chamber is rigid.

12.  The unit of any of the claims 1-10, wherein the fluidic pressure

chamber is flexible.

13.  The unit of any of the claims 1-12, wherein the conductive layer is a

coating on the polymer membrane.

14.  The unit of any of the claims 1-13, wherein the conductive layer is

deposited by printing, spraying, or casting.

15.  The unit of any of the claims 1-14, wherein the conductive layer is
heated when a voltage is applied between two separated points on the conductive

layer.

16.  The unit of any of the claims 1-15, wherein each of the heating

elements comprises a serpentine pattern.
17. The unit of any of the claims 1-16, wherein each of the through holes
defines a tactile pixel area and is aligned with a heating element in the conductive

layer so that the heating element provides local heating of the polymer membrane.

18. The unit of any of the claims 1-17, wherein the rigid membrane is

laminated on the polymer membrane.

19.  Arefreshable tactile display, comprising:
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a plurality of tactile pixels each controlled by softening a surface area of a
polymer membrane, wherein the polymer membrane is relatively rigid at ambient
temperature and in a softened state at an elevated temperature;

a conductive layer including a plurality of heating elements, each of the
heating elements coupled to a different one of the surface areas of the polymer
membrane; and

a rigid membrane comprising through holes, each of the through holes
aligned with one of the heating elements, wherein:

the softening of the polymer membrane is controlled by applying a voltage
across one or more of the heating elements, so as to heat one or more of the
surface areas of the polymer membrane to the elevated temperature and into the
softened state;

the one or more surface areas in the softened state are deformed out of a
plane of the polymer membrane into a deformed state by a fluidic pressure

generated using a fluidic pressure source, such that part of the tactile pixel coupled

to the surface area associated with the tactile pixel is raised above a plane including

the through holes;
the deformed state is maintained at the ambient temperature; and
deformation in the deformed state is recovered by raising a temperature of
the one or more surface areas in the deformed state to above a softening

temperature at which the polymer membrane softens.

20.  The refreshable tactile display of claim 19, wherein the polymer

membrane:

comprises a phase changing polymer exhibiting a tensile modulus change by

at least two orders of magnitude in a temperature range of less than 10°C;
possesses a tensile modulus of at least 100 MPa at room temperature to
provide a high blocking force, and
becomes rubbery with tensile modulus less than to 1MPa at the elevated
temperature; and

has a thickness greater than 10 um.
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21.  The refreshable tactile display of claims 19 or 20, wherein:

the conductive layer comprises one or more conductive materials selected
from the group of single walled carbon nanotube, multiwalled carbon nanotube,
graphite power, graphene, metal nanowires, metal nanoparticles, thin coating of a
metal or alloy, thin conducting polymer coating, conducting polymer nanofibers,

each heating element covers one of the surface areas comprising a circular
area with diameter larger than 0.1 mm but less than 10 mm,

each heating element aligns with one of the through holes, comprising a
circular through hole, on the rigid membrane,

the rigid membrane comprises a chamber cover for a fluidic pressure
chamber connected to the fluidic pressure source, the fluidic pressure chamber

transferring or applying the fluidic pressure to the polymer membrane.

22.  The display of claim 21, wherein the carbon nanotubes are embedded

in a polymer layer.

23. The display of any of the claims 19-22, wherein each of the heating

elements comprise a serpentine pattern.

24.  The display of any of the claims 19-22, wherein the tactile pixels have

a relatively flat surface.

25.  The display of claim 19, wherein the polymer membrane comprises a
combination of stearyl acrylate (SA), urethane diacrylate (UDA), acrylic acid (AA),
trimethylolpropane triacrylate (TMPTA), 2,2-Dimethoxy-2- phenylacetophenone
(DMPA), and benzophenone (BP).

26. The display or unit of any of the claims 1-25, wherein deformation of
the polymer membrane actuates one or more pixels by displacing one or more pins

in the one or more through holes.
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27.  The display or unit of any of the claims 1-26, wherein Joule heating of

the conductive layer softens the polymer membrane.

28.  The display or unit of any of the claims 1-27, wherein the polymer
layer and the conductive layer form a interpenetrating composite (the polymer layer

and the conductive layer interpenetrate).

29. A method of making the refreshable tactile display, comprising:

a) stretching a softened polymer membrane and maintaining deformation of
the softened polymer membrane when the polymer membrane is cooled to ambient
temperature;

b) spraying a dispersion of carbon nanotubes (CNTs) in a solvent onto the
deformed rigid polymer membrane through a shadow mask which has one or more
serpentine shaped cutout pattern(s), so as to form a carbon nanotube coating on the
deformed rigid polymer membrane;

C) spraying a solution comprising a polymer or polymer precursor on top of
the carbon nanotube coating; and

d) ) releasing the deformation of the stretched polymer membrane at elevated

temperature, and cooling down to ambient temperature.
30. A method of making a refreshable tactile display, comprising:
a) forming a coating of carbon nanotubes on a release substrate;

b) patterning the coating into serpentine shapes by laser ablation;

)

)
c) applying a polymer precursor layer over the coating;
d) curing the polymer precursor layer, forming a cured polymer layer; and
)

e) separating the cured polymer layer from the release substrate.

31. A bistable electroactive polymer, comprising a combination of stearyl

acrylate (SA), urethane diacrylate (UDA), acrylic acid (AA), trimethylolpropane
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triacrylate (TMPTA), 2,2-Dimethoxy-2- phenylacetophenone (DMPA), and

benzophenone (BP).

32. A bistable electroactive polymer (BSEP) comprising a combination of
tert-butyl acrylate (TBA), urethane diacrylate (UDA), ethoxylated trimethylolpropane
triacrylate (ETMPTA), and 2,2-Dimethoxy-2- phenylacetophenone (DMPA).
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