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DEFORMABLE INDUCTORS

CROSS-REFERENCE TO RELATED APPLICATION

{0001} This application claims priority from U.S. Provisional Patent Application Ser. No.
62/985,116 filed March 4, 2020 which is incorporated by reference.

COPYRIGHTS

100021 A portion of the disclosure of this patent document contains material which is subject to
copyright protection. The copyright owner has no objection to the facsimile reproduction by
anyone of the patent disclosure, as it appears in the Paient and Trademark Office patent files or

records, but otherwise reserves all copyright rights whatsoever.
BACKGROUND

100031 The inventive principles of this patent disclosure relate generally to deformable
conductive materials, and more specifically 1o structures having electrical connections and/or

layers with deformable conductive malerials, and methods of forming such structures.
SUMMARY

16004] A circuit assembly may include a first layer arranged as a substrate, a second laver
having a spiral patiern attached 1o the substrate, wherein the spiral pattern containg a
deformable conductor. The circuit assembly may further include a third laver attached o the
second layer 1o encapsulate the deformable conductor in the second layer. The third layer may
include one or more vias containing a deformable conductor. The circuit assembly may further
include a fourth layer attached 1o the third laver 1o encapsulate the deformable conductor in the
third layer. The fourth layer may include one or more passages arranged as traces and
containing a deformable conductor. The circuit assembly may further include a fifth layer
attached to the fourth laver 1o encapsulate the deformable conductor in the fourth layer. The

fifth layer may include one or more vias containing a deformable conductor.

100051 A circuit assembly may include a first portion of a deformabie inductor fabricated on a
first layer of the circuit assembly; and a second portion of the deformable inductor fabiricated on
a second layer of the circuit assembly and electrically connected to the first portion of the

deformable inductor. The second portion of the deformable inductor may be formed as a



WO 2021/178699 PCT/US2021/020920

pattern including at izast a partial turn. The pattern may include a substantially complete tum.
The circuit assembly rmay further include a deformable substrate disposed between the first
layer and the second layer. The first portion of the deformable inductor may be electrically
connecled to the second portion of the deformable inductor through a via in the deformable

substrate.

(00061 A method may include sensing an interaction with a deformable inducior, wherein the
deformable inductor may include an inductive patiern of deformable conductor, and a
deformable substrate arranged 1o support the inductive pattern of deformable conductor.
Sensing the interaction may include sensing a seif-inductance of the deformable inductor.
Sensing the interaction may include sensing a mutuakinductance of the deformable inductor.

The mutual-inductance may include a mutual inductance with a structure.

100071 An article of manufacture may include an inductive pattern of deformable conductor,
and a deformable substrate arranged to support the inductive patiern of deformable conductor.
The article may include an article of clothing. The article of clothing may include a glove. The

inductive pattern of deformable conductor may be located at a fingertip of the glove.

BRILF DESCRIPTION OF THE DRAWINGS

00081 Fig. 1 is an exploded view illustrating an embodiment of a circuit assembly according to
some inventive principles of this patent disclosure.

0009 Fig. 2 is a partially exploded perspective view of an example embodiment of a circuit
assembly according to some inventive principles of this patent disclosure.

16010} Figs. 3A through 3E are cross-sectional views taken through line A-A in Fig. 2 showing
some possible example implementation details and alternative embodiments according to
some inventive principles of this patent disclosurs.

16011} Fig. 4 is a partially exploded perspective view of another example embodiment of a
circuit assembly according to some inventive principles of this patent disclosure.

10012} Figs. 5A-3C are cross-sectional views taken through line A-A in Fig. 4 showing some
possible example implementation details and allernative embodiments according to some
inventive principles of this patent disclosure.

0013} Fig. 6is a partially exploded perspective view of another example embodiment of a

circuit assembly according 1o some inventive principles of this patent disclosure.
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[0014] Figs 7A and 78 through 15A and 158 illustrate embodiments of circuit assemblies and
embodiments of methods for fabricating the circuit assemblies according to some inventive
principles of this patent disclosure.

[6015] Fig. 16 is a cross-sectional view illustrating another embodiment of a circuit assembly
according to some inventive principles of this patent disclosure.

10016} Fig. 17 is a cross-sectional view illustrating another embodiment of a circuit assembly
according 1o some inventive principles of this patent disclosure.

100171 Figs. 18 and 19 are a plan view and a cross-sectional view, respectively, of a via
structure according 1o some inventive principles of this patent disclosure.

6018 Fig. 20 is a compositive view showing the relative alignmeni of components of an
inductor assembly according 1o the principles of this disclosure.

0019 Figs. 21-25 illustrate first through fifth layers, respectively, of an inductor assembly
according to the principles of this disclosure.

00201 Fig. 26 is a top plan view showing how the lavers of Figs. 21-25 may appear when fully

assermbled according 1o the principles of this disclosure.
DETAILED DESCRIPTION

10021} The embodiments and example implementation details described below are for
purposes of illustration. The drawings are not necessarily shown 1o scale. The inventive

principles are not limited to these embodiments and details.

00221 Some of the inventive principles of this patent disclosure relate 1o electrical connections

between components and deformable conductive materials in circuit assemblies.

00231 Fig. 1is an exploded view illustrating an embodiment of a circuit assembly according to
soime invertive principles of this patent disclosure. The embodiment of Fig. 1 includes a
substrate 100 having a patiern of contact points 102 formed from deformable conductive
rmaterial and supported by the substrate. An electric component 104 is also supported by the
substrate 100 and has one or more terminals 106 arranged in a pattern corresponding to the
pattern of contacts points 102. The terminals 106 are shown with dashed lines (phantom view)
as they are located on the boltom of the electric component 104. One or more of the terminals
106 of the electric component 104 may contact one or more of the corresponding contact
points 102 to form one or more electrical connections between the electric component and the

contact points. The one or more terminals 106 may contact one or more of contact points 102,
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for example, as the electric component 104 is attached 1o, brought closer 1o, or otherwise
supported by, the substrate 100 as shown by arrow 108, Some of the inventive principles may
thus enable the creation of slectrical connections without soldering or any other conventional

process for creating electrical connections.

