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CARDAC CATHETER EMPLOYING 
CONFORMAL ELECTRONICS FOR 

MAPPING 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

0001. This application claims priority to U.S. provisional 
application Ser. No. 61/543,713, filed Oct. 5, 2011, entitled 
“CARDIAC CATHETER METHODS AND APPARATUS 
AND SYSTEMS EMPLOYING CONFORMAL ELEC 
TRONICS FOR CARDIAC MAPPING,” and U.S. provi 
sional application Ser. No. 61/543,748, filed Oct. 5, 2011, 
entitled “CONFORMAL ELECTRONICS EMPLOYING 
ELECTRODE ARRAYS,” each of which is hereby incor 
porated herein by reference in its entirety. 

BACKGROUND 

0002 Existing sensing and therapeutic devices can have 
limited applicability due to a lack of sophistication related to 
the sensing, imaging, and therapeutic functions. The preci 
sion and speed of sensing, imaging and therapeutic functions 
is beneficial for treating certain cardiac diseases, such as 
atrial fibrillation. 
0003. According to some research, atrial fibrillation (AF) 
affects 5 million patients in the developed world and is the 
leading cause of stroke in cardiac patients. With up to 
400,000 new cases diagnosed yearly, the adverse outcomes 
of various types of AF range from congestive heart failures 
to sudden death. Catheter ablation techniques have become 
increasingly prevalent as interventional strategies for treat 
ing various forms of cardiac arrhythmia, including AF, 
ventricular fibrillation (VF), and ventricular tachycardia 
(VT). Some catheter ablation techniques generate linear 
lesions in a “point-by-point fashion with radio frequency 
(RF) electrodes; however, such techniques have not had an 
effective success rate in patients with persistent AF, at least 
in part because the ablation targets are not well defined 
because the techniques are generally lengthy procedure 
requiring highly skilled operators to minimize risk of stroke 
and other clinical complications. Current ablation targets in 
persistent AF include areas exhibiting “complex fractionated 
atrial electrograms' (CFAEs). These are electrical record 
ings with a highly disorganized appearance. It is believed 
that CFAEs represent rapid electrical activity from a nearby 
driving force (rotor). 
0004 Studies on isolated hearts using high resolution 
optical mapping have revealed the presence of rotors (re 
entrant circuits) as an underlying mechanism for AF. It is 
believed that high-frequency impulses emanating from the 
rotors are subject to spatially distributed intermittent block 
ade imposed by the presence of functional and anatomical 
obstacles in their path, resulting in the seemingly disorga 
nized activity that characterizes AF. Thus far, the demon 
stration of rotors in the clinical setting has been limited by 
the lack of high resolution Voltage mapping. As a result, 
treatment strategies, such as catheter ablation, remain mar 
ginally effective in persistent AF cases because of the 
inability to define clear targets. 

SUMMARY 

0005. The Inventors have recognized and appreciated 
that inflatable bodies that include sensing elements can 
provide data measurements that could beneficial medical 
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diagnosis and/or treatment. The inventors have also recog 
nized that such systems can be made more robust to the use 
in medical diagnosis and/or treatment environment, provide 
useful measurements of tissue states (including amount of 
contact with the tissue), and maintain optimal performance, 
if the sensing elements are selectively disposed at certain 
regions of a flexible substrate. In view of the foregoing, 
various examples herein are directed generally to methods, 
apparatus and systems for medical diagnosis and/or treat 
ment that include a flexible substrate and a plurality of 
sensing elements disposed on the flexible substrate, where 
the sensing elements are selectively disposed at certain 
regions of the flexible substrate. A distributed arrangement 
of electrical circuitry for read-out of signals from such 
sensing elements are also provided. 
0006. The present disclosure provides some examples of 
an apparatus for medical diagnosis and/or treatment that 
include a flexible substrate, an intermediate bus disposed on 
the Substrate, and a plurality of sensing elements disposed on 
the flexible substrate. The plurality of sensing elements are 
coupled to the intermediate bus. The plurality of sensing 
elements and the intermediate bus are disposed on the 
flexible substrate such that the sensor elements are disposed 
at areas of minimal curvature and/or flexing of the flexible 
substrate. 
0007. In some examples herein, an apparatus is provided 
for medical diagnosis and/or treatment that includes a flex 
ible substrate forming an inflatable body and a plurality of 
sensing elements disposed on the flexible substrate. The 
plurality of sensing elements is disposed about a distal 
region of the inflatable body Such that the sensing elements 
are disposed at areas of minimal curvature of the inflatable 
body in a deflated state. 
0008. An example apparatus is provided for medical 
diagnosis and/or treatment, according to the principles 
described herein. The apparatus includes a flexible substrate, 
at least one intermediate bus disposed on the flexible sub 
strate, and a plurality of sensing elements disposed in a 
close-packed array proximate to an end of the at least one 
intermediate bus. Each sensing element of the plurality of 
sensing elements is coupled to the at least one intermediate 
bus. 
0009. In various examples, the sensing elements can be 
disposed at areas of minimal bending and/or flexing of the 
flexible substrate. 
0010. In an example, the flexible substrate can be an 
adhesive patch or a bandage. 
0011. In an example, a measurement of the plurality of 
sensing elements can be used to provides a measure of an 
amount of contact between the inflatable body and a surface. 
0012. The surface can be a portion of a tissue. In an 
example, a measurement from the plurality of sensing ele 
ments provides an indication of an arrhythmia condition of 
the tissue. In another example, a measurement from the 
plurality of sensing elements provides an indication of an 
atrial fibrillation or a ventricular fibrillation of the tissue. 

0013 The flexible substrate can form an inflatable body, 
where a portion of the at least one intermediate bus is 
disposed about a distal region of the inflatable body. 
0014. The inflatable body can be a disposed on a catheter, 
where a measurement of the plurality of sensing elements 
provides a measure of an amount of contact between the 
inflatable body and a tissue. In an example, the measurement 
of the plurality of sensing elements can be used to provide 
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a mapping of the tissue. In another example, the measure 
ment of the plurality of sensing elements can be used to 
provide a spatial mapping and/or a temporal mapping of an 
arrhythmia. 
0015. In another example according to the principles 
described herein, an apparatus is provided for medical 
diagnosis and/or treatment, the apparatus including a flex 
ible substrate forming an inflatable body, at least one inter 
mediate bus, and a plurality of sensing elements disposed on 
the flexible substrate proximate to the distal region of the 
inflatable body in an array. A portion of the at least one 
intermediate bus is disposed about a distal region of the 
inflatable body. At least one sensing element of the plurality 
of sensing elements is coupled to the at least one interme 
diate bus. 
0016. In an example, the at least one intermediate bus is 
electrically conductive. In some examples, portions of the at 
least one intermediate bus can be formed from a non 
conductive material. 
0017. The apparatus can include at least one coupling 
structure disposed about a distal region of the inflatable 
body. A portion of the at least one intermediate bus can be 
coupled to a portion of the at least one coupling bus. 
0018. In an example, the coupling structure can be a 
non-conductive structure. 
0019. In an example, the plurality of sensing elements 
can be disposed in an array at an area of minimal curvature 
of the inflatable body proximate to the distal region of the 
inflatable body. 
0020 Each of the at least one intermediate bus may 
electronically connect each sensing element of the plurality 
of sensing elements with an electrical source. 
0021. The plurality of sensing elements can be disposed 
in an array in a quadrant of the distal region of the inflatable 
body. 
0022. In an example, the intermediate bus can be a 
collection of serpentine buses, where the serpentine buses 
electrically couple to the plurality of sensing elements. 
0023 The apparatus can also include an encapsulation 
material disposed over substantially a portion of the inter 
mediate bus and/or the plurality of sensing elements. 
0024. In an example, the encapsulation layer positions 
the sensing elements at a neutral mechanical plane of the 
apparatus. 
0025. The encapsulation material can include a polyure 
thane. 

0026. In an example, the at least one intermediate bus 
comprises a first intermediate bus and a second intermediate 
bus. The first intermediate bus couples to sensing elements 
of the plurality of sensing elements disposed in a first 
quadrant of the distal region of the inflatable body. The 
second intermediate bus couples to sensing elements of the 
plurality of sensing elements disposed in a second quadrant 
of the distal region of the inflatable body. The first quadrant 
can be disposed opposite to the second quadrant. In another 
example, the apparatus also can include a third intermediate 
bus and a fourth intermediate bus. The third intermediate bus 
can couple to sensing elements of the plurality of sensing 
elements disposed in a third quadrant of the distal region of 
the inflatable body. The fourth intermediate bus can couple 
to sensing elements of the plurality of sensing elements 
disposed in a fourth quadrant of the distal region of the 
inflatable body. The third quadrant can be disposed opposite 
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to the fourth quadrant, where the third quadrant is oriented 
at substantially a 90° angle relative to the first quadrant. 
0027. The inflatable body can be disposed about a shaft, 
where the shaft includes a cryoablation device, a laser 
ablation device, a high intensity ultrasound, and/or a RF 
device. 
0028. The plurality of sensing elements can include at 
least one of a pressure sensor and/or at least one impedance 
SSO. 

0029. One or more of the sensing elements of the plu 
rality of sensing elements can include contact sensors. 
0030. The inflatable body can be a balloon. In different 
examples, the balloon can be cylindrical, onion-shaped, 
cone-shaped, dog-bone-shaped, or barrel-shaped. 
0031. The sensing elements can be formed from a con 
ductive material. 
0032. In an example according to the principles herein, a 
method of fabricating an apparatus for medical diagnosis 
and/or treatment is provided. The method can include pro 
viding an electronic structure that includes a first interme 
diate bus and a plurality of sensing elements. A first sensing 
element of the plurality of sensing elements can be coupled 
to the first intermediate bus. The method includes disposing 
a portion of the first intermediate bus at a first distal region 
of an inflatable body, and disposing the first sensing element 
of the plurality of sensing elements about a portion of the 
inflatable body proximate to the first distal region. 
0033. In an example, the plurality of sensing elements 
can be disposed about the portion of the inflatable body 
proximate to the distal region Such that the sensor elements 
are disposed at areas of minimal curvature of the inflatable 
body. 
0034. The method further can include extracting the 
electronic structure from a carrier Substrate prior to dispos 
ing the electronic structure about the inflatable body. 
0035. The disposing the electronic structure about the 
inflatable body can include applying the first intermediate 
bus and/or the plurality of sensing elements using a dissolv 
able tape. 
0036. The electronic structure further can include a cou 
pling structure, where the first intermediate bus is coupled to 
a portion of the coupling structure, and where the disposing 
the electronic structure about the inflatable body comprises 
disposing the coupling structure about the inflatable body 
and aligning the plurality of sensing elements at the distal 
region of the inflatable body. 
0037. The electronic structure can be fabricated using a 
CMOS process. 
0038. In an example, the electronic structure further can 
include a second intermediate bus, where a second sensing 
element of the plurality of sensing elements is coupled to the 
second intermediate bus. 
0039. The method further can include disposing a portion 
of the second intermediate bus at a second distal region of 
the inflatable body different from the first region and dis 
posing the second sensing element of the plurality of sensing 
elements about a portion of the inflatable body proximate to 
the second distal region. 
0040. The method can further include coupling the first 
intermediate bus and the second intermediate bus to a signal 
processor, where the electronic structure is configured to 
transmit one or more multiplexed signals to the at least one 
signal processor via the first intermediate bus and the second 
intermediate bus. 
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0041. In another example according to the principles 
described herein, a method of performing a medical diag 
nosis and/or treatment on a tissue is provided. The method 
includes disposing in proximity to the tissue an apparatus 
that includes a flexible substrate forming an inflatable body, 
at least one intermediate bus, where a portion of the at least 
one intermediate bus is disposed at a distal region of the 
inflatable body, and a plurality of sensing elements disposed 
on the flexible substrate proximate to the distal region of the 
inflatable body. At least one sensing element of the plurality 
of sensing elements is coupled to the at least one interme 
diate bus. The method further includes recording a measure 
ment of at least one sensing element of the plurality of 
sensing elements, where the measurement provides an indi 
cation of a state of a portion of the tissue. 
0042. In an example, the measurement can provide an 
indication of a disease state of the portion of the tissue. In 
another example, the measurement can provide an indication 
of a contact state of the portion of the tissue with the at least 
one sensing element of the plurality of sensing elements. 
The plurality of sensing elements can be disposed in an array 
at areas of minimal curvature of the inflatable body proxi 
mate to the distal region of the inflatable body. 
0043. In another example according to the principles 
described herein, a system for mapping contact with a 
surface is described. The system includes an inflatable body 
having a distal portion, a plurality of sensing elements 
disposed on the inflatable body proximate to the distal 
portion, at least one intermediate bus, and an electronic 
display electrically coupled to the plurality of sensing ele 
ments. The at least one sensing element of the plurality of 
sensing elements can be coupled to the at least one inter 
mediate bus. The electronic display can provide a visual 
representation of the spatial orientation of the plurality of 
sensing elements on the inflatable body, and changing a 
visual attribute of an electrode in the plurality of sensing 
elements in response to a change in an electrical signal 
produced by the electrode. The change in the electrical 
signal can be used to identify a contact condition of the 
electrode with respect to the surface. 
0044) The visual attribute can be a binary representation 
or a quantitative representation. 
0045. The present disclosure also provides examples of a 
stretchable electronic system that include a flexible inter 
connect and a plurality of impedance based electrode pairs 
coupled to the flexible interconnect. The electrode pairs 
measure impedance between two electrodes of the electrode 
pair. 
0046. In accordance with examples disclosed herein, 
co-locating contact sensors (electrical, pressure, thermal or 
otherwise) with the therapeutic facility (which may com 
prise any circuitry and elements to delivery ablation 
described herein) can reduce or eliminate the need for dyes 
and may reduce the time to complete the procedure. Further, 
example systems and apparatus disclosed herein can be 
implemented to both deliver the ablative therapy and the 
same device during the same procedure can be implemented 
to generate data regarding of the electrical conductivity of 
the site post-ablation. 
0047 Various examples according to the principles 
described herein include an apparatus having a flexible 
Substrate and a plurality of active electrical circuits coupled 
to the flexible substrate. The active electrical circuits in the 
plurality of active electrical circuits may be coupled to at 
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least one adjacent active electrical circuit in the plurality of 
active electrical circuits via at least one conductive flexible 
interconnection. The plurality of active electrical circuits 
may be configured to transmit one or more multiplexed 
signals to at least one signal processor. 
0048 One or more of the active electrical circuits in the 
plurality of active electrical circuits may include at least one 
electrode. One or more of the active electrical circuits in the 
plurality of active electrical circuits may include at least one 
multiplexing transistor. One or more of the active electrical 
circuits in the plurality of active electrical circuits may 
include at least one amplifier. One or more of the active 
electrical circuits in the plurality of active electrical circuits 
may include at least one current mirror and the mirror may 
be switchable between an off state and an on state. 
0049. One or more of the active electrical circuits in the 
plurality of active electrical circuits may include at least one 
current limiting resistor. 
0050. One or more of the active electrical circuits in the 
plurality of active electrical circuits may include a differen 
tial pair of transistors coupled to third transistor configured 
as a current mirror Switchable from an on State to an off state. 
The one or more active circuit may further include a resistor 
coupled to the third transistor configured to collapse the 
differential pair when the third transistor is in an on state. 
0051. In various examples the plurality of active electri 
cal circuits are positioned in a plurality of arrays on the 
flexible substrate. 
0052. In some examples the at least one signal processor 