00241 The contact points 102 may be supported by the subsirate 100, for example, by being
formed directly on the surface of the substrate, by being recessed into the substrate, by being
formed on another layer of material above the substrate, or in other ways. The electric
component 104 may be supported by the substrate 100, for example, by being attached directly
o the surface of the subsirale, by being attached to another component that is supporied by

the substrale, by being supported by the pattern of contact points 102, or in other ways.

0025] The assembly of Fig. 1 may further include a pattern of conductive traces formed from
deformable conductive material and supporied by the substrate. The pattemn of conductive

traces may be interconnected with the pattern of contact points.

0026] The embodiment of Fig. 1 may be implemented with a wide variety of materials and
components. For example, the substrate may be fabricated from natural or synthetic rubber or
plastic materials including any silicone based materials such as polydimethylsiloxane (PDMS),
thermoplastic polyurethane (TPU), ethyiene propylene diene terpolymer (EPDM), neoprene,
polyethylene terephthalate (PET) as well as epoxies and epoxy based materials, fabrics, wood,
leather, papeyr, fiberglass and other composite materials, and other insulating materials and/or

combinations thereof.

[0027] The deformable conductive materials may be provided in any form including liguid,
paste, gel, powder, or other form having a soft, flexible, stretchable, bendable, elastic, flowable
viscoelastic, or otherwise deformable characteristic including Newtonian and non-Newtonian
characteristics. The deformable conductive materials may be realized with any electroactive
materials including, but not limited 1o, deformable conductors including conductive gels such as
gallium indium alloys {aiso referred to by the trademark “Metal Gel™}, some examples of which
are disclosed in U.S. Patent Application Publication No. 2018/0247727 published on August 30,
2018 which is incorporated by reference and International Patent Application PCT/US2017/
019762 filed February 27, 2017 which is incorporated by reference and was published on
September 8, 2017 as International Publication No. WO 2017/151523 A1 which is also

incorporated by reference. Other suitable electroactive materials may include any conductive
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metals including gold, nickel, silver, platinum, copper, etc.; semiconductors based on silicon,
gallium, germanium, antimony, arsenic, boron, carbon, seleniurn, sulfur, tellurium, elc,,
semiconducting compounds including gallium arsenide, indium antimonide, and oxides of many
metals; organic sermiconductors; and conductive nonmetallic substances such as graphite.
Other examples of conductive gels include gels based on graphite or other allotropes of carbon,

ionic compounds or other gels.

[0028] ii.5. Patent Application Publication No. 2020/0066628 published on February 27, 2020 is
incorporated by reference. US Palent Application Publication No. 2019/0056277 which was
published February 21, 2019 is incorporated by reference. US Patent Application Publication No.
2020/0381349 which was published December 3, 2020 is incorporated by reference. US Patent
Application Publication No. 2020/0386630 which was published December 10, 2020 is

incorporated by reference.

[0029] The electric component may be any electrical, electronic, electromechanical, or other
electric devices including but not limited to integrated circuits, transistors, diodes, LEDs,
capacitors, resistors, inductors, switches, terminals, connectors, displays, sensors, printed
circuit boards, or other devices. The electric components may be in the form of bare
components, or they may be partially or fully enclosed in various types of packages. In the case
of integrated circuits and other semiconductors, a wide range of package types may be used as
described in more detail below. Integrated circuits in the form of bare dies or dies mounted on

substrates but not fully enclosed in a package such as chip-scale device may also be used.

{0030 The pattern of contact points may include any number and arrangement of contact
points, including a single contact point, depending on number and arrangement of terminals on
the electric component or components and the number and arrangement of electrical

connections.

0031} Fig. 2 is a partially exploded perspective view of an example embodiment of a circuit
assermnbly according to some inventive principles of this patent disclosure. The emboediment of
Fig. 2 includes an integrated circuit (IC) 116 in a surface mount package having terminals in the
form of leads 1T18A-118F. A substrate 110 has a pattern of contact points 112A-112F {also
referred 1o collectively as 112} made from deformable conductive material and arranged fo
match the footprint of the leads 118A-118F (also referred to collectively as 118) on infegrated

circuit 116, In this example, the contact points are formed in the shape of solder pads which

%3]
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would conventionally be used to make electrical connections between the IC and a printed
cireuit hoard. Conductive traces 114A-114F (also referred 1o collectively as 114}, which may
aiso be made from deformable conductive material, are connected 1o the contact points 112A-
112F and end at the edges of the substrate 110 in this cutaway view. The traces 114A-114F
rmay be used, for example, 1o connect the integraled cirouit 116 to other components, cirouitry,
terminals, etc. The leads T18A-118F contact the corresponding contact points 112A-112F when

the integrated circuit 116 is placed onio the substrate as shown by arrow 120.

100321 In the embodiment of Fig. 2, the contact points 112 and traces 114 are formed on the
top surface of, and protrude above, the substrate 110 by, for example, flexographic printing,
block printing, jet printing, 3-D printing, stenciling, masked spraying, extruding, rolling, or

brushing, screen printing, pattern deposition, or any other suitable technique.

0033} Figs. 3A-3E are cross-sectional views taken through line A-A in Fig. 2 showing some

possible example implementation details and alternative embodimeants.
0034 In Fig. 34, the IC 116 is shown prior o placement on the substrate 110

6035] Fig. 3B shows the IC 116 placed on the substrate 110 and forming ohmic contacts
hetween the leads 118 and contact points 112, The IC 116 is secured 1o the substrate 110 by a
layer of adhesive 122. In this exampile, the ieads 118 have displaced some of the deformable
conductive material of the contact points 112 which may conform 1o the shape of the leads 118

and may provide additional surface area and improved electrical connections.