is configured to receive a multiplexed signal from each 
active circuit 
0053. In some examples the substrate may be stretchable 
and in some examples the Substrate may be elastic. 
0054 The conductive flexible interconnection may be 
buckled in some examples and may have a serpentine 
geometric configuration in Some examples. 
0055. The active electrical circuits may include one or 
more components selected from the group consisting of a 
transistor, a resistor, a capacitor, an inductor, and a diode. 
0056. In some examples at least one circuit in the plu 
rality of active electrical circuits may include at least one of 
temperature sensor, a pressure sensor, a contact sensor, a 
conductivity sensor, a strain gauge, a complementary metal 
oxide-semiconductor, metal oxide semiconductor field effect 
transistor, a light emitting diode, an electrode, a pH sensor, 
a chemical sensor, a biological sensor, and a calcium sensor. 
0057. In some examples the processor may be configured 
to construct a map of at least one physiological parameter by 
associating a portion of the multiplexed signal with one or 
more originating active electrical circuits in the plurality of 
active electrical circuits. 
0058. The apparatus may have an active electrical circuit 
density of at least 64 circuits per cm in some examples. The 
apparatus of may have an active electrical circuit density 
ranging from 200 to 500 circuits per cm in some examples. 
0059. In an example according to the principles herein, 
the present disclosure provide an apparatus for readout of 
one or more multiplexed signals. The apparatus includes a 
flexible substrate, and a plurality of active electrical circuits 
disposed on the Substrate in a distributed arrangement, the 
plurality of active electrical circuits being configured to 
transmit one or more multiplexed signals to at least one 
signal processor. At least one active electrical circuit of the 
plurality of active electrical circuits includes at least one 
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electrode, and at least one differential pair amplifier coupled 
to the at least one electrode. The plurality of active electrical 
circuits are disposed in a distributed arrangement on the 
Substrate Such that the apparatus is conformable to a contour 
of a Surface to be measured. 
0060. The flexible substrate can be a portion of an 
inflatable body, where the plurality of active electrical 
circuits are disposed at areas of minimal curvature of the 
inflatable body in the distributed arrangement. 
0061 Each active electrical circuit of the plurality of 
active electrical circuits can be coupled to at least one 
adjacent active electrical circuit of the plurality of active 
electrical circuits via at least one conductive flexible inter 
connection. 
0062. The apparatus can further include at least one 
conductive intermediate bus, where the at least one active 
electrical circuit of the plurality of active electrical is 
coupled to the at least one conductive intermediate bus. 
0063. The plurality of active electrical circuits can be 
configured to transmit one or more multiplexed signals to 
the at least one signal processor via the at least one con 
ductive intermediate bus. 
0064. The at least one active electrical circuit of the 
plurality of active electrical circuits can further include a 
tail, where the at least one differential pair amplifier is 
coupled to the tail. 
0065. In an example, each of the active electrical circuit 
of the plurality of active electrical circuits can include at 
least one electrode and at least one differential pair amplifier 
coupled to the at least one electrode. Each of the at least one 
differential pair amplifier can include a pair of transistors 
whose sources are connected in a common connection to 
provide a common source. The pair of transistors can be 
PMOS transistors. Each of the transistors can be connected 
in series with a current limiting resistor. 
0066. In an example, each of the at least one differential 
pair amplifier can be coupled to a tail. The tail can be a 
transistor, where the common Source of the at least one 
differential pair amplifier is coupled to a drain of the tail. The 
gate of the tail can be driven by a current-mirror. 
0067. In an example, at least one electrode can be 
coupled to a gate of a transistor of the pair of transistors. 
0068. In an example, the plurality of active electrical 
circuits can be read in a row-column arrangement, where 
each row-column element of the row-column arrangement 
corresponds to at least one active electrical circuit of the 
plurality of active electrical circuits, and where a drain of a 
first transistor of the pair of transistors of each respective 
active electrical circuit is coupled to a column output of each 
respective row-column element. A second transistor of the 
pair of transistors of each respective active electrical circuit 
can be coupled to a load resistor. All columns of the 
row-column arrangement can be read Substantially simulta 
neously, where a single row of the row-column arrangement 
is active when the columns of the row-column arrangement 
are read. The drain of the first transistor of the pair of 
transistors of at least two active electrical circuits can be 
coupled to the column output of each respective row-column 
element. 
0069. In an example, each of the at least one differential 
pair amplifier of each active electrical circuit is coupled to 
a tail, where each row input of the row-column arrangement 
is coupled to a gate of a tail of each active electrical circuit 
of the plurality of active electrical circuits. Each row input 
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of the row-column arrangement can be coupled to a gate of 
a tail of each active electrical circuit of the plurality of active 
electrical circuits. 

0070. In an example, the at least one active electrical 
circuit of the plurality of active electrical circuits can include 
two electrodes, and a differential pair amplifier, where the 
two electrodes are coupled to the differential pair amplifier. 
The differential pair amplifier can include a pair of transis 
tors whose sources are connected in a common connection 
to provide a common Source. Each electrode can be coupled 
to a gate of each transistor of the pair of transistors. A 
read-out of the at least one active electrical circuit can be 
based on a differential of signals from the two electrodes. 
0071. In another example, the present disclosure also 
provides a method for readout of one or more multiplexed 
signals. The method includes disposing an apparatus proxi 
mate to a surface. The apparatus includes a plurality of 
active electrical circuits disposed on a flexible substrate in a 
distributed arrangement, the plurality of active electrical 
circuits being configured to transmit one or more multi 
plexed signals to at least one signal processor. At least one 
active electrical circuit of the plurality of active electrical 
circuits includes an electrode, a differential pair amplifier 
coupled to the electrode, and a tail coupled to the differential 
pair amplifier, where the tail is coupled to a row control 
switch, where the differential pair amplifier is coupled to a 
column output, and where activating the row control Switch 
activates the differential pair amplifier Such that a signal 
from the electrode is transmitted to the column output. The 
method can further include applying a Voltage to the row 
control Switch and reading an output at the column output 
thereby providing the one or more multiplexed signals. 
0072 The plurality of active electrical circuits can be 
coupled to a flexible substrate forming an inflatable body. 
Each active electrical circuit of the plurality of active 
electrical circuits is coupled to at least one adjacent active 
electrical circuit of the plurality of active electrical circuits 
via at least one conductive flexible interconnection. 

0073. In an example, the method can further include 
transmitting the one or more multiplexed signals from the 
plurality of active electrical circuits to the at least one signal 
processor via the at least one conductive flexible intercon 
nection. 

0074 The apparatus can further include at least one 
conductive intermediate bus, where the at least one active 
electrical circuit of the plurality of active electrical is 
coupled to the at least one conductive intermediate bus. 
0075. In an example, the method can further include 
transmitting the one or more multiplexed signals from the 
plurality of active electrical circuits to the at least one signal 
processor via the at least one conductive intermediate bus. 
0076. The electrode can be coupled to a first gate of the 
differential pair amplifier. 
0077. The apparatus can further include a second elec 
trode, where a second gate of the differential pair amplifier 
is coupled to the second electrode. 
0078. The apparatus can further include a second elec 
trode, where a second gate of the differential pair amplifier 
is biased to a ground potential. 
(0079. The tail can be coupled to the row control switch 
via a current-mirror, where activating the row control Switch 
biases the current-mirror, thereby activating the differential 
pair amplifier. 
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0080. The at least one active electrical circuits can 
include two active electrical circuits, where each of the two 
active electrical circuits is coupled to a respective row 
control switch, where the two active electrical circuits are 
coupled to a common column output, and where one of the 
row control Switches is activated during the reading of the 
output from the common column output. 
0081. In another example, the present disclosure provides 
an apparatus for readout of one or more multiplexed signals. 
The apparatus includes a flexible Substrate forming an 
inflatable body and a plurality of active electrical circuits 
disposed on the flexible substrate, the plurality of active 
electrical circuits being configured to transmit one or more 
multiplexed signals to at least one signal processor. The at 
least one active electrical circuit of the plurality of active 
electrical circuits includes at least one electrode and at least 
one source-follower amplifier coupled to the at least one 
electrode. The plurality of active electrical circuits are 
disposed in a distributed arrangement on the Substrate Such 
that the apparatus is conformable to a contour of a surface 
to be measured. 
0082. The plurality of active electrical circuits can be 
disposed at areas of minimal curvature of the inflatable body 
in the distributed arrangement. 
0083. Each active electrical circuit of the plurality of 
active electrical circuits can be coupled to at least one 
adjacent active electrical circuit of the plurality of active 
electrical circuits via at least one conductive flexible inter 
connection. 
0084. The apparatus can further include at least one 
conductive intermediate bus, where the at least one active 
electrical circuit of the plurality of active electrical circuits 
is coupled to the at least one conductive intermediate bus, 
and each active electrical circuit of the plurality of active 
electrical includes at least one sensing element. 
0085. The plurality of active electrical circuits can be 
configured to transmit one or more multiplexed signals to 
the at least one signal processor via the at least one con 
ductive intermediate bus. 

0.086 The at least one active electrical circuit of the 
plurality of active electrical circuits further can include at 
least one pass-through Switch, where the at least one source 
follower amplifier is coupled to the at least one pass-through 
switch. 

I0087. Each of the active electrical circuit of the plurality 
of active electrical circuits can include at least one electrode, 
at least one source-follower amplifier coupled to the at least 
one electrode, and at least one pass-through Switch coupled 
to the at least one source-follower amplifier. 
0088. The at least one source-follower amplifier can be 
an input transistor having a drain coupled to ground, where 
the pass-through Switch is a pass-through transistor coupled 
to the input transistor. 
0089. A source of the input transistor can be coupled to 
a drain of the pass-through transistor. 
0090. A source of the pass-through transistor can be 
coupled to the drain of that respective pass-through transis 
tor, where the respective at least one electrode of each active 
electrical circuit is coupled to a gate of the respective input 
transistor. 