[0036] Fig. 3C illustrates an embodiment similar to that of Fig. 3B but with an encapsulant 124
covering the integrated circuit 116, leads 118, contact points 112 and traces 114. The
encapsulant 124 may aiso fill the space between the integrated circuit 116, leads 118 and
substrate 110. Examples of materials suitable for encapsulant 124 include silicone based
materials such as PDMS, urethanes, epoxies, polyesters, polyamides, varnishes, and any other

material that may provide a protective coating and/or help hold the assembly together.

00371 Fig. 3D illustrates an embodiment in which the integrated circuit 116 directly contacts
the substrate 110 which may be used, for example, with a substrate 110 made from an

inherently adhesive or sticky material, or when an encapsulant will provide adequate strength
for hoiding the integrated circuit 116 1o the substrate 110. In this embodiment, the leads 118

may press further into the contact points 112,

&
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0038} Fig. 3k illustrates an embodiment in which an additional layer of material 126 is attached
to the upper surface of the substrate 110 and located under the pattern of contact points 112,
The layer 126 may perform various functions. For example, in an implementation in which the
substrate is fabricated from a flexible or stretchable material, layer 126 may be made from a
rmore rigid or less streichable material to prevent flexing or stretching of the region of the
substrate directly under the integrated circuit or other electric component which may possibly
cause failure of the connections between terminals 118 of the integrated circuit 116 and the
contact points 112. As another example, the layer 126 may perform a heat sinking or heat
dissipating function for the integrated circuit 116 or other electiic component. The additional
layer 126 may alternatively be located under the subsirate 110, within the substrate, or in any
other suitable location. The layer 126 may be formed as a continuous sheet of material, or it
rmay be patierned, for example, with openings for any or all of the contact points 112, traces
114, integrated circuit 116, or other components. Examples of materials that may be used for
the layer 126 include some forms of TPU, fiberglass, PET, and other relatively rigid or non-

stretchable materials.

10039] Fig. 4 is a partially exploded perspective view of another example embodiment of a
circuit assembly according to some inventive principles of this patent disclosure. The
embodiment of Fig. 4 is similar to that of Fig. 2, but the contact points 1264A-F are formed by
recesses in the substrale 128 that are partially or fully filled with deformable conductive

material. The embodiment of Fig. 4 also includes fraces 130 that are recessed in the substrate.

{0040} The recesses in the substrate may be formed by removing portions of a sheet of
material by drilling, routing, etching, cutting or any other method of removing material with
mechanical optical {e.g. laser)}, chemical, electrical, ultrasound or other apparatus or
combination thereof. Alternatively, the substrate may be formed with recesses in it by moiding,
casling, 3-D printing, or other formation process. The deformable conductive material may be
deposited in the recesses through any of the processes mentioned above including printing,
stenciling, spraying, rolling, brushing, and any cther technique for depositing material in the
recesses. Additionally, the recesses may be overfilled with deformable conductive material and
then any suitable technique including scraping, rolling, brushing, etc. may be used to remove
excess material so that it is flush with, or slightly above or below the surrounding surface of the

substrate as described in more detaill below.
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0041} Figs. 5A-5C are cross-sectional views taken through line A-A in Fig. 4 showing some

possible example implementation delails and alternative embodiments.
0042} In Fig. 5A, the IC 132 is shown prior 1o placement on the subsirate 128.

10043} Fig. 5B shows the |C 132 placed on the substrate 128 and forming ohmic contacts
betweaen the leads 134 and contact points 126. in this example the IC 132 is mounted directly to
the substrate 110 which may, for exarmple, have a self-adhesive surface. Allernatively, the 1C 132
may be attached 1o the substrate using adhesives or any other suitable technigue. In this
example, the leads 134 protrude downward into the contact points 126 and displace some of
the deformable conductive material which may conform to the shape of the leads 134 and may

provide additional surface area and improved electrical connections.

[0044] The integrated cirouits shown in Figs. 2, 3A-3E, 4, and 5A-5B are packaged in surface
mount package such as the SOT23-6 {small outline transistor, six lead) package, but any other
types of IC packages and electronic components may be used in accordance with the inventive
principles of this patent disclosure. For example, lead-less chip carriers may have terminals with
flat lead surfaces that provide a good interface 1o any of the disclosed contact points without
disrupting the patterns of deformable conductive material. Some ¢other types of packages that
rnay work well include packages with pretruding solder structures such as ball grid arrays
(BGAs) and wafer-level chip-scale packaging (WL-CSP), and packages with slightly protruding
leads such as leaded chip carriers, since the solder structures or leads may sink slightly into the
contact points to create reliable ohmic connections without displacing so much of the

deformable conductive material that it disrupts the patterns.

0045} Fig. 5C illustrates an embodiment in which a chip-scale package 136 with solder bumps

138 is adhered to the subsirate 128,

[60486] Fig. 6 illustrates an embodiment in which an additional layer of material 142 is attached
1o the surface of the substrate 140 after formation of the pattern of contact points 144 and
traces 146, but before attachment of the integrated circuit 148, The layer 142 may be similar, for
example, to the layer 126 in the embodirment of Fig. 3E. In this embodiment, the layer 142

includes openings for the contact points 144.

100471 In addition to packaged integrated circuits and other devices, bare integrated circuit dies
and other components may be used in accordance with the inventive principles of this patent

disclosure. For example, an iC die having bonding or contact pads may be attachedto a
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substrate having a flush or protruding pattemn of contact points that coresponds 1o the pattern
of bonding or contact pads on the die. This may typically require that the die may be mounied
upside down {that is, with the bonding or contact pads Tacing the top surface of the substrate)
such that the contact points with deformable conductive material form ohmic connections with

the bonding or contact pads.

o048 Although the deformable conductive material is generally shown as being flush with
surface of the substrate in the embodiments of Figs. 4, SA-5C and 6, the deformable conductive
material may alternatively be formed shy of (i.e,, recessed below) or proud of (iLe,, protruding
above) the surface of the substrate. Material may be formed shy of the surface, for example, by
only partiaily filling some or all of the recesses with material, or by removing some material by
scraping, brushing, gouging, eiching, evaporating, etc. Malerial may be formed proud of the
surface by pattern depositing, stenciling, various forms of printing, etc. In some embodiments,
material may be formed proud of the surface by using a release layer with a patiern that
matches the pattern of the recesses. The release layer may be positioned over the substrate
and the pattern of recesses may be over-filled and then scraped flush with the top surface of the
release layer. The release layer may then be removed 1o leave protruding material in a manner

similar 1o the embodiments described below.

[0049] The contact points and traces are generally shown on the surface of, or extending part
way into, the subsirate in the embodiments of Figs. 2, 3A-3E, 4, 5A-5C, and 6. In other
embodiments, some or all of the contact points and/or traces may exiend through the entire
thickness of substrate. For example, contact points may be implemented as vias through the

substrate, which, in turn, may serve as a layer in one of the embodiments described below.

00581 Some additional inventive principles of this patent disclosure relate to circuit assemblies
having layers with passageways containing deformable conductive materials. The inventive
principles relating 1o electrical connections and the inventive principles relating layers with
passageways are independent principles having independent utility. However, some additional
inventive principles of his patent disclosure may combing some of these separate principles

resulting in more inventive principles in ways that may provide synergistic results.

10051} Figs 74 and 78 through 154 and 158 illustrate embodiments of circuit assemblies and
embodiments of a methods for fabricating the circuit assemblies according to some inventive
principles of this patent disclosure. Figs. 7B, 88, 9B, 108, 118, 128, 138, 148 and 15B are cross-
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sectional views taken through line A-A in the perspective views of Figs. 74, BA, 9A, 104, T14,
124,134, 14A and 154, respectively.

10052 Fig. 7A is a perspective view of a substrate 150, a first layer 152 of insulating material,
and a release layer 154, Fig. 7B is a cross-sectional view taken through line A-A of Fig. 7A. The
substrate 150 and first fayer 152, as well as any of the insulating layers shown in Figs. 84 and
8B through 154 and 158, may be fabricated from any of the insulating materials discussed
above with respect 1o the embodiment of Fig. 1. For example, the substrate 150 and first layer
152 may be fabricated from a siretchable TPU or epoxy-based material. The substrate 150 may
generally be an uninterrupted sheet of material, whereas the first layer 152 of insulating material
and the release layer 154 have a pattern of passages 156 and 158, in this example channels, cut
through their entire thicknesses to create a mask or stencil. The release layer 154, which may be
thinner than the first layer, is stacked on the first layer 152, and may be fabricated from any of
the insulating materials discussed above with respect io the embodiment of Fig. 1. For example,
the release layer 154 may be fabricated from a thin layer of PET. in embodiments in which the
relaase layer 154 is evertually removed, it may also be fabricated from conductive materials
including alloys or pure Torms of metals, as well as melalized plastics or other conductive

materials.

10053} The passages 156 and 158 may be formed in the first layer 152 of insulating material
and the release layer 154 using any suitable subtractive technigue such as laser cutting, drilling,
routing, die cutling, water-jet cutiing, elc. In other embodiments, the first layer 152 and/or the
relaase layer may be formed by an additive manufacturing technigue such as 3-D printing,

pattern deposition, sto.

00541 Fig. 8A is a perspective view of the substrate 150 and first laver 152 of insulating
material after the first layer has been stacked on the subsirate. Fig. 88 is a cross-sectional view
taken through line A-A of Fig. BA. The substrate 150 and first layer 152 of insulating material
rmay be bonded, fused or cured together, or otherwise attached 1o each other with any suitable
processes and/or materials. For example, if the substrate 150 and first layer 152 are fabricated
from TPU or other thermoplastic, they may be bonded fogether with heat and pressure. As
another example, if the substrate 150 and first layer 152 are fabricated from an inherently
adhesive material such as some epoxy-based materials, they may be bonded together by
pressing the layers together. In yet another example, the subsirate 150 and first layer 152 may

he fabricated from a UV-curable and exposed 1o a UV light scurce after stacking. The stacking

10
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and bonding of the two layers may close off the botioms of the channels 156 and 158 so there

is little or no leakage when they are filled with material.

0055 Fig. 94 is a perspective view of the substrate 130, first layer 152 of insulating material,
and release layer 154 after the channels 156 and 158 have been over-filled with deformable

conductive material 160,

[0056] Referring to Figs. 9A and 9B, the channels 156 and 158 have been over-filled with
deformable conductive material 160, which may be implemented with any of the deformable
conductive material discussed above with respect 1o the embodiment of Fig. 1. For example, a
conductive gel may be used as the deformable conductive material. The malerial may be over-
filled using any suitable technigue such as extruding, rolling, swabbing, spraying, printing,
brushing, deposition, elc. In one example embodiment, the material may be over-filled using a
cotion swab 1o work the deformable conductive material completely info the channels 156 and
158.

00571 Referring 1o Figs. 10A and 108, excess deformable conductive material 160 may be
removed from the surface of the release layer 154 by scraping with a fool 162 as shown by
arrow 164, This may cause excess material 1o form a mound 166 in front of the tool 162 which
rnay help fill any under-filled areas of the channels 156 and 158. Excess material may be
discarded or recycled for use with other assemblies. Examples of items that may be used for
the tool 162 include a straight-edge ruler, squeeges, spatula, scraper blade, etc. In other
embodiments, allernative techniques may be used 1o remove excess deformable material such
as rolling, brushing, etching, eic. In one example embodiment, a roller that is preloaded with
deformable conductive material may be used to both apply the material and remove excess

rmaterial by squeezing i out from under the roller in a single step.

[0058] Referring to Figs. 11A and 118, the deformable conductive material is shown generally
flush with the top surface 167 of the release layer 154 with all or most excess material
rernoved. Depending on the technigue used 10 remove excess material, there may stiil be thin
patches of deformable conductive material remaining on the top surface of the release layer
154, Thus, the release layer may be removed by, for example, peeling it off 1o leave a clean top

surface 168 on the first layer 152 of insulating material as shown in Figs. 124 and 12B.

[0059] The deformable conductive material 160 in channels 156 and 158 is shown generally

flush with the top surface 168 of the first layer 152 of insulating material in Figs. 124 and 12B.

i1
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This may be accomplished by using a release layer that is thin encugh (e.q., a few microns or
tens of microns, or a few thousandths of an inch thick) that the remaining deformable
conductive material is effectively flush. (in some embodiments, the thickness of the release
fayer 154 may be exaggerated in the views of Figs. 74 and 7B through T1A and 118.) In some
embodiments, if even a small amount of protrusion needs to be avoided, a small amount of the
deformable conductive material 160 may be removed from the channels 156 and 158 by
scraping, brushing, etc. prior to removal of the release layer 154, thereby leaving the deformable
conductive material 160 flush with the fop surface 168 of the firet layer 152 of insulating

material.

6060} In some embodiments, it may be beneficial to have the deformable conductive material
160 shightly proud of the surface. In some embodiments, the thickness of the release layer 154
may purposely be set 1o a value that may cause the deformable conductive material 160 10
protrude above the top surface 168 of the first layer 152 of insulating material by a

predeiermined amount.

[0061] The structure illustrated in Fige 12A and 128 has utility as fabricated, or a5 a base for
additional layers. For example, as fabricated, it may be used as a pattern of contact pads to
engage the terminals of an electric device that may be mounted on, or supporied by, the first
layer 152 as described above with respect 1o Figs. 1 through 6. In such an application, it may be
beneficial for the deformable conductive material 160 1o protrude above the 1op surface 168 of
the first laver 152 of insulating material, for example to betler engage the terminals of the
electric device. The pattern of conductive channels 156 and 158 may be modified 1o include
different numbers, sizes, shapes, etc. of conductive passageways 1o function as contact points

and/or fraces.

00621 As fabricated, the embodiment illustrated in Figs. 12A and 128, or with a modified
pattern of passageways, may also be used as a circuit element itself. For example, the channels
156 and 158 filled with deformable conductive material 160 may function as a transmission line
such as a strip line or in circuit capacitor. In such an implementation, a layer of encapsulant
may be formed over the top of the layer 152 to enclose and protect the deformable conductive

material 160.

(00631 As mentioned above, the structure as illustrated in Figs 124 and 128, or with a modified

pattern of passageways, may also be used as a base for additional layers. For example,

12



WO 2021/178699 PCT/US2021/020920

referring 1o Figs. 13A and 138, a second layer 170 of insulating material may be stacked on top
of the first layer 152. The second layer 170 may have a pattern of passages, at least one of
which communicates with one or more of the passages in the first layer 152, in the example of
Figs. 13A and 138, the pattern includes through vias 172 and 174 that align with the traces
formed by channels 156 and 158, respectively, in the first layer 152, Other parts of the second
layer 170 may serve 1o enclose the deformabile conducive material within portions of the
channels 156 and 158 in the first layer 152. The second layer 170 and vias 172 and 174 may be
formed and attached using any of the materials and techniques disclosed for the first layer 152,
including the user of a release layer. For brevity, the intermediate steps in which the second
layer 170 is formed and attached are not iliustrated, and the second layer is shown in its final
form in Figs. 13A and 13B.

[0064] Asis visible in Fig. 138, the via 172 in the second layer 170 aligns and communicates
with a portion of channel 156 in the first layer 152. Thus, when the via 172 is filled with
deformable conductive material, it forms a continuous conductive structure with the channel
156.

[6065] The vias 172 and 174 in the second layer 170 may serve numerous functions. For
example, they may function as contact points for one or more electric devices, they may
function as circuit elements themselves, for example as a transmission line or sensor, they may
slectrically connect the traces formed by channels 156 and 158 in the first layer 152 with traces
in another layer above the second layer, etc. The pattern of vias 172 and 174 shown in Figs. 13A
and 13B is merely one example, and the pattern may be medified to include any number, shape,

arrangement, etc,, of conductive passageways.

00661 Referring o Figs. 144 and 148, a third layer 176 of insulating material may be stacked
on the second layer 170 of insulating material. The third layer 176 may have a patiern of
passages, at least one of which communicates with one or more of the passages in the second
layer 170, In the example of Figs. 14A and 14B, the pattern includes channels 178 and 180 that
align with the vias 172, and 174, respectively, in the second layer 170. The third layer 176 and
channels 178 and 180 may be formed and attached using any of the materials and technigues
disclosed for the firet and second layers 152 and 170, including the user of a release layer. For
brevity, the intermediatle steps in which the third layer 176 is formed and attachead are not

iHustrated, and the third layer is shown in its final form in Figs. 144 and 148,
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00671 As with the patterns of passages in the first and second layers 152 and 170, the pattern
of channels 178 and 180 in the third laver 176 may serve nurnerous functions. For example, they
may function as contact points for one or more electric devices, they may function as circuit
slermnents themselves, for example as a transmission Hine or sensor, they may function as traces
that are electrically connected to the vias 172 and 174 in the second layer 170, etc. The pattemn
of channels 178 and 180 shown in Figs. 14A and 14B is merely one example, and the pattern

may be modified 1o include any number, shape, arrangement, elc,, of conductive passageways.

100681 Referring o Figs. 154 and 158, a fourth layer 182 of insulating material may be stacked
on the third layer 176 of insulating material. The fourth layer 182 may have a patiern of
passages, at least one of which communicates with one or more of the passages in the third
fayer 176, In the example of Figs. 15A and 158, the pattern includes pads 184 and 186 that align
with the channels 178 and 180, respeactively, in the third layer 176. Other parts of the fourth laver
182 may serve 1o enclose the deformable conducive material within portions of the channels
178 and 180 in the third layer 176. The fourth layer 182 and pads 184 and 186 may be formed
and attached using any of the materiais and technigues disclosed for the first, second, and third
layers 152, 170 and 176, including the user of a release laver. For brevity, the intermediate sieps
in which the fourth layer 182 is formed and attached are not illusirated, and the fourth layer is

shown in its final form in Figs. 154 and 158

0069] As with the patiemns of passages in the other layers, the pattern of pads 184 and 186 in
the fourth layer 182 may serve numerous functions. For example, they may function as contact
points for one or more electric devices, they may function as circuit elements themselves, for
example as a transmission line or sensor, they may function as vias that slectrically connect the
channels 178 and 180 in the third layer 182, t¢ passages in additional layers above the fourth
layer 182, they may function as contact points for making "hard-to-soft” connections between
hard external terminals and the deformable conductive material, ete. The patiern of pads 184
and 186 shown in Figs. 15A and 158 is merely one example, and the pattern may be modified to

include any number, shape, arrangement, etc,, of conductive passageways.

16070] As is visible in Fig. 158, there is one continuous conductive path through the channel
156 in the first laver 152, the via 172 in the second layer 152, the channel 178 in the third layer
176 and the pad 184 in the fourth layer 182. The layers and passages in the embodiments
shown in Figs. 7A and 7B through 15A and 158 are for purposes of illustration only and may be

modified to create any fype of circuit arrangement. For example, the order of the layers of vias
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and pads and layers with traces may be changed. Some layers may include both traces and vias

and pads.

(6071} In some example embodiments, one or more of the insulating layers may be formed a
TPU or a stretchable epoxy-based material. Stretchable epoxy-based materials may also provide
a self-adhesive surface for bonding electric components 1o the layer, and for bonding layers 1o
each other. Cther examples of materials with adhesive properties include some thermally
activated adhesives like polyurethane (PU} adhesives, thermoset adhesives with different
chemistry such as some silicones, acrylics or others, and any pressure sensitive adhesive of any

chamistry, efe.

00721 Such materials may result in embodiments of circuit assemblies that may be flexible
and/or stretchable enough for use in clothing, medical electronics worn against orclose o a
patient’s body, etc. In some embodiments, one or more release layers may be left in place on
the surface of a layer of insulating material. in other embodiments, release layers may be
omitied entirely. Although the passages shown in the embodimentis of Figs. 7A and 7B through
154 and 158 are generally shown exiending the entire way through the layers of insulating
materials, in other embodiments, some or all of the passages may only extend part of the way

through one or more of the layers of insulating materials.

100731 In some embodiments, electric components may be integrated into a stack of layers, for
example, between layers. For example, one or more internal layers of a stack may have a cutout
section 1o accormnmodate the height of a device such as an integrated circuit package. In some

other embodiments, some componerts such as resistors and/or capacitors, as well as smaller

IC packages and bare IC dies may be small encugh to place between layers, especially if the

layers are relatively soft and or pliable.

0074 Fig. 16 is a cross-sectional view iliusirating another embodiment of a circuit assembly
according 1o some inventive principles of this patent disclosure. For purposes of iHlustration, the
embodiment of Fig. 16 is shown having layers similar to those in Fig. 158, but the inventive
principles are not limited 1o these details. The embodiment of Fig. 16 may include a laver,
sublayer, or portion of a layer {referred 1o collectively as a “sublayer™) 177 on orin which a
pattern of conductive elermnents has been formed. In this example, the sublayer 177 is
interposed between the second layer 170 and the third layer 176 over the right-hand portion of

the stack. The third and fourth layers 176 and 182 are formed with a step to accommeoedate the
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sublayer 177. In other embodiments, the sublayer may replace a portion of a layer, an entire
layer or be added as another entire layer. The sublayer 177 may be thinner, thicker or the same

thickness as any of the other layers.

00751 Any or all of the conductive elements on layer 177 may be formed from any of the
deformable conductive materials disclosed above. The pattern of conductive elements may
also include a mix of deformable and non-deformable conductive elements. The sublayer 177
may be fabricated from any of the insulating materials disclosed above and attached to other
layers as described above. The pattemn of elements may include traces, vias, pads, circuit
elements including transmission lines and sensors, etc. The pattern of elements may be formed
on the sublayer 177 through any of the technigues described above. In some embodiments, it
rmay be beneficial to Torm some or all of the elements through a printing process such as a reel-
to-reel (RZR) process. This may enable the creation of finer conductive elements to
accormnmaodate smaller electric components or intercennects, or 1o accommodate components

or interconnects having generally different characteristics.

(00761 In the embodiment of Fig. 16, the sublayer 177 has a pattern including two traces 188
and 190 connected 1o pads 192 and 194 that align with terminals 196 and 198, respectively, on
an electric component 200. Vias 202 and 204 through the third layer 176 connect the pads 192
and 194 with the terminais 196 and 198, respectively. The electric component 200 in this
example is shown as a bare integratled circuit die on which the terminals 196 and 198 are
formed as bonding or contact pads, but any other type of electric component may be used. In
this examplg, the IC die 200 is adhesively attachead to the third layer 176, but it may be attached

in any other manner.

100771 The pattern of conductive elements formed on the sublayer 177 may be interconnecied
with any other traces, vias, pads, components, etc. In the example of Fig. 16, trace 180 on
sublayer 177 is electrically connected 1o trace 178 in layer 176 through hybrid trace/via 208
formed in the step portion of layer 178 which accommodates the thickness of the sublayer 177.
in cther embodiments, the portion of layer 176 over the sublayer 177 may be omitted, and the
fourth layer 182 may be formed on a plane formed by the remaining portion of layer 176 and the

sublayer 177.

{00781 Fig. 17 is a crosse-sectional view illustrating another embodiment of a circuit assembly

according 1o some inventive principles of this patent disclosure. The embodiment of Fig. 17 is
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similar 1o that of Fig. 16, but the entire portion of the third layer 176 under the IC die 200 is
omitled, as are the vias 202 and 204. The IC die is atlached 1o the top surface of sublayer 177
with a layer of adhesive 206, and the bonding or contact pads 196 and 198 directly contact the

pads 192 and 194, respectively, which are formed from deformable conductive material,

0079} Fig. 18 is a plan view of a via structure according to some inventive principles of this
patent disclosure. Fig. 19 is a cross-sectional view taken along line A-Ain Fig. 18. The
embodiment of Figs. 18 and 19, which may utilize any of the materials and fabrication
technigues described above, includes a substrate 210, and first and second layers 212 and 216
of insulating material stacked on the substrate 210. The first layer 212 includes a trace 214. The
second layer includes a via 218 formed over, and communicating with, the trace 214. As shown
in Fig. 18, the via 218 has an extended length in the X axis (as compared fo the Y axis) which
may be an axis along which the assembily of Fig. 18 is subjectad to a strain, a shear forcs,
and/or a streiching deformation. By extending the length of the via along the X axis, it may
provide a more robust connection between the via 218 and the trace 214 which may tend to

slide past each other when the assembly may be stretched along the X axis.

6080} The technique of exiending a conductive element in a direction of expected stretch is
itHustrated in the contexi of a via in Figs. 18 and 19, but it may also be applied 1o any other
passages, interconnects or struciures. In some embodiments, other aspects of the relative
sizes and shapes of vias, races, and other features may be adjusted 1o accommodate
stretching. For example, in some embodiments, vias may have a diameter that is about half the

trace width.

0081} Figs. 20-26 illustrate an embodiment of an inductor assembly according 1o the principles
of this disclosure. Although the embodiment iHustrated in Figs. 20-26 is not imited to any
particular materiais and/or fabrication techniques, it may be fabricated using any of the

materials and/or fabrication techniques described herein.

10082} Figs. 21-25 tllustrate first through fifth layers {or Layer 1 through Layer 5), respectively,
which, for convenience, may be arbitrarily designated as top through bottom layers. Layer 5 (the
bottomn layer) shown in Fig. 25 may be implemented as a substrate o support Layer 4 in which a
spiral passage has been formed as shown in Fig. 24. Layer 4 may be bonded to Layer 5 and the
spiral passage may be filled with a deformable conductor, thereby forming a spiral inductor.

Layer 4 may then be covered with Layer 3 which may have two vias formed therein as shown in
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Fig. 23. Layer 3 may be bonded to Layer 4, thereby encapsulating the deformable conductor in
Layer 4. The two vias in Laver 3 may then be filled with deformable conductor. Layer 3 may then
be covered with Layer 2 which may have passages for traces formed therein as shown in

Fig. 22. Layer 2 may be bonded to Layer 3, thereby encapsulating the deformable conductor in
Layer 3. The passages in Layer 2 may then be filled with deformable conducior. The vias in
Layer 3 may align with the ends of the spiral inductor and the traces in Layer 2 1o form electrical
connections between the spiral inductor in Layer 4 and the traces in Layer 2. Layer 2 may be
covered with Layer 1 (the top layer) which may have two vias formed therein as shown in

Fig. 27, Layer 1 may be bonded to Layer 2, thereby encapsulating the deformable conductor in
Layer 2. The two vias in Laver T may then be filled with deformable conducior to form

interconnects for interfacing the spiral inductor, for example, 1o electronic circuitry.

{0083} Fig. 20 is a compositive view showing the relative alignment of the features iliustrated in
Figs. 21-25 when fully assembled. Fig. 26 is a top plan view showing how the layers of Figs. 21-

25 may appear when fully assembled, assuming fransparency in the layers.

{00841 The embodiment llustrated in Figs. 20-26 may be empiloyed in a wide variety of
applications using myriad combinations of materials according 1o the principles of this
disclosure. For example, an embodiment fabricated with flexible and/or stretchable layers (e.qg.,
various thermoset films, sheets, etc,, and/or thermoplastic polyurethane (TPU}) may be
integrated into one or more fingertips of a glove 1o enable sensing of the interaction of
fingertips with other objects and/or surfaces, either in direct contact or through proximity
sensing. Such sensing may be accomplished, for example, by measuring changes in the self-
and/or mutuakinductance of the inductor, either by Hself, or through the interaction with other
electro-active or magnetically active structures such as plates, sheets, coiis, etc. of metals
and/or other conductors, ete., as well as scurces of electric, magnetic or electromagnetic
power, energy, signals, fields, etc. Such sensing may also be accomplished, for example, by
using the structure for capacitive sensing, either individually, or in combination with inductive

sensing, electrostatic sensing, etc.

[6085] Embodiments constructed according to the inventive principles of this patent disclosure
may result in highly functional circuit assemblies that may reduce the cost of the assembly
since they may allow for the use of less expensive unpackaged electronic devices and also
eliminate soidering steps. Embodiments consirucied according to the inventive principles of

this patent disclosure may also provide improved reliability because the elimination of solder
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may reduce the heating associated with soldering and may also provide improved cocling by

eliminating device packaging which may serve as a barrier 1o heat dissipation.

[0086] Some additional example embodiments are set forth in the following numbered clauses.

loog7] 1. A circuit assembly comprising:
oossl a first layer arranged as a substrate;
jonggl a second laver having a spiral pattern attached to the substrate, wherein the

spiral pattern contains a deformable conductor.

ageg] 2. The circuit assembly of clause 1 further comprising a third layer attached to the

second laver to encapsulaie the deformable conductor in the second layer.

0091} 3. The circuit assembily of clause 2 wherein the third layer includes one or more vias

containing a deformable conductor.

0092} 4. The circuil assembly of clause 3 further comprising a fourth layer atiached to the

third layer 1o encapsulate the deformable conductor in the third layer.

0093} 5. The circuit assembly of clause 4 wherein the fourth layer includes one or more

passages arranged as traces and containing a deformable conductor.

ape4] & The circuit assembly of clause 5 further comprising a fifth layer attached 1o the

fourth layer 1o encapsuiate the deformabile conductor in the fourth layer.

[ooes] 7. The circuit assembly of clause 6 wherein the fifth laver includes one or more vias

containing a deformable conductor.

0o9s] 8. The circuit assembly of clause 1 wherein the first and second layers comprise

ong or more deformable materials.

00971 9. The circuit assembly of clause 1 wherein the spiral pattern containing the

deformable conductor has an inductance.
6098} 10, A circuit assembly comprising:

o099l a first portion of a deformable inductor fabricated on a first layer of the circuit

assembly; and

0100} a second portion of the deformabie inductor fabricated on a second layer of the

circuit assembly and electrically connected to the first portion of the deformable inductor.
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o101} 11. The circuit assembly of clause 10 wherein the first portion of the deformable

inductor comprises a substantially straight portion.

[a102] 12. The circuit assembly of clause 10 wherein the second portion of the deformable

inductor is formed in a pattern comprising at ieast a partial tumn.

0103} 13. The circuit assembly of clause 12 wherein the pattern comprises a substantially

compilete tum.

0104} 14. The circuil assembly of clause 10 further comprising a deformable substrate

disposed between the first layer and the second layer.

[o108] 15. The circuit assembly of clause 14 wherein the first portion of the deformable
inductor is electrically connected 1o the second portion of the deformable inductor through a via

in the deformable substrate.

{0108} 16. The circuit assembly of clause 15 further comprising a third portion of
deformable inductor fabricated on the first layer of the circuit assembly.

1071 17. The circuit assembly of clause 16 wherein the via comprises a first via, and the
third portion of the deformable inductor is electrically connected to the second portion of the

deformable inductor through a second via in the deformable substrate.

ia108] 18. The circuit assembly of clause 17 wherein the second portion of the deformable

inductor is formed in a pattern comprising a substantially full tum.

0109 10 The circuit assembly of clause 18 wherein the second portion of the deformable

inductor comprises a spiral pattem.

0110} 20. A method comprising:

0111} sensing an interaction with a deformable inductor,

0112} wherein the deformable inductor comprises:

0113} an inductive pattern of deformable conductor; and

0114} a deformable substrate arranged to support the inductive pattern of

deformable conductor.

o115} 21. The method of clause 20 wherein sensing the interaction comprises sensing a

self-inductance of the deformable inductor.
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The method of clause 20 wherein sensing the interaction comprises sensing a

mutual-inductance of the deformable inductor.

0117} 23.

The method of clause 22 wherein the mutual-inductance comprises a mutual

inductance with a structure.

0118} 24. The methed of clause 23 wherein the structure is electro-active.

0119} 25. The method of clause 23 wherein the structure is magnetic.

{0120} 26. The method of clause 20 wherein the interaction is with an obiect.

0121} 27. The method of clause 20 wherein the interaction is with a surface.

0122 28. The method of clause 20 wherein the sensing comprises capacitive sensing.
0123 20, The method of clause 20 wherein the sensing comprises elecirostatic sensing.
[0124] 30. The method of clause 20 wherein the sensing comprises contact sensing.
[0125] 31. The method of clause 20 wherein the sensing comprises proximity sensing.

[0126] 32

An article of manufacture comprising:

0127 an inductive pattern of deformable conductor; and
o128} a deformable substrate arranged 1o support the inductive patiern of deformable
conductor.

[0129] 33

of clothing.

(0130} 24.

The article of manufaciure of clause 32 wherein the article comprises an arlicle

The article of manufacture of clause 33 wherein the article of clothing

comprises a glove.

[0131] 35.

The article of manufacture of clause 34 wherein the inductive patiern of

deformable conductor is located at a fingertip of the glove.

16132] Since the inventive principles of this patent disclosure can be modified in arrangement
and detail without departing from the inventive concepts, such changes and modifications are
considered to fall within the scope of the following claims. The use of terms such as first and
second are for purposes of differentiating different components and do not necessarily imply

the presence of more than one component.
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CLAIMS

1. A circult assembly comprising:
a first layer arranged as a substrate;
a second layer having a spiral patiern attached 1o the substrate, wherein the spiral

pattern containg a deformable conductor.

2. The circuit assembly of claim 1 further comprising a third layer attached to the second

layer 1o encapsulate the deformable conductor in the second layer.

3. The circuit assembly of claim 2 wherein the third layer includes one or more vias

containing a deformable conductor.

4. The circuit assembly of claim 3 further comprising a fourth layer attached to the third

layer 1o encapsulate the deformable conductor in the third layer.

5. The circuit assembly of claim 4 wherein the fourth laver includes one or more passages

arranged as traces and containing a deformable conductor.

6. The circuit assembly of claim 5 further comprising a fifth layer attached 1o the fourth

layer to encapsulate the deformable conductor in the Tourth layer.

7. The circuit assembly of claim 6 wherein the fifth layer includes one or more vias

containing a deformable conductor.

B. A circuit assembly comprising:

a first portion of a deformable inductor fabricated on a first layer of the circuit assembly;
and

a second portion of the deformable inductor fabricated on a second layer of the circuit

assembly and electrically connected to the first portion of the deformable inductor.

9. The circuif assembly of claim 8 wherein the second portion of the deformable inductor is

formed in a patlern comprising at least a partial turn.
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10 The circuit assembly of claim 9 wherein the patiern comprises a substantially complete

turn.

11 The circuit assembly of claim 8 further comprising a deformable subsirate disposed

betweaen the first fayer and the second layer.

12. The circuit assembly of claim 11 wherein the first portion of the deformable inducioris
electrically connected to the second portion of the deformable inductor through a via in the

deformable subsirate.

13. A method comprising:
sensing an interaction with a deformable inductor;
wherein the deformable inductor comprises:
an inductive pattern of deformable conductor; and
a deformable substrale arranged to support the inductive pattern of deformable

conductor.

14. The method of claim 13 wherein sensing the interaction comprises sensing a self-

inductance of the deformable inductor.

15. The method of claim 13 wherein sensing the interaction comprises sensing a mutual-

inductance of the deformable inductor.

16. The method of claim 15 wherein the mutual-nductance comprises a mutual inductance

with a structure.

17. An article of manufacture comprising:
an inductive patiern of deformable conductor; and
a deformable substrate arranged to support the inductive patiern of deformable

conductor.
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18. The article of manufacture of claim 17 wherein the article comprises an article of

clothing.

19. The article of manufacture of claim 18 wherein the article of clothing comprises a glove.

20. The article of manufacture of claim 19 wherein the inductive pattern of deformable

conductor is iocated at a fingertip of the glove.
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