0091. The input transistor can be a NMOS transistor. 
0092. The pass-through transistor can be a NMOS tran 
sistor. 
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0093. The plurality of active electrical circuits can be 
read in a row-column arrangement, where each row-column 
element of the row-column arrangement corresponds to at 
least one active electrical circuit of the plurality of active 
electrical circuits. 
0094. The source of the pass-through transistor of each 
respective active electrical circuits can be coupled to a 
column output of each respective row-column element. 
0.095 All columns of the row-column arrangement can be 
read Substantially simultaneously, where a single row of the 
row-column arrangement is active when the columns of the 
row-column arrangement are read. 
0096. The source of the pass-through transistor of at least 
two active electrical circuits can be coupled to the column 
output of each respective row-column element. 
0097. Each row input of the row-column arrangement can 
be coupled to a gate of a pass-through transistor of each 
active electrical circuit of the plurality of active electrical 
circuits. 
0098. The voltage at the gate of the input transistor can 
determine the Voltage at the source of the input transistor. 
0099. The present disclosure also provides a method for 
readout of one or more multiplexed signals. The method can 
include disposing an apparatus proximate to a Surface. The 
apparatus includes a plurality of active electrical circuits 
disposed in a distributed arrangement on a flexible substrate 
forming an inflatable body, the plurality of active electrical 
circuits being configured to transmit one or more multi 
plexed signals to at least one signal processor. At least one 
active electrical circuit of the plurality of active electrical 
circuits includes an electrode, a Source-follower amplifier 
coupled to the electrode, and a pass-through Switch coupled 
to the source-follower amplifier, a row control switch and a 
column output. A Voltage applied to the row control Switch 
activates the pass-through Switch Such that a signal from the 
electrode is transmitted to the column output. The method 
further includes applying a voltage to the row control Switch 
and reading an output at the column output thereby provid 
ing the one or more multiplexed signals. 
0100. The plurality of active electrical circuits can be are 
disposed proximate to the electrode in the distributed 
arrangement. 
0101 Each active electrical circuit of the plurality of 
active electrical circuits can be coupled to at least one 
adjacent active electrical circuit of the plurality of active 
electrical circuits via at least one conductive flexible inter 
connection. In an example, the method can further include 
transmitting the one or more multiplexed signals from the 
plurality of active electrical circuits to the at least one signal 
processor via the at least one conductive flexible intercon 
nection. 
0102 The apparatus can also include at least one con 
ductive intermediate bus, where the at least one active 
electrical circuit of the plurality of active electrical is 
coupled to the at least one conductive intermediate bus. In 
an example, the method further includes transmitting the one 
or more multiplexed signals from the plurality of active 
electrical circuits to the at least one signal processor via the 
at least one conductive intermediate bus. 
0103) The electrode can be coupled to a gate of the 
source-follower amplifier. 
0104. A source of the at least one source-follower ampli 
fier is coupled to a drain of the at least one pass-through 
Switch, where a gate of the pass-through Switch is coupled 
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to the row control switch, and where a source of the 
pass-through Switch is coupled to the column output. 
0105. The drain of the source-follower amplifier can be 
biased to a ground potential. 
0106. The at least one active electrical circuits can 
include two active electrical circuits, where each of the two 
active electrical circuits is coupled to a respective row 
control switch, where the two active electrical circuits are 
coupled to a common column output, and where the Voltage 
is applied to one of the row control Switches during the 
reading of the output from the common column output. 
0107 The following publications, patents, and patent 
applications are hereby incorporated herein by reference in 
their entirety: 
0108 Kim et al., “Stretchable and Foldable Silicon Inte 
grated Circuits,” Science Express, Mar. 27, 2008, 10.1126/ 
science. 1154367; 
0109 Koet al., “A Hemispherical Electronic Eye Camera 
Based on Compressible Silicon Optoelectronics.” Nature, 
Aug. 7, 2008, vol. 454, pp. 748-753; 
0110 Kim et al., “Complementary Metal Oxide Silicon 
Integrated Circuits Incorporating Monolithically Integrated 
Stretchable Wavy Interconnects. Applied Physics Letters, 
Jul. 31, 2008, vol. 93,044102: 
0111 Kim et al., “Materials and Noncoplanar Mesh 
Designs for Integrated Circuits with Linear Elastic 
Responses to Extreme Mechanical Deformations.” PNAS, 
Dec. 2, 2008, vol. 105, no. 48, pp. 18675-18680; 
0112 Meitlet al., “Transfer Printing by Kinetic Control 
of Adhesion to an Elastomeric Stamp. Nature Materials, 
January, 2006, vol. 5, pp. 33-38: 
0113 U.S. Patent Application publication no. 2010 
0002402-A1, published Jan. 7, 2010, filed Mar. 5, 2009, and 
entitled “STRETCHABLE AND FOLDABLE ELEC 
TRONIC DEVICES.” 
0114 U.S. Patent Application publication no. 2010 
0087782-A1, published Apr. 8, 2010, filed Oct. 7, 2009, and 
entitled “CATHETER BALLOON HAVING STRETCH 
ABLE INTEGRATED CIRCUITRY AND SENSOR 
ARRAY.” 
0115 U.S. Patent Application publication no. 2010 
0116526-A1, published May 13, 2010, filed Nov. 12, 2009, 
and entitled “EXTREMELY STRETCHABLE ELEC 
TRONICS: 
0116 U.S. Patent Application publication no. 2010 
0178722-A1, published Jul. 15, 2010, filed Jan. 12, 2010, 
and entitled METHODS AND APPLICATIONS OF NON 
PLANAR IMAGING ARRAYS; and 
0117 U.S. Patent Application publication no. 2010 
027119-A1, published Oct. 28, 2010, filed Nov. 24, 2009, 
and entitled “SYSTEMS, DEVICES, AND METHODS 
UTILIZING STRETCHABLE ELECTRONICS TO MEA 
SURE TIRE OR ROAD SURFACE CONDITIONS. 

0118 Kim, D. H. et al. (2010). Dissolvable films of silk 
fibroin for ultrathin conformal bio-integrated electronics. 
Nature Materials, 9, 511-517. 
0119 Omenetto, F. G. and D. L. Kaplan. (2008). A new 
route for silk. Nature Photonics, 2, 641-643. 
0120 Omenetto, F. G. Kaplan, D. L. (2010). New oppor 

tunities for an ancient material. Science, 329, 528-531. 
0121 Halsed, W. S. (1913). Ligature and suture material. 
Journal of the American Medical Association, 60, 1119 
1126. 
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0.122 Masuhiro, T., Yoko, G., Masaobu, N., et al. (1994). 
Structural changes of silk fibroin membranes induced by 
immersion in methanol aqueous solutions. Journal of Poly 
mer Science, 5, 961-968. 
I0123 Lawrence, B. D., Cronin-Golomb, M., Georgak 
oudi, I., et al. (2008). Bioactive silk protein biomaterial 
systems for optical devices. Biomacromolecules, 9, 1214 
1220. 

0.124 Demura, M., Asakura, T. (1989). Immobilization of 
glucose oxidase with Bombyx mori silk fibroin by only 
stretching treatment and its application to glucose sensor. 
Biotechnololgy and Bioengineering, 33, 598-603. 
0.125 Wang, X. Zhang, X. Castellot, J. et al. (2008). 
Controlled release from multilayer silk biomaterial coatings 
to modulate vascular cell responses. Biomaterials, 29, 894 
903. 
(0.126 U.S. patent application Ser. No. 12/723,475 
entitled “SYSTEMS, METHODS, AND DEVICES FOR 
SENSING AND TREATMENT HAVING STRETCHABLE 
INTEGRATED CIRCUITRY, filed Mar. 12, 2010. 
(O127 U.S. patent application Ser. No. 12/686,076 
entitled “Methods and Applications of Non-Planar Imaging 
Arrays.” filed Jan. 12, 2010. 
I0128 U.S. patent application Ser. No. 12/636,071 
entitled “Systems, Methods, and Devices Using Stretchable 
or Flexible Electronics for Medical Applications, filed Dec. 
11, 2009. 
I0129 U.S. Patent Application publication no 2012 
0065937-A1, published Mar. 15, 2012, and entitled 
METHODS AND APPARATUS FOR MEASURING 
TECHNICAL PARAMETERS OF EQUIPMENT, TOOLS 
AND COMPONENTS VIA CONFORMAL ELECTRON 
ICS. 
I0130 U.S. patent application Ser. No. 12/616,922 
entitled “Extremely Stretchable Electronics,” filed Nov. 12, 
2009. 
I0131 U.S. patent application Ser. No. 12/575,008 
entitled “Catheter Balloon Having Stretchable Integrated 
Circuitry and Sensor Array.” filed on Oct. 7, 2009. 
(0132 U.S. patent application Ser. No. 13/336,518 
entitled “Systems, Methods, and Devices Having Stretch 
able Integrated Circuitry for Sensing and Delivering 
Therapy,” filed Dec. 23, 2011. 
0133. Further combinations and sub-combinations of 
various concepts are provided below in the claims section. 
It should be appreciated that all combinations of such 
concepts and additional concepts described in greater detail 
below (provided such concepts are not mutually inconsis 
tent) are contemplated as being part of the Subject matter 
disclosed herein. In particular, all combinations of Subject 
matter appearing as numbered claims at the end of this 
disclosure are contemplated as being part of the Subject 
matter disclosed herein. In addition, all combinations of 
Subject matter Supported by this disclosure, including the 
drawings, the description and the claims, are contemplated 
as being part of the Subject matter even if not expressly 
recited as one of the numbered claims. 
I0134. It should be appreciated that all combinations of 
the foregoing concepts and additional concepts described in 
greater detail below (provided Such concepts are not mutu 
ally inconsistent) are contemplated as being part of the 
Subject matter disclosed herein. In particular, all combina 
tions of claimed Subject matter appearing at the end of this 
disclosure are contemplated as being part of the Subject 
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matter disclosed herein. It should also be appreciated that 
terminology explicitly employed herein that also may appear 
in any disclosure incorporated by reference should be 
accorded a meaning most consistent with the particular 
concepts disclosed herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0135 The skilled artisan will understand that the draw 
ings primarily are for illustrative purposes and are not 
intended to limit the scope of the subject matter described 
herein. The drawings are not necessarily to Scale; in some 
instances, various aspects of the Subject matter disclosed 
herein may be shown exaggerated or enlarged in the draw 
ings to facilitate an understanding of different features. In 
the drawings, like reference characters generally refer to like 
features (e.g., functionally similar and/or structurally similar 
elements). 
0.136 FIGS. 1A-1F depict example flexible and stretch 
able electronic and optoelectronic devices, according to the 
principles herein. 
0.137 FIGS. 2A-2D illustrate non-limiting example pro 
cessing methods and designs of electronic structures, 
according to the principles herein. 
0138 FIGS. 3A-3B show an example of an inflatable 
body, according to the principles herein. 
0139 FIG. 4 shows an example computer-aided design 
(CAD) drawing of an electronic structure, according to the 
principles herein. 
0140 FIG. 5A illustrates an example placement of the 
electronic structure of FIG. 5B on an inflatable body, accord 
ing to the principles herein. 
0141 FIG. 5B illustrates an example electronic structure, 
according to the principles herein. 
0142 FIGS. 6A-6D show a non-limiting example imple 
mentation of an apparatus, according to the principles 
herein. 
0143 FIG. 7 shows an example representation for the 
fabrication of multiple electronic structures on a fabrication 
wafer, according to the principles herein. 
014.4 FIG. 8 shows an example method of integrating 
fabricated electronic structures, according to the principles 
herein. 
(0145 FIGS. 9A-9D illustrate an example operation of 
sensing elements that are impedance-based contact sensor, 
according to the principles herein. 
0146 FIGS. 10A-10C show results of an example imple 
mentation of use of sensing elements disposed on a flexible 
Substrate, according to the principles herein. 
0147 FIGS. 11A-11E illustrate a non-limiting example 
multifunctional apparatus and systems according to the 
principles described herein, according to the principles 
herein. 

0148 FIG. 12 shows a magnified view of the apparatus of 
FIG. 11B, according to the principles herein. 
0149 FIGS. 13 A-13F show modeling result for an 
example apparatus according to the principles of FIG. 12, 
according to the principles herein. 
0150 FIG. 14 shows epicardial recordings of EGM, 
temperature, and strain readings obtained from a rabbit 
heart, according to the principles herein. 
0151 FIGS. 15A-15C show an example device, accord 
ing to the principles herein. 
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0152 FIG. 16 illustrates flexible high-density electrode 
array with multiplexing circuits and measurements, accord 
ing to the principles herein. 
0153 FIG. 17 shows dense arrays of conformal elec 
trodes with metal serpentine interconnections, according to 
the principles herein. 
0154 FIGS. 18A-18F show non-limiting examples of 
balloon catheters and measurements conducted using these 
catheters, according to the principles herein. 
0155 FIG. 19 shows an example arrangement of circuit 
elements, according to the principles herein. 
0156 FIG. 20 illustrates a non-limiting example of a 
distributed arrangement of circuit elements, according to the 
principles herein. 
0157 FIG. 21 depicts an example active electrical circuit, 
according to the principles herein. 
0158 FIG. 22 illustrates another example active electri 
cal circuit, according to the principles herein. 
0159 FIG. 23 demonstrates the characteristics of the 
active electrical circuit shown in FIG. 21, according to the 
principles herein. 
(0160 FIGS. 24 and 25 illustrate a plurality of example 
active electrical circuits according to the principles herein. 
(0161 FIGS. 26 and 27 illustrate the characteristics of 
example active electrical circuits, according to the principles 
herein. 
0162 FIG. 28 illustrates a plurality of example active 
electrical circuits, according to the principles herein. 
0163 FIG. 29 illustrates an example DC operating points 
for a plurality of coupled active electrical circuits, according 
to the principles herein. 
0164 FIG. 30 is a graph illustrating the properties of 
transistors, according to the principles herein. 
0.165 FIG. 31 shows a current-voltage curves, according 
to the principles herein. 
(0166 FIGS. 32A-32C show schematics of the source 
follower plus pass-through transistor array designs, accord 
ing to the principles herein. 
0.167 FIG.33 shows an example output for the schematic 
of FIG. 32A, according to the principles herein. 
0168 FIG. 34 shows example output for the schematic of 
FIG. 32C, according to the principles herein. 
0169 FIG. 35 shows an example single unit cell of a 
neural array, according to the principles herein. 
0170 FIG. 36 shows an example output from the array of 
FIG. 35, according to the principles herein. 
(0171 FIGS. 37A and 37B show an example schematic of 
a 2x2 circuit array, according to the principles herein. 
0172 FIG. 38 shows an example output of the 2x2 array 
of FIGS. 37A and 37B, according to the principles herein. 
0173 FIG. 39 provides an example series of screen shots 
of an example graphical user interface, according to the 
principles herein. 
(0174 FIGS. 40A and 40B illustrate another example a 
visualization of measurements, according to the principles 
herein. 

0.175 FIG. 41 demonstrates another example user inter 
face, according to the principles herein. 
0176 The features and advantages of the various 
examples will become more apparent from the detailed 
description set forth below when taken in conjunction with 
the drawings. 
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DETAILED DESCRIPTION 

0177. Following below are more detailed descriptions of 
various concepts related to, and examples of systems, meth 
ods and apparatus for use with balloon catheters and other 
types of catheters. The systems, methods and apparatus can 
be used for high density mapping and for multiplexed 
ready-out of sensing elements. It should be appreciated that 
various concepts introduced above and described in greater 
detail below may be implemented in any of numerous ways, 
as the disclosed concepts are not limited to any particular 
manner of implementation. Examples of specific implemen 
tations and applications are provided primarily for illustra 
tive purposes. 
0178 As used herein, the term “includes’ means includes 
but not limited to, the term “including' means including but 
not limited to. The term “based on' means based at least in 
part on. 
0179. As used herein, the term “disposed on’ or "dis 
posed above' is defined to encompass “at least partially 
embedded in.” 
0180 Flexible, stretchable electronics address a multi 
tude of applications found in nature that rigid electronics 
cannot. One example is a flexible neural array to map EEG 
data on the surface of the brain or of portions of cardiac 
tissue. Rigid electronics cannot conform to such surfaces. 
0181 Existing systems fail to provide implementations 
suitable for environments such as the surface of the brain or 
heart, particularly where Such a system can quickly assess 
the relevant parameter at high spatial resolutions (e.g., 
through high-density mapping). 
0182. The present disclosure provides some examples of 
an apparatus for medical diagnosis and/or treatment that 
include a flexible substrate, an intermediate bus disposed on 
the Substrate, and a plurality of sensing elements disposed on 
the flexible substrate. The plurality of sensing elements are 
coupled to the intermediate bus. The plurality of sensing 
elements and the intermediate bus are disposed on the 
flexible substrate such that the sensor elements are disposed 
at areas of minimal curvature and/or flexing of the flexible 
substrate. 
0183 In an example, the sensing elements are disposed in 
a close-packed array proximate to an end of the at least one 
intermediate bus. For example, the sensing elements can be 
formed in a square, circular, triangular, or diamond-shaped 
arrangement, or any other close packed arrangement, with 
each sensing element including an electrical connection that 
connects or otherwise communicates with a single interme 
diate bus. 
0184. In an example, the flexible substrate is a portion of 
an inflatable body. The flexible substrate or the inflatable 
body can be formed from any suitable flexible and/or 
stretchable material in the art. Non-limiting examples 
include polyethylene terephthalate (PET), polyurethane, and 
nylon. 
0185. In an example, the inflatable body can be config 
ured as an expandable portion positioned near an end of a 
catheter. In non-limiting examples, the inflatable body can 
be a balloon catheter. For example, the inflatable body can 
be a balloon having a cylindrical morphology, a cone shaped 
morphology or dog-bone shaped morphology, an "onion'- 
shaped morphology (i.e., a shape that can exhibit different 
curvatures in X- and y-directions), or a barrel-like morphol 
ogy. In another example, the inflatable body may have a 
compound shape. For example, the inflatable body may be 
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rounded in shape in certain portions, and include at least one 
portion that is flattened. In another example, the inflatable 
body may be configured as a flattened stretchable portion 
that can be expanded or collapsed. In an example imple 
mentation, such a flattened portion of the inflatable body 
may be deployed to make substantially full contact with a 
portion of a tissue, e.g., as part of a tissue lumen. 
0186. In an example, the inflatable body may be mounted 
to a catheter such that the tip of the catheter does not 
protrude beyond the substantially flattened distal region of 
the inflatable body. For example, an inflatable body that 
ordinarily has the catheter extend beyond the tip may be 
inverted inside out such that the neck is popped inward. The 
inverted inflatable body may be adhered to an inner coaxial 
guidewire of a catheter and mounted on the catheter Such 
that the catheter tip does not extend beyond the substantially 
flattened portion of the inflatable body. The inner guidewire 
can be extended for deployment of the inverted inflatable 
body and then retracted to form the flattened surface. 
0187. Non-limiting examples of a tissue lumen according 
to the principles of any of the examples described herein 
include the channel within a tubular tissue structure. Such as 
but not limited to a blood vessel (including an artery or a 
vein), or to the cavity within a hollow portion of an organ, 
Such as but not limited to an intestine, an oral canal, a heart, 
a kidney, or auditory canal, 
0188 In an example, the intermediate bus can include 
conductive portions that facilitate electrical communication 
between the sensing elements and an external circuit. For 
example, the external circuit can include a signal processor. 
For applications where a high conductivity is beneficial, a 
metal or metal alloy may be used, including but not limited 
to aluminum or a transition metal (including copper, silver, 
gold, platinum, Zinc, nickel, chromium, or palladium, or any 
combination thereof) and any applicable metal alloy, includ 
ing alloys with carbon. Suitable conductive materials may 
include a semiconductor-based conductive material, includ 
ing a silicon-based conductive material, indium tin oxide, or 
Group III-IV conductor (including GaAs). 
0189 In another example, the intermediate bus can 
include Such conductive portions and also non-conductive 
portions. Such non-conductive portions can be used to 
achieve a symmetric shape and/or weight distribution of the 
intermediate bus, to introduce a mechanical stability to the 
intermediate bus-sensing elements system, to reduce or 
eliminate a strain at a junction between a connector from the 
sensing element and the intermediate bus, to encapsulate the 
conductive portions for performance, electrical and or 
mechanical stability, and/or to isolate the conductive por 
tions from an external strain applied to the system during use 
in a medical diagnostic and/or treatment procedure. The 
non-conductive portion can be a polymeric material. Such as 
but not limited to a polyimide, a polyethylene terephthalate 
(PET), or a polyurethane. Other non-limiting examples of 
applicable polymeric materials include plastics, elastomers, 
thermoplastic elastomers, elastoplastics, thermostats, ther 
moplastics, acrylates, acetal polymers, biodegradable poly 
mers, cellulosic polymers, fluoropolymers, nylons, poly 
acrylonitrile polymers, polyamide-imide polymers, 
polyarylates, polybenzimidazole, polybutylene, polycarbon 
ate, polyesters, polyetherimide, polyethylene, polyethylene 
copolymers and modified polyethylenes, polyketones, poly 
(methyl methacrylate, polymethylpentene, polyphenylene 
oxides and polyphenylene Sulfides, polyphthalamide, poly 
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propylene, polyurethanes, styrenic resins, Sulphone based 
resins, vinyl-based resins, or any combinations of these 
materials. In an example, a polymer herein can be a 
DYMAX(R) polymer (Dymax Corporation, Torrington, 
Conn.), or other UV curable polymer. 
0190. In an example, the plurality of sensing elements 
can include one or more of multiple sensor types. Such as but 
not limited to, impedance sensors (including bipolar elec 
trodes), lateral strain sensors, temperature sensors, intracar 
diac electrogram (EGM) sensors, light-emitting diodes 
(LEDs), including micro-LEDs, transistors (including 
Switches), multiplexors, recording electrodes, radiofre 
quency (RF) electrodes (including RF ablation electrodes), 
temperature sensors, and/or contact sensors (including 
impedance-based contact sensors). 
0191 In an example, the plurality of sensing elements 
can include combinations of different sensor types. In an 
example, the plurality of sensing elements can include 
components such as pacing electrodes, EGM electrodes, and 
bipolar electrodes. In another example, the plurality of 
sensing elements can include components such as imped 
ance electrodes and contact sensing electrodes. In another 
example, the plurality of sensing elements can include 
power control components such as components that can 
perform ablation. In another example, the plurality of sens 
ing elements can include active components such as com 
ponents that can provide for local signal amplification, e.g., 
for buffering or to provide signal gain. In any example where 
the sensing elements include active components, the activa 
tion of the active component and the measurements from the 
active component can be multiplexed. 
0.192 In any example according to the principles 
described herein, the sensing elements, including electrodes, 
can be formed as conformal components, to conform to a 
shape and/or movement of a Surface over which they are 
disposed, including in flexibility and/or stretchability. 
0193 The example systems and apparatus described 
herein employ thin, conformal arrays of sensory electronics 
(sensing elements) embedded in flexible substrates. Non 
limiting examples of such flexible substrates include silicone 
or polyurethane Substrates. According to the principles 
described herein, the example systems and apparatus herein 
integrate conformal sensors along with semiconductor 
based electronics on flexible substrates, such as but not 
limited to deployable sheets and balloons (inflatable body). 
The example systems and apparatus described herein facili 
tate integration of amplification, logic and Switching capa 
bilities onboard the systems or apparatus, thereby optimiz 
ing sensing and minimizing wiring schemes inside the 
apparatus or system. 
0194 Methods for fabricating an apparatus for medical 
diagnosis and/or treatment are also described. An example 
method includes providing an intermediate bus that is 
coupled to a plurality of sensing elements, disposing the 
intermediate bus about a region of an inflatable body, and 
disposing the plurality of sensing elements about a distal 
portion of the inflatable body such that the sensor elements 
are disposed at areas of minimal curvature of the inflatable 
body. 
0.195. In any example described herein, an area of mini 
mal curvature may correspond to, and/or lie proximate to, 
regions of low and/or minimal strain in the flexible substrate. 
For example, where the flexible substrate is part of an 
inflatable body, the area of minimal curvature may corre 
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spond to, and/or lie proximate to, regions of low and/or 
minimal strain in inflatable body in the deflated state. 
0196. In an example, the areas of minimal curvature may 
be determined from am understanding of the stress-strain 
behavior of the flexible substrate, such as by determining the 
repeatable folding behavior of an inflatable body, and of the 
flexing or bending behavior of another type of flexible 
Substrate. In another example, Finite element analysis of the 
stress-strain profiles o a flexible substrate also enables 
mechanical optimization. The functional elements, such as 
sensing elements, intermediate buses, active electrical cir 
cuits and flexible interconnections described herein, can be 
positioned on the flexible substrate in the area(s) of minimal 
curvature of stretchable substrate (including the inflatable 
body), thereby minimizing failure modes during operation. 
In another example, failure modes can be minimized during 
operation when an inflatable body is being introduced into a 
tissue lumen prior to being deployed near a tissue region of 
interest by placing the functional elements at or near areas 
of minimal curvature. In another example, the distributed 
arrangement of circuit elements described herein can be 
positioned at areas of a flexible Substrate away from regions 
of bending or flexing stress, to aid in the conformability of 
a system or apparatus to a surface. 
0.197 An example method for fabricating an apparatus 
for medical diagnosis and/or treatment can include extract 
ing the intermediate bus and the plurality of sensing ele 
ments from a carrier Substrate prior to disposing the inter 
mediate bus about the region of the inflatable body as 
described herein. In an example method, disposing the 
intermediate bus about the region of the inflatable body can 
include applying the coupling bus using a dissolvable tape 
backing. 
0.198. In an example, the plurality of electrodes elements 
can include one or more of bipolar electrodes, intracardiac 
electrogram (EGM) electrodes, recording electrodes, and 
radiofrequency (RF) electrodes (including RF ablation elec 
trodes). 
0199. In an example, any system or apparatus according 
to the principles described herein may be entirely or at least 
partially encapsulated by an encapsulating material. Such as 
a polymer material (including any of the polymer materials 
described herein). An encapsulating material can be any 
material that can be used to laminate, planarize, or encase at 
least one component of a system or apparatus described 
herein, including any electronic or other type of component. 
For example, a method of fabricating any system or appa 
ratus according to the principles described herein can further 
include encapsulating the system or apparatus. In an 
example, an encapsulating material can be disposed over, or 
otherwise applied to, an apparatus that includes the flexible 
substrate forming the inflatable body, the intermediate bus 
and the plurality of sensing elements disposed on the flexible 
Substrate. In various examples, an encapsulating material 
can be disposed over, or otherwise applied to, solely to the 
plurality of sensing elements, and/or to the intermediate bus. 
In an example, a polyurethane can be used as the encapsu 
lating material. In another example, the encapsulating mate 
rial can be the same material as the material for the flexible 
Substrate. Encapsulating any portion of the systems or 
apparatus described herein can be useful to enhance the 
mechanical stability and robustness of the system or appa 
ratus, or to maintain electronic performance of the electronic 
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components of the system or apparatus against a stress or 
strain applied to the system or apparatus during use. 
0200. In an example, any of the systems or apparatus 
according to the principles herein can be disposed on the 
inflatable body such that a functional layer of the system or 
apparatus lies at a neutral mechanical plane (NMP) or 
neutral mechanical surface (NMS) of the system or appara 
tus. The NMP or NMS lies at the position through the 
thickness of the device layers for the system or apparatus 
where any applied strains are minimized or Substantially 
Zero. In an example, the functional layer of a system or 
apparatus according to the principles described herein 
includes the plurality of sensing elements and/or the inter 
mediate bus. 
0201 The location of the NMP or NMS can be changed 
relative to the layer structure of the system or apparatus 
through introduction of materials that aid in strain isolation 
in various layers of the system or apparatus. In various 
examples, polymer materials described herein can be intro 
duced to serve as Strain isolation materials. For example, the 
encapsulating material described hereinabove can be used to 
position the NMP or NMS, e.g., by varying the encapsulat 
ing material type and/or layer thickness. For example, the 
thickness of encapsulating material disposed over the func 
tional layers described herein may be modified (i.e., 
decreased or increased) to depress the functional layer 
relative to the overall system or apparatus thickness, which 
can vary the position of the NMP or NMS relative to the 
functional layer. In another example, the type of encapsu 
lating, including any differences in the elastic (Young's) 
modulus of the encapsulating material. 
0202 In another example, at least a partial intermediate 
layer of a material capable of providing strain isolation can 
be disposed between the functional layer and the flexible 
substrate to position the NMP or NMS relative to the 
functional layer. In an example, the intermediate layer can 
be formed from any of the polymer materials described 
herein, aerogel materials or any other material with appli 
cable elastic mechanical properties. 
0203 Based on the principles described herein, the NMP 
or NMS can be positioned proximate to, coincident with or 
adjacent to a layer of the system or apparatus that includes 
the strain-sensitive component, Such as but not limited to the 
functional layer. The layer can be considered “strain-sensi 
tive' if it is prone to fractures or its performance can be 
otherwise impaired in response to a level of applied Strain. 
In an example where the NMP or NMS is proximate to a 
strain-sensitive component rather than coincident with it, the 
position of the NMP or NMS may still provide a mechanical 
benefit to the strain-sensitive component. Such as Substan 
tially lowering the strain that would otherwise be exerted on 
the strain-sensitive component in the absence of Strain 
isolation layers. In various examples, the NMS or NMP 
layer is considered proximate to the Strain-sensitive compo 
nent that provides at least 10%, 20%, 50% or 75% reduction 
in strain in the strain-sensitive component for a given 
applied strain, e.g., where the inflatable body is inflated. 
0204 As a non-limiting example, ultrathin conformal 
nanomembrane sensors (about 250 nm insize), embedded in 
a substrate (such as but not limited to thin polyimide and 
elastomeric substrates of thickness about 50 um to about 100 
um) in neutral mechanical plane layouts can accommodate 
significant mechanical durability with radii of curvature less 
than about 1 mm. 
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0205. In various examples, the encapsulating material 
and/or the intermediate layer material may be disposed at 
positions coincident with the strain-sensitive component, 
including in the functional layer. For example, portions of 
the encapsulating material and/or the intermediate layer 
material may be interspersed with the strain-sensitive com 
ponent, including at positions within the functional layer. 
0206. In an example, a system, apparatus and method 
herein can be used to administer a type of therapy to tissue 
during a medical diagnosis and/or treatment. The system, 
apparatus and method can be based on an apparatus that 
includes the flexible substrate forming the inflatable body 
and the plurality of sensing elements disposed on the flexible 
Substrate, or a stretchable electronic system that includes a 
flexible annular interconnect and a plurality of electrodes 
coupled to the flexible annular interconnect, where the 
stretchable electronic system is disposed on an inflatable 
body. For example, any of the inflatable bodies described 
herein may be disposed near a distal portion of a catheter, 
and a type of therapy may be introduced to a region of tissue 
during the medical diagnosis and/or treatment. In an 
example, the type of therapy may be introduced through a 
shaft of the catheter. In an example, the therapy may be an 
ablative therapy and/or a drug administration. Non-limiting 
examples of ablative therapy include cryoablation, laser 
ablation, and high intensity ultrasound. 
0207. An example method of performing a medical diag 
nosis and/or treatment on a tissue includes disposing in 
proximity to the tissue an apparatus that includes a flexible 
Substrate forming an inflatable body, a coupling bus, and a 
plurality of sensing elements that are coupled to the coupling 
bus. The one or more sensing elements of the plurality of 
sensing elements include contact sensors. The coupling bus 
is disposed near a distal end of the inflatable substrate, and 
the plurality of sensing elements are disposed about the 
inflatable body Such that the sensing elements are disposed 
at areas of minimal curvature of the inflatable body. The 
method includes recording a measurement of at least one 
sensing element of the plurality of sensing elements. The 
measurement provides an indication of a state of a portion of 
the tissue. 
0208. In an example, the measurement can be used to 
provide an indication of a disease state of the portion of the 
tissue. In another example, the measurement can be used to 
provide an indication of a contact state of the portion of the 
tissue with the at least one sensing element of the plurality 
of sensing elements. 
0209. An example instrument and user interface is also 
described herein that can be used to display a representation 
of measurements of a plurality of sensing elements or active 
electrical circuits that are positioned proximate to Surface 
(such as but not limited to a tissue lumen). In an example, 
a instrument and user interface described herein also can be 
used for mapping contact between a plurality of sensing 
elements or active electrical circuits with a surface. The 
measurement or mapping data can be used to provide a 
representation of a degree of contact between an inflatable 
body Supporting the plurality of sensing elements or active 
electrical circuit and the Surface. An example instrument 
and/or user interface can be used with any of the example 
systems, methods or apparatus described herein. 
0210 Example apparatus are also described for display 
ing a representation of measurements of a plurality of 
sensing elements or active electrical circuits that are posi 
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tioned proximate to surface during a medical diagnosis 
and/or treatment of a tissue. In this example, the display 
apparatus includes a display, a memory storing machine 
readable instructions, and one or more processor units to 
execute the machine-readable instructions. Execution of the 
machine-readable instructions causes the display to display 
the representation of the measurements. The representation 
includes a plurality of first indicators and a plurality of 
second indicators. Each first indicator corresponds to a 
sensing element of the plurality of sensing elements (or 
active electrical circuit) that measures a signal below a 
threshold value. Each second indicator corresponding to a 
sensing element of the plurality of sensing elements (or 
active electrical circuit) that measures a signal above the 
threshold value. 
0211. In an example, a measurement below the threshold 
value can be used as an indication that the corresponding 
sensing element of the plurality of sensing elements (or 
active electrical circuit) is not in contact with the tissue. 
0212. In an example, a measurement above the threshold 
value can be used as an indication that at least a portion of 
the corresponding sensing element of the plurality of sensing 
elements (or active electrical circuit) is in contact with the 
tissue. 
0213. In an example, a measurement below a first thresh 
old value can be used to indicate a state of “no contact” or 
"no measurement for a sensing element. In another 
example, a measurement above a second threshold value can 
be used to indicate a state of “contact” or “measurement' for 
a sensing element. In another example, a measurement 
between the first threshold value and the second threshold 
value can be used to indicate a state of “poor contact” or 
“poor measurement' for a sensing element or active elec 
trical circuit. 
0214. In an example, each of the first spatial representa 
tions or each of the second spatial representations displays 
a first indication if the corresponding sensing element mea 
Sures a signal above a threshold value. In another example, 
each of the first spatial representations or each of the second 
spatial representations displays a second indication if the 
corresponding sensing element measures a signal below a 
threshold value. 
0215. In an example, a system described herein can be 
used for mapping contact with a surface. The system 
includes an inflatable body, plurality of electrodes coupled to 
the inflatable body, an electronic display electrically coupled 
to the plurality of electrodes. The electronic display provides 
a visual reproduction of the spatial location of the plurality 
of electrodes on the inflatable body. The electronic display 
also changes a visual attribute of an electrode in the plurality 
of electrodes in response to a change in an electrical signal 
produced by the electrode, where the change in the electrical 
signal can be used to identify a contact condition of the 
electrode with respect to the surface. 
0216. In an example, the visual attribute can be a binary 
representation or a quantitative representation. 
0217. In another example, the active electrical circuits or 
sensing elements described herein include a flexible inter 
connect, and a plurality of impedance based electrode pairs 
coupled to the flexible interconnect. The electrode pairs are 
configured to measure impedance between two electrodes of 
the electrode pair. 
0218. For example, the tissue can be cardiac tissue, and 
the lumen can be the pulmonary veins of a subject. 
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0219. The present disclosure describe example results 
that show the utility of contact sensing in connection with 
medical diagnostic and/or treatment procedures using an 
inflatable and/or expandable body, including cryoballoon 
ablation procedures. 
0220 Example systems and apparatus disclosed herein 
permit integration of components, including one or more 
electrodes, photodiodes, thermistors, micro-LEDs, and/or 
force sensors, or arrays of electrodes, photodiodes, therm 
istors, micro-LEDs, and/or force sensors, which may be 
deployed on flexible Substrates. The systems and apparatus 
according to the principles herein can have a wide range of 
applications in the medical device industry. 
0221. An example therapy based on cryothermal energy 
represents an alternative ablation therapy to radio frequency 
(RF) energy for treating certain conditions, including car 
diac arrhythmias. A cryoballoon system is capable of deliv 
ering cryothermal energy through the transition of nitrous 
oxide from liquid to gaseous phase. In this example imple 
mentation, the transition of nitrous oxide from liquid to 
gaseous phase may be caused by an increase in pressure and 
a concomitant decrease in temperature to about -50° C. 
during the cryoablative procedure. The pulmonary vein 
ostium may be the structural target for ablation in paroxys 
mal AF patients. Achieving occlusion near the antrum of the 
pulmonary veins assists with achieving effective lesion 
formation with cryoballoons. 
0222 Conformal electronics provided in various non 
limiting examples herein may be adhered to polymeric and 
elastomeric Surfaces (including balloons and sheets) and 
may be mechanically unfurl from the distal end of a catheter 
tube without causing signal degradation. The example 
implementations described herein facilitate multiple sensing 
modalities to be deployed in vivo in intracardial and epi 
cardial spaces at high density arrangements of sensing 
elements. The low bending stiffness of the electronics 
described herein facilitate strong conformal contact to soft 
tissues (such as of the heart), without requiring pins or 
separate adhesives. Accordingly, high density mapping 
within the atria is afforded and insights into the mechanisms 
underlying CFAES are allowed, including analysis of rotors 
and wave fronts in persistent AF cases. The example imple 
mentations described herein may be used to detect the 
presence of AF mechanisms at significantly reduce electrical 
mapping times while decreasing safety risks and improving 
clinical outcomes during ablation procedures. 
0223 Examples of inflatable bodies are described herein 
relative to a type of balloon catheter. However, the inflatable 
bodies applicable to the systems, methods and apparatus 
herein as not so limited. It is to be understood that the 
principles herein apply to any type of inflatable body (in 
cluding an expandable body) on which stretchable electronic 
systems described herein can be disposed. 
0224 FIGS. 1A-1F depict example flexible and stretch 
able electronic and optoelectronic devices that can be imple 
mented in accordance with the principles herein. FIG. 1A 
shows microscope images of a p-type (left) and n-type 
(right) metal oxide semiconductor (MOS) field effect tran 
sistor (FET) that can be implemented in various examples 
described herein. The bottom frame of FIG. 1A shows 
characterization result of a n-type MOSFET, including I-V 
and transfer characteristics. FIG. 1B shows example flexible 
devices implemented in various examples on a 25 um 
polyimide Substrate that includes n-type and p-type transis 
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tors (left), CMOS inverters (right) and three stage ring 
oscillator (center). FIG. 1D shows an example 3D multi 
layer of active circuit positioned on a plastic Substrate and 
FIG. 1D shows example 2D wavy stretchable CMOS cir 
cuits on an elastomeric Substrate. The example wavy stretch 
able implementation shown in FIG. 1D is deformed in the 
figure pursuant to pushing down in the center of the Sub 
strate. FIG. 1E provides Scanning electron microscopy 
(SEM) images of deformed (top) and un-deformed (bottom) 
CMOS inverter array with buckled or pop-up interconnec 
tions in accordance with illustrative examples of the present 
disclosure. Implementations of the present disclosure may 
be on thin elastomers, such as a elastomer that is approxi 
mately 1 mm thick. FIG. 1E shows example implementa 
tions of GaAs iLED arrays connected via serpentine pop-up 
interconnections under flat, 360° and 720° twisted state in 
accordance with various stretchable examples. Each of the 
example interconnections, Substrates, and active circuits or 
components of an active circuit demonstrated in FIGS. 
1A-1F demonstrate components that may be implemented in 
example systems, methods and apparatus according to the 
principles herein for diagnostic and/or therapeutic purposes. 
0225. In a non-limiting example, the high resolution 
mapping capabilities of the example systems, methods and 
apparatus described can assist in improving the understand 
ing of “complex fractionated atrial electrograms” (CFAEs), 
rotors and the underlying causes of persistent AF and in the 
treatment thereof. For example, it is believed that CFAEs 
represent rapid electrical activity from a nearby driving 
force (rotor). This knowledge may also be implemented to 
diagnose and treat other complex arrhythmias, including, but 
not limited to ventricular fibrillation. Example systems, 
methods and apparatus disclosed herein can be used to 
provide a route to shorter, safer and more efficacious diag 
nosis and treatment of arrhythmias. 
0226 FIGS. 2A-2D illustrate non-limiting example pro 
cessing methods and designs in accordance with the prin 
ciples described herein. High density mapping techniques 
provided by various examples of the present disclosure may 
be achieved using micro-fabrication processing techniques 
applicable to ultrathin, flexible and stretchable single crystal 
nanomaterials. These processes may be based on silicon, 
including high quality single crystal wafers of (111) silicon 
(top), (100) silicon-on-insulator (SOI) (middle), or epitaxi 
ally grown III-V semiconductors (bottom) as shown in FIG. 
2A. Lithography and a variety of etching techniques may be 
applied in various examples to define intricate patterns, 
which are subsequently released in ultrathin layers (for 
example hundreds of nanometers thick) from the fabrication 
wafer. 

0227. The released nanostructures may be integrated with 
flexible substrates using transfer print technology. FIG. 2B 
illustrates the transfer printing process which, in some 
example implementations, begin with a soft, rubber-like 
stamp called (poly)dimethylsiloxane (PDMS) that retrieves 
nanomaterials via van der Waals forces. As shown in the top 
frame of FIG. 2B, a stamp can be used to extract a fabricated 
structure from a fabrication wafer. As shown in the bottom 
frame of FIG. 2B, the stamp can contacted with a second 
substrate, such as a flexible substrate described herein, and 
the fabricated structure released onto the second substrate. 
This transfer process may be performed over large areas of 
segmented nanomembrane sensors using a flat stamp or over 
selected areas using a structured stamp. The extracted nano 

Mar. 23, 2017 

membrane sensors can be selectively placed in pre-defined 
locations with microscale precision (bottom frame of FIG. 
2B). An adhesive can be used to mount the fabricated 
structure to the flexible substrate to promote better adhesion 
strength and higher yield. For example, thin glue layers, 
Such as polyimide or epoxies, can be used as the adhesive. 
An image of a representative GaAs nanomembrane array 
demonstrating the concept on a curved surface is shown in 
the inset of FIG. 2C. FIG. 2D shows example nanostructures 
that can be used to form the electronic structures described 
herein, including the “herringbone' structures (top frame of 
FIG. 2D), buckled structures (middle frame of FIG. 2D), and 
non-coplanar serpentine-shaped structures (bottom frame of 
FIG. 2D). 
0228 FIGS. 3A-3B show a non-limiting example of an 
inflatable body that is applicable to a system, method, or 
apparatus according to the principles herein. FIG. 3A shows 
the inflatable body 300 in a deflated state and FIG. 3B shows 
the inflatable body 300 in a partially inflated state. The 
inflatable body also includes a substantially flattened por 
tion, i.e., a portion 304 of less or minimal curvature as 
compared to other regions of the balloon (see FIG. 3B). In 
this non-limiting example, the inflatable body is a balloon. 
As described above, the inflatable body can have a cylin 
drical morphology, a cone shaped morphology, dog-bone 
shaped morphology, an "onion'-shaped morphology (i.e., a 
shape that can exhibit different curvatures in X- and y-di 
rections), or a barrel-like morphology. In another example, 
the inflatable body may have a combination of any of these 
shapes. 
0229. In the non-limiting example of FIG. 3B, the inflat 
able body 300 is disposed on a catheter 302. As shown in 
FIG. 3A, the inner guidewire of catheter 302 can be 
extended to deflate in the inflatable body for deployment in 
a lumen. As shown in FIG. 3A, the inner guidewire of 
catheter 302 can be retracted to inflate the inflatable body 
and to form substantially flattened surface 304. The inflat 
able body 300 can have a more rounded shape when it is 
fully inflated. In an example method for performing a 
mapping of a Surface according to the principles described 
herein, the inflatable body may be used for the mapping 
while it is only partially-inflated. In the partially-inflated 
state, much of the substantially flattened surface 304 can be 
placed proximate to, and make Substantial contact with, a 
tissue or other Surface to be mapped. 
0230 FIG. 4 shows a non-limiting example computer 
aided design (CAD) drawing of an electronic structure 400 
according to the principles described herein. The electronic 
structure 400 includes an intermediate bus 402 and sensing 
elements 404. The intermediate bus 402 can be coupled to a 
number of the sensing elements 404. For example, as shown 
in FIG. 4, intermediate bus 402 can be coupled to the sensing 
elements 404 in a quadrant of the electronic structure 404. 
0231. In the non-limiting example of FIG. 4, the elec 
tronic structure 400 includes four intermediate buses 402, 
each coupled to a number of sensing elements 404, and 
disposed in four quadrants. In other examples, the electronic 
structure can be formed from one intermediate bus, two 
intermediate buses, three intermediate buses, or more inter 
mediate buses. In addition, the sensing elements can be 
disposed in arrangements with different symmetries. 
0232. As shown in the example of FIG.4, a portion of the 
intermediate buses 402 may be coupled to a coupling 
structure 406. In other examples, the coupling structure 406 
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may be eliminated. The coupling structure 406 can be 
formed from a non-conductive material, including a non 
conductive polymer-based material. 
0233 FIG. 5A illustrates an example placement of an 
electronic structure 500 (shown in FIG. 5B) on an inflatable 
body 502. As shown in FIG.5A, the electronic structure 500 
can be positioned at a distal region of the Surface of the 
inflatable body 502. In this example, the electronic structure 
500 is disposed at a substantially flattened portion of the 
inflatable body 502 (such as shown in FIG. 3B). A portion 
of the intermediate bus 504 of the electronic structure 500 is 
disposed about the distal region of the inflatable body 502: 
and the sensing elements 506 are disposed in an array on the 
inflatable body proximate to the distal region. 
0234. As shown in the example of FIGS.5A and 5B, the 
electronic structure 500 can include a coupling structure 508 
can be disposed about the distal region of the inflatable body 
502. The coupling structure 508 can be used to provide 
mechanical stability to the electronic structure while it is 
being fabricated, extracted from the carrier substrate, and/or 
being disposed on the inflatable body. The coupling structure 
508 also can aid in aligning the electronic structure 500 with 
the inflatable body 502. For example, the coupling structure 
508 can be formed as a hollow ring structure that is disposed 
about an end of a catheter to which the inflatable body is 
attached. 
0235 Some of the examples herein, including the 
example of FIG. 5A, are described relative to the electronic 
structure being disposed on a flexible substrate that is part of 
an inflatable body. However, the flexible substrate is not 
limited to inflatable bodies. That is, in other examples, the 
electronic structures can be disposed on a flexible substrate 
that is not part of an inflatable body. For example, the 
electronic structures, including the intermediate bus and the 
sensing elements, can be disposed on a flexible Substrate that 
is part of a patch, a bandage, or other Substantially flat 
substrate. 
0236 FIGS. 6A-6D show a non-limiting example imple 
mentation of an apparatus according to the principles 
described herein. FIG. 6A shows an inflatable body 602 in 
an inflated state. At least two intermediate buses 604 and a 
number of sensing elements 606 are disposed on portions of 
the surface of the inflatable body at or near to the distal 
portion of the inflatable body 602. 
0237 FIG. 6B shows a different perspective view of the 
apparatus shown in FIG. 6A. FIG. 6B also shows a port 610 
in which other diagnostic and/or treatment devices can be 
positioned, including a cryoablation device. 
0238 FIG. 6C shows the apparatus in a partially inflated 
state. FIG. 6D shows the apparatus in a deflated state. FIGS. 
6C-6D show how the sensing elements (including various 
sensors) and the interconnects (including the intermediate 
bus) undergo compression when the inflatable body is 
deflated. As shown in FIG. 6C, the distal portion of the 
inflatable body that includes the sensing elements has less 
curvature than other portions of the inflatable body during 
the different stages of the deflation. 
0239. The electronic structure according to any of the 
examples described herein can be fabricated according to the 
processes described herein. The sensing elements of the 
electronic structure can be fabricated to include electrodes, 
including unipolar electrodes or bipolar electrodes, contact 
sensors or other types of sensors, and even integrated 
circuits. As described above in connection with FIGS. 
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2B-2C, the electronic structure can be printable, due to their 
ability to be removed and placed onto a target Substrate 
using a soft, elastomeric stamp and transferred onto an 
inflatable body. This fabrication approach facilitates ultra 
thin circuit layouts for mechanical flexibility to conform to 
lumen with different contours (such as but not limited to the 
unusual, Surface roughness of the atria). This fabrication 
approach also facilitates the ability to perform multimodal 
sensing using a single system. As a non-limiting example, 
the single system can be a single catheter that includes an 
electronic structure according to an example herein and 
another diagnosis and/or treatment device, such as but not 
limited to a cryoablation device. 
0240 FIG. 7 shows an example representation for the 
fabrication of multiple electronic structures on a fabrication 
wafer. Each example electronic structure includes at least 
one intermediate bus 704 and at least one array of sensing 
elements 706. The electronic structures can be fabricated in 
a packed arrangement, such as depicted in FIG. 7, on a 
fabrication wafer. In an example, lithographic processing 
and Vertical trench wet-etching techniques can be used to 
yield isolated chiplets, such as but not limited to chiplets of 
area of about 0.1x0.1 mm, and about 1-5 um thickness, that 
remain tethered to the underlying fabrication wafer through 
anchor structures. This process can be used to yield the 
intermediate buses and sensing elements (including elec 
trodes, contact sensors and other sensors), and even inte 
grated circuits. These structures are printable due to their 
ability to be removed from the fabrication wafer, such as by 
using a stamp, and placed onto a target Substrate, such as a 
flexible substrate, including a portion of an inflatable body, 
a patch or a bandage. 
0241. As also shown in FIG. 7, the electronic structure 
may be fabricated with a coupling structure 708. The cou 
pling structure 708 can be formed from non-conductive 
materials. In an example, the coupling structure 708 can aid 
in providing mechanical stability to the electronic structure 
during the extraction using the stamp. In an example, the 
coupling structure 708 can aid in aligning the electronic 
structure when it is disposed on the inflatable body. In 
another example, the coupling structure 708 can include 
conductive portions. These conductive portions can be used 
as electrically conductive pathways such that sensing ele 
ments disposed in one section of the electronic structure can 
be electronically coupled to sensing elements and/or an 
intermediate bus disposed in a different section of the 
electronic structure. 
0242 FIG. 8 shows an example method of integrating 
fabricated electronic structures 820 and 840 to form an 
integrated electronic structure 860 with a larger number of 
sensing elements. For example, electronic structure 820 is 
rotated relative to electronic structure 840 and then coupled 
together to provide integrated electronic structure 860. The 
integrated electronic structure 860 can be disposed on a 
flexible substrate, such as a portion of an inflatable body, a 
patch, a bandage, or other flexible structure. In addition, the 
intermediate buses of the integrated electronic structure 860 
can be coupled to one or more signal processors such that the 
signals from the plurality of sensing elements that form 
integrated electronic structure 860 can be read to provide 
one or more multiplexed signals from the measurements of 
the sensing elements. 
0243 In an example implementation, the electronic struc 
tures of FIGS. 4 through 8 can be used for mapping of a 
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Surface. The example systems and apparatus based on the 
electronic structures of FIGS. 4 through 8 can be used to 
obtain a high-density mapping of a Surface. That is, the 
mapping implementation according to the principles herein 
can provide greater mapping capabilities and enhances sig 
nal to noise as compared to an electrical mapping catheter or 
other system that use sparse arrays of bipolar electrodes to 
gather electrical information at sparse points on a surface. In 
a system based on sparse arrays of bipolar electrodes, 
multiple, sequential recordings are Superimposed via Soft 
ware to produce a static representation of electrical activity 
over a region of interest. This serial approach can be time 
consuming and can increase a risk of clinical complications 
in a medical application (such as a risk of stroke during use 
to map a portion of an atrium. A mapping implementation 
using a system or apparatus according to the principles 
herein can provide one or more multiplexed signals from a 
high density of sampled data points on a surface of interest, 
to provide a dynamic, high density map of the Surface. 
0244 As a non-limiting example, the systems or appa 
ratus according to the principles herein can present sensing 
elements arranged with packing densities of ranging from 
about 48 to about 64 per cm to map a surface (such as but 
not limited to cardiac tissue) with proper contact feedback. 
0245. In addition to electrical mapping of a surface, 
sensing elements described herein that are impedance based 
contact sensors can be used to assess contact between the 
flexible substrate and the surface to be measured. 
0246 Contact sensing during electrical mapping activity 
monitoring can provide a powerful capability. In a single 
platform, Such a capability can enhance the safety and 
efficacy of a mapping procedure. Such as but not limited to 
cardiac mapping. FIGS. 9A-9D illustrate an example opera 
tion of sensing elements that are impedance-based contact 
sensor. The impedance-based contact sensors can be bipolar 
electrodes. In this example, the sensing elements 904 are 
disposed on an inflatable body 902. FIG. 9A shows the 
inflatable body 902 in an inflated state, and FIG.9B shows 
the inflatable body 902 in a deflated state. FIG.9C shows an 
X-ray image of the inflatable body to demonstrate contact 
and non-contact conditions of measurements of a surface. In 
this example, the Surface is near the Superior vena cava in a 
live porcine model. The impedance-based contact sensors 
used in this non-limiting example can have simple and thin 
profiles (<5 um), offer high sensitivity, fast response and 
mapping ability (including EGM mapping ability in medical 
applications). In other example implementations, the sens 
ing elements may include conductive-silicone pads that 
provide quantitative measures of pressure. 
0247. In the example operation of the sensing elements 
including the impedance-based contact sensors, Small 
amounts of AC current (<10 LA) are injected across the two 
terminals of the bipolar electrodes, and Voltage changes 
caused by differences in conductivities of the surface of the 
Surrounding media are measured. Example results show 
changes in impedance during on/off contacts. For example, 
FIG. 9D shows the results of measurements of the imped 
ance contact sensors. The inflation and deflation cycling are 
seen to be coincident with Sudden changes in values of the 
impedance, which coincide with the contact events. 
0248. A system, apparatus or method according to the 
principles described herein can be used as a platform for 
heterogeneous collections of high-performance sensor and 
actuator devices. They can provide versatile modes of opera 
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tion with high sensor densities. For example, a system, 
apparatus or method according to the principles described 
herein can be used to facilitate measurement of electrophysi 
ological activity of a Surface and assessment of contact 
sensing using a single instrument. In an example, a System, 
apparatus or method that includes the intermediate bus and 
sensing elements disposed on a flexible Substrate as 
described herein can be deployed through sheaths, provide 
signal fidelity, and be used to perform ablation procedures. 
0249. Any example apparatus or system described herein 
can be coupled to a data acquisition system for measurement 
and/or collection of one or more multiplexed signals from a 
measurement of the plurality of sensing elements. An 
example data acquisition system according to the principles 
described herein can be coupled with a Voltage mapping user 
interface. The signals from the sensing elements can be 
conducted to the data acquisition system using the one or 
more intermediate buses. 
0250 In a non-limiting example implementation, the data 
acquisition system includes two modules to measure contact 
and electrograms. A transistor, such as but not limited to a 
MMBT4403 PNP transistor, can be placed in the feedback 
path of an operational amplifier, Such as but not limited to a 
AD8671 operational amplifier, to create a voltage-controlled 
current Source. For contact sensing, two custom, multi 
channel Software-controlled current sources can be used to 
operate the array of sensing elements. A National Instru 
ments PXI-6289 data acquisition card, controlled with cus 
tom LABVIEWTM software, controls voltages across the 
sensing elements. The excitation is provided using a DC 
current between 50 LA to 1 mA. The electrophysiological 
signals detected by the sensing elements arrays are condi 
tioned with an Intan Technologies RHA1016 multiplexed 
biopotential amplifier. A digital signal processing system 
(Grapevine system, Ripple Inc) is used to convert the 
multiplexed analog signal from the RHA1016 to digital 
output. The output of the RHA1016 biopotential amplifier is 
sampled at 300 ksps and decimated at 1 ksps for individual 
channels. In addition, the Grapevine system is used to apply 
a digital 50/60 Hz, notch filter to the signal. The data is 
recorded in the Cyberkinetics NEV2.2 NS2 format and 
viewed with custom Matlab software for real time analysis 
of Voltage and isochronal maps of depolarization/hyperpo 
larization wave fronts. In another example, the electrogram 
data can be processed with a commercial GE Prucka Car 
diolab system (unipolar and bipolar modes). Missing or 
noisy electrograms can be synthesized with a wave equation 
based (WEB) interpolation strategy. The electrograms can 
be subsequently analyzed and visualized using spatio-tem 
poral Voltage and phase mapping algorithms. 
(0251 FIGS. 10A-10C show results of an example imple 
mentation of use of sensing elements disposed on a flexible 
substrate of an inflatable body for performing measurements 
of a Surface. The one or more multiplexed signals from the 
sensing elements are transmitted to the data acquisition 
system via the one or more intermediate buses. FIG. 10A 
shows the sensing elements configured as bipolar electrodes 
in four quadrants on the inflatable body, each quadrant 
including about 12 to 16 bipolar electrodes. FIG. 10B shows 
an X-ray image of the inflatable body deployed inside a right 
atrium near the superior vena cava. FIG. 10C shows four 
iso-potential maps in the right atrium, representing four 
different Snapshots of measurements in time. The activation 
pattern in the panels of FIG. 10C shows propagation of a 
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wavefront at about 1.5 m/s. The electrograms are synthe 
sized using a wave-equation based interpolation. 
0252. In a non-limiting example implementation, an 
inflatable body according to the principles described herein 
can be mounted to a catheter having a steerable sheath. The 
steerable sheath allows the catheter including the inflatable 
body and the electronic structure to achieve substantially full 
contact with a surface (such as but not limited to atrial 
walls). Once contact is established, the mode of sensor 
measurement (Such as but not limited to electrical sensing) 
can be toggled from measuring unipolar and bipolar elec 
trograms to measuring monophasic action potentials 
(MAPS). In the MAP configuration, extracellular measure 
ments can be used to provide improved performance over 
unipolar/bipolar recordings, including increased robustness 
to far field interference, local identification of polarization 
and depolarization timings, and Substantially accurate 
recordings of action potential duration. Having the mapping 
electrodes in good contact can facilitate obtaining stable 
MAP recordings, since the waveform amplitude can be 
approximated as proportional to the applied pressure. A 
catheter that includes an inflatable body and electronic 
structure according to the principles of the present disclosure 
(such as with flattened Surface geometries) can provide 
better performance as compared to existing devices and 
provide multimodal sensing (electrical mapping and contact 
sensing). Measurements performed using the apparatus, 
systems and methods according to the principles described 
herein provide for advanced signal processing techniques 
Such as filtering, time-frequency analysis, and instantaneous 
phase singularity tracking. These high-density multisensory 
mapping and ablation capabilities can facilitate identifica 
tion and treatment of persistent AF with a single device. 
0253 FIGS. 11A-11E illustrate a non-limiting example 
multifunctional apparatus and systems according to the 
principles described herein. FIGS. 11A-11C and 11E show 
examples of arrays of sensing elements disposed on inflat 
able bodies. The non-limiting example apparatus and sys 
tems use thin, conformal arrays of sensing elements embed 
ded on flexible substrates. FIG. 11A shows an image of 
multifunctional sensor arrays mounted on an inflatable body, 
such as a catheter balloon. FIG. 11B presents a magnified 
view of the apparatus of FIG. 11A, where the inflatable body 
is inflatably stretched to approximately 120% and includes 
electronic structures disposed on its surface. FIG. 11C shows 
another perspective view of the multifunctional apparatus 
demonstrated in FIGS. 11A and 11B in deflated and inflated 
states, without external illumination. The example apparatus 
of FIG. 11C includes temperature sensors and stretchable 
arrays of m-ILEDs. In an example, the multifunctional 
apparatus includes a plurality of sensing elements as 
described herein, and at least one other device. In various 
examples, devices such as but not limited to electrophysi 
ology (EP) electrodes, radio frequency (RF) ablation elec 
trodes, temperature sensors, contact sensors and array of 
iLEDs may be mounted in or on the example apparatus or 
system. 
0254 FIG. 11D shows example electrogram recordings 
from an inflated balloon substrate positioned in direct 
mechanical contact with a live porcine heart. This mode of 
operation can be useful for balloon ablation catheters, where 
assessment of ablation can be achieved quickly, without the 
need for separate diagnostic devices. In addition to electrical 
and temperature sensors, impedance-based contact sensors 
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and stimulation electrodes also can be included in or on 
various example apparatus. Contact sensors can be used to 
report the time and/or degree of contact between the inflat 
able body (the balloon skin) and the surface to be measured 
(endocardial tissue), thereby providing feedback (without 
X-ray imaging) on how to adjust and maneuver the inflated 
body to achieve optimal contact with cardiac tissue. 
0255 FIG. 12 shows a magnified view of the apparatus of 
FIG. 11B. The apparatus for generating one or more multi 
plexed signals includes a flexible substrate 1200, and a 
plurality of active electrical circuits 1202 coupled to the 
flexible substrate 1200. As shown in FIG. 12, each active 
electrical circuit 1202 is coupled to another active electrical 
circuit 1202 via at least one conductive flexible intercon 
nection 1204. The plurality of active electrical circuits are 
configured to transmit the one or more multiplexed signals 
to at least one signal processor. 
0256 In this non-limiting example structure, the active 
sensor circuits are connected via serpentine interconnections 
in accordance with the principles described herein. In a 
non-limiting example, the active electrical circuits 1202 can 
include electrodes for electrical mapping integrated on the 
flexible substrate. 
(0257 FIGS. 13 A-13F show modeling result for an 
example apparatus according to the principles of FIG. 12. 
Using modeling simulations, the dynamic material and 
mechanical properties of conformal sensor arrays and bal 
loons can be characterized. Analytical and finite element 
modeling of the mechanics of stretchable electronics affixed 
to balloon catheters are performed. FIGS. 13 A-13F also 
illustrate the impact of stretching to strain and positions of 
active electronic circuits positioned on a stretchable Sub 
strate in accordance with various examples. The strain 
distributions obtained through analytical and computational 
modeling can capture, quantitatively, the nature of deforma 
tions in the electronics layers of various examples. Charac 
terization of the effective strain and displacement distribu 
tions in the sensor islands and serpentine interconnects can 
provide insight into critical fracture strains and buckling 
phenomena. Such characterization of conformal sensors can 
improve the way stretchable electronics on highly flexible 
Substrates are implemented. The modeling can also be used 
to estimate mechanical stresses involved during catheter 
deployment in vivo. 
0258. In a non-limiting example, systems and methods 
according to the principles herein may be implemented in 
Langendorff-perfused hearts to demonstrate the capability of 
high density conformal sensors. In a non-limiting example, 
conformal sensors using more than 288 active circuits per 
cm are used to provide insight into depolarization wave 
fronts in live porcine hearts. Examples of the present dis 
closure may be implemented using active circuit densities 
ranging from approximately 200 to 512 per cm. The data 
obtained from Such a system may be analyzed using custom 
data acquisition. 
0259 Ultrathin geometries of sensing elements and inter 
connects implemented in the example systems and apparatus 
described herein can impart flexibility to otherwise rigid and 
brittle materials. Ultrathin conformal nanomembrane sen 
sors, for example approximately 250 nm, embedded in or 
coupled to thin polyimide and elastomeric Substrates, for 
example substrates approximately 50-100 um, in neutral 
mechanical plane layouts, can accommodate mechanical 
durability with radii of curvature greater than about 1 mm. 
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To achieve conformal sensors with Such designs, densely 
packed arrays of electrodes may be formed on silicon wafers 
(0.6 um CMOS process) or by thinning conventional semi 
conductor wafers (such as silicon wafers). Lithographic 
processing and vertical trench wet-etching techniques may 
be used to yield isolated chiplets, for example chiplets 
approximately 0.1X0.1 mm, and approximately 1-5 um 
thick, that remain tethered to the underlying wafer through 
anchor structures. This process may be used to yield 
electrodes, temperature sensors, contact sensors and even 
integrated circuits that we refer to as printable, due to their 
ability to be removed and placed onto a target substrate with 
a soft, elastomeric stamp. Measurement of individual sen 
sors and transistors formed in this manner indicate high 
performance. The electrodes generally have 100-300 ohms 
characteristic impedances and the Si-based transistors had 
relatively high electron and hole mobilities (approximately 
530 and approximately 150 cm/Vs; ON/OFF ratios greater 
than 105) similar to conventional electronics. These pro 
cesses provide a route to developing amplifiers and multi 
plexers in accordance with various examples to significantly 
reduce the number of wires running along catheters. 
0260 FIG. 14 shows epicardial recordings of EGM, 
temperature, and strain readings obtained from a rabbit heart 
via various examples. The examples illustrated in FIG. 14 
implement Au electrodes (16 channels) deployed on the 
epicardial surface of a live rabbit heart. These arrays include 
bipolar electrodes for electrical mapping. More specifically, 
FIG. 14 shows photographs of electrodes on a live rabbit 
heart. FIG. 14 also shows EGM recordings demonstrating 
activity during normal, pacing, and abnormal rhythms. Sur 
face contour map of depolarization show that 16 channels 
may provide insight into wave front propagation even at low 
densities of conformal sensors. FIG. 14 also illustrates 24 
channel strain gauge sensors which may be used to rhythmic 
beating of heart during normal, abnormal, and pacing 
rhythm. FIG. 14 also demonstrates conformal temperature 
sensor array (16 channels) with bipolar electrodes. FIG. 14 
also shows temperature measurements on epicardial Surface 
of rabbit heart during cryolesion formation. Temperatures 
down to -50° C. are recorded with conformal sensors. The 
attractive features of this approach include: (1) ultrathin 
circuit layouts for mechanical flexibility to conform to the 
unusual, Surface roughness of the atria, (2) custom data 
acquisition system to select and process data across many 
rows and columns of electrodes, along with contact sensors, 
and temperature sensors, which operate by applying con 
stant current and recording changes in Voltage. 
0261. A non-limiting example data acquisition system for 
high-density mapping systems in accordance with various 
examples may acquire differential signals from up to 1024 
individual channels. A Suite of data-acquisition consoles 
may be provided that include temperature sensing and 
pressure-sensing modules, and an electrophysiological-map 
ping module. The temperature and pressure sensing circuits 
send controlled programmable current across their respec 
tive sensor terminals. The AD8639 operational amplifier 
with an MMBT5088 in feedback generates the voltage 
controlled constant current. A Switch toggles between two 
current ranges. Voltage changes across these sensors are 
monitored by an NIPXI-6289 and PXIe-10731 data acqui 
sition board. 

0262 The electrophysiological signals detected by the 
electrode arrays are conditioned with the Intan RHA1016, a 
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multiplexed biopotential amplifier array. The RHA1016 
provides common-mode rejection, gain, low-pass filtering at 
5 kHz and multiplexing. A Ripple Grapevine system con 
verts the multiplexed analog signal (32-64 channels) from 
the RHA1016 to digital output. It samples the output of the 
RHA1016 at 300 ksps and decimates the signal to 1 ksps. In 
addition, it applies a digital 50/60 Hz, notch filter to the 
signal. The preliminary data may be recorded in the 
Cyberkinetics NEV2.2 NS2 format. The data may then be 
viewed with software, such as custom MATLABTM soft 
ware. This implementation provides a foundation for build 
ing larger multichannel systems with more than 512 bipolar 
electrode channels. 
0263. Examples achieving data acquisition system 
including 100 s to 1000 s of channels may implement 
circuitry with local row and column select functionality on 
the flexible substrate. After the active electrodes gain and 
multiplex the signal, the signal can be high-pass filtered on 
a custom signal conditioning board to remove DC offsets. 
The signal then passes through a multi-pole linear phase 
low-pass/anti-aliasing filter to remove high, out of band 
frequencies. Thirty-two 1.3 MSPS SAR ADCs can simul 
taneously sample the signal providing enough conversion 
speed to oversample 1024 channels and still provide digi 
tally-filtered signals of 2 kHz bandwidth. Real-time digital 
filtering can be performed by Xilinx Virtex5 FPGAs to 
provide clarity and improve the visualization of the depo 
larization wavefronts. In addition, the FPGA can control the 
row/column multiplexing and data demultiplexing of the 
active electrode array. Once collected, the data can be 
demultiplexed, stored, and displayed with custom MAT 
LABTM software (The MathWorks). Fast Fourier transforms 
(FFTs), frequency gradient and dominant frequency analysis 
during AF are supported by this platform. 
0264. The performance of high density electrodes and 
data acquisition systems may be implemented for mapping 
arrhythmias spatially and temporally. FIGS. 15A and 15B 
show an example device according to the principles herein 
that includes 288 electrodes. During testing, the device is 
placed on the epicardial Surface during normal rhythm and 
pacing. Unipolar voltage data are recorded from all 288 
electrodes with the sampling and multiplexing strategy 
described above. Baseline data are collected in sinus rhythm 
with the array in multiple positions on the ventricles. Data 
is also recorded while pacing the heart. The distance of the 
pacing electrode from the array varies from 2 to 5 cm during 
preliminary experiments. 
0265 FIGS. 15A to 15C show photographs of a flexible 
electrophysiology mapping device according to various 
examples. FIG. 15A illustrates a flexible device conforming 
to cardiac tissue via surface tension. The inset of that FIG. 
15A provides a magnified image at a different viewing angle. 
FIG. 15B demonstrates a sequence of movie frames col 
lected at different times during the contraction cycle of the 
heart, illustrating the ability of the device to bend in a way 
that maintains intimate, conformal contact with the tissue 
during cardiac rhythm. Dotted lines highlight the degree of 
bending along the device. A conventional pacing electrode is 
indicated in the left-most frame (black arrow). FIG. 15C 
shows a photograph of a device on the LAD coronary artery 
(arrows), with overlaid color map of the relative time of 
depolarization. 
0266 The system illustrated in FIGS. 15A to 15C had 
sufficient resolution (with 288 electrodes) to detect propa 
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gation of wave fronts over approximately 1 cm of areal 
coverage on the ventricles. Bipolar electrodes with a similar 
data acquisition architecture may be used to visually map 
activation during acute AF in Langendorff hearts. 
0267 In other related preliminary measurements con 
ducted on the live brain Surface, examples demonstrate the 
capability to map rotors and wave fronts existent during 
epilepsy episodes. This work demonstrates extremely high 
spatio-temporal resolution, which is particularly relevant to 
arrhythmia mapping. FIG. 16 shows high-density sheets of 
active electrical circuits (approximately 360 circuits per 
cm) that can produce a detailed map of rotors and wave 
fronts on the surface of the brain (FIG. 16). Accordingly, 
epicardial and endocardial mapping capabilities at these 
high densities demonstrated by various examples described 
herein facilitate direct contact with the surface of the walls 
of the atria. 

0268 FIG. 16 illustrates flexible high-density electrode 
array with multiplexing circuits and measurements taken 
therewith in accordance with various examples. Preliminary 
measurements conducted on the brain, and shown in FIGS. 
7c-7e, demonstrate the true capability of various examples 
to map electrical patterns of rotors and wave fronts with 
unparalleled spatio-temporal resolution. This unique capa 
bility may provide significant insight into the underlying 
mechanisms of AF. 

0269 Conformal sensor arrays and data acquisition con 
soles according to examples of the present disclosure are 
useable to make measurements in live ovine models with 
acute AF. Atrial signals may be measured during normal 
rhythm and acute cases of AF and where acute AF may be 
induced by rapid atrial pacing and the infusion of isopro 
terenol if needed. This strategy allows demonstrative map 
ping of AF in vivo and provides insight into rotor mecha 
nism of AF. Because the left atrial anatomy is complex, 
different catheter designs may be implemented in various 
examples to map different areas of the atria. While balloon 
based catheters are optimal for mapping regions Surrounding 
the pulmonary vein ostia, they may not be adequate for 
mapping areas along the atrial walls. As a result, catheters 
including deformable sheets may be used. These balloon 
and sheet-based catheters may be used endocardially to 
evaluate mechanical and electrical performance. 
0270 FIG. 17 shows dense arrays of conformal elec 
trodes with metal serpentine interconnections on thin poly 
meric sheets in accordance with various examples. Simple 
nitinol cage designs coupled with highly elastic sheets 
provide a new platform for cardiac ablation catheters (FIG. 
17). At its proximal end, the catheter shown in FIG. 17 
includes a simple cage attached to the catheter shaft at the 
proximal end and to a polymer sheet including conformal 
electrodes at its distal end. Metal traces and wiring can route 
via thin flex ribbon along the nitinol arms and converge to 
form a larger ribbon within the catheter shaft (approximately 
10 F). The sheet can retract into the catheter shaft by folding 
inward so that the polymer material compresses (by 
50-80%) and folds down inside the guiding sheath. Prelimi 
nary test show that sheets including conformal sensors can 
conform to the deformable shape of the beating heart with 
sufficient durability (FIG. 14) to wrap and unfurl in ways 
that are compatible with this catheter design. This approach 
provides a new way to deploy conformal sensors from the 
distal end of catheter systems for mapping atrial signals in 
areas outside of the pulmonary veins. 
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0271 Balloon based catheters provided by illustrative 
examples are used for mapping the areas Surrounding the 
ostia of the pulmonary veins. Balloon catheter designs 
provide a platform for heterogeneous collections of high 
performance semiconductor devices and sensors. The result 
is a cardiac catheter that provides versatile modes of opera 
tion with high sensor densities. Non-limiting examples of 
balloon catheters embedded with electrodes, temperature 
and pressure sensors are shown in FIGS. 11 and 18A-18F. 
Measurements conducted with these catheters show that 
they can collect atrial and ventricular signals (FIGS. 18C 
and 18E). Catheters fitted with conformal sensors, using 
non-standard balloon shapes (Advanced Polymers Inc.) that 
conform to the atrial walls may also be implemented in 
various examples. The durability of these conformal sensors 
can be tested following deployment through sheaths and 
signal fidelity can be evaluated during mechanical maneu 
vering. Preliminary measurements using conformal elec 
trode arrays (FIG. 18D) deployed in the right and left atria 
can be sufficiently durable. Flex ribbon connectors interfac 
ing the conformal electrodes and thin wires running along 
the shaft provide strong adhesion to Survive bending and 
torsional stresses. 

(0272 Electrical Circuitry 
0273 Systems or apparatus are also described herein for 
readout of one or more multiplexed signals. The apparatus 
can include a flexible substrate and a plurality of active 
electrical circuits disposed on the substrate. The plurality of 
active electrical circuits are configured to transmit one or 
more multiplexed signals to a signal processor. In one 
non-limiting example, the active electrical circuit can 
include an electrode and a differential pair amplifier coupled 
to the electrode. In another non-limiting example, the active 
electrical circuit can include an electrode and a source 
follower amplifier coupled to the electrode. According to the 
principles herein, the plurality of active electrical circuits are 
arranged on the flexible substrate in a distributed circuit 
arrangement such that the apparatus is conformable to a 
contour of a surface to be measured. 
0274 FIG. 19 shows an example arrangement of circuit 
elements where the components are grouped over a given 
area. As shown in FIG. 19, the integrated circuit (IC) 
components 1900 that couple to the electrodes 1902 are 
generally grouped at a local area. For example, the circuit 
components can be arranged such that the local area encom 
passes several amplifiers. This type of arrangement has 
several advantages in a traditionally rigid system since it can 
simplify the IC fabrication processes and be cheaper to 
manufacture. 

0275. In an apparatus or system based on a flexible 
Substrate flexible system, Such as the systems and apparatus 
described herein, such a localized area arrangement presents 
potential points of failure for the devices. For example, there 
is the possibility that the local IC areas will be positioned at 
areas of bending and/or flexing of the Substrate (see, e.g., 
area 1908 of FIG. 19). For example, portions of a flexible 
substrate of an inflatable body can be subjected to very high 
levels of stress and folding when the inflatable body is 
deflated (see, e.g., FIGS. 3A and 6D). A flexible substrate 
that is part of a patch, a bandage, or other similar system also 
can be subjected to bending, flexing or folding stresses that 
would not be encountered in a rigid system. These stresses 
can cause mechanical and/or electrical failure of the com 
ponents at the local IC area if these stresses exceed a 
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tolerance of the IC components. Such an area of failure can 
be catastrophic to the function to the overall electrical 
circuitry since, as shown in FIG. 19, several essential IC 
components can be damaged at once. These IC components 
serve several unit cells of a larger array of electrical circuits, 
and as a result, the functioning of large areas of the array can 
be disrupted, causing failure of the array of electrical cir 
cuits. Furthermore, a more traditional circuit design that 
integrates a large number of transistors or other circuit 
components in one chip, or one area of a chip, can create 
large areas that is not as conformal or conformable to a 
contour of a Surface. 

0276 According to the systems and methods described 
herein, the active electrical circuits are arranged in a dis 
tributed arrangement of circuit elements, in a web or mesh 
of circuit components. FIG. 20 illustrates a non-limiting 
example of a distributed arrangement of circuit elements. 
The electrodes 2002 are distributed across an area of a 
flexible Substrate. IC components of the apparatus or system 
are also distributed. For example, the amplifiers 2004 are 
distributed across the flexible substrate. The system or 
apparatus also includes multiple interconnects (as described 
herein), such as interconnects 2006 that couple the IC 
components to other components (such as the signal pro 
cessor), or interconnects 2007 that couple the electrodes 
2002 (or other similar component of a sensing element) to 
the IC components 2004. These interconnects are illustrated, 
as non-limiting examples, as components 1204 of FIG. 12 or 
the intermediate bus of FIGS. 4, 5B and 6A. 
0277 As shown in FIG. 20, the distributed arrangement 
of circuit elements provides an apparatus or system that can 
be positioned on a flexible substrate such that there is 
significantly less risk that the more delicate components fall 
at areas 2008 of higher bending or flexing stress of the 
flexible substrate. The distributed arrangement of circuit 
elements provide a web or mesh of circuit components that 
Support a more conformal apparatus or system that is 
conformable to a contour of a surface to be measured. The 
distributed arrangement of circuit elements described herein 
breaks up the overall circuit into islands separated by 
interconnects, such as but not limited to the serpentine 
interconnects. This can cause the conformal system to be 
more resilient to bending and/of flexing stresses. The dis 
tributed arrangement affords more flexibility by allowing the 
separation of the circuit islands. The distributed circuit 
elements can be positioned selectively and strategically at 
low stress areas of the flexible substrate to improve reliabil 
ity. That is, the distributed arrangement allows for strategic 
placement of circuit islands and interconnects to be posi 
tioned on the flexible substrate outside of higher-stress/ 
higher-flex areas. 
0278. In addition, the distributed arrangement of circuit 
elements described herein can be more resilient to failures in 
any one or more region. Damage to a single cell in the 
distributed arrangement of circuit elements may result in a 
row and column readout of a given cell to fail, but the 
remaining cells of the array of the distributed arrangement of 
circuit elements can continue to operate normally. 
0279 Components of the distributed arrangement of cir 
cuit elements are described as follows. The distributed 
arrangement of circuit elements can be used with any array 
of sensing elements, including arrays where the sensing 
elements and/or the active electrical circuits include the 
electrodes described below. For example, the distributed 
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arrangement of circuit elements can be positioned in the 
region of the plurality of sensing elements and the at least 
one intermediate bus, according to the principles herein and 
as described in connection with any of FIGS. 4 through 8. As 
another example, the distributed arrangement of circuit 
elements can be positioned in the region of the plurality of 
active electrical circuits and the at least one conductive 
flexible interconnection, according to the principles herein 
and as described in connection with any of FIGS. 11 through 
13. Furthermore, the readout of the one or more multiplexed 
signals from the circuit components described hereinbelow 
can be used to obtain readings from the sensing elements and 
active electrical circuits described herein above. 

0280 FIG. 21 depicts an active electrical circuit imple 
mented according to principles described herein. This cir 
cuit, which may be utilized in neural flexible electronic 
applications, includes a Source follower with a pass-through 
transistor for multiplexing as shown in FIG. 1. 
0281 FIG. 22 illustrates another active electrical circuit 
implemented according to principles described herein. In 
this non-limiting example, the circuit is illustrated as includ 
ing a positive or p-type metal oxide semiconductor (PMOS) 
differential pair amplifier with a tail. This circuit also may be 
utilized in neural flexible electronic applications. In some 
examples, the tail is a transistor functioning as a current 
mirror. 

0282 FIG. 23 demonstrates the characteristics of the 
active electrical circuit shown in FIG. 21. The active elec 
trical circuit of FIG. 21 buffers the electrode input signal and 
passes that to the output. Provided transistor M1 is sized and 
biased properly, gain is approximately 1. Multiplexing tran 
sistor, M2, serves as a pass-through transistor. In operation, 
M2 is turned on hard, allowing the signal at the source of M1 
to pass through to the output, V. Accordingly, M2 acts as 
a Switch allowing the signal to pass to V. The drain of M1 
drain is tied to ground to help prevent the circuit from 
leaking current. In a medical application, such a current 
could be leaked into a patient, for example, if the circuit in 
comes in contact with, e.g., leaked saline (even if the circuit 
is in encapsulated form). Configuring the circuit so that the 
drain of M1 is tied or biased to ground can minimize the 
potential difference between a surface upon which the 
flexible substrate and electrical circuits are disposed. In 
non-limiting examples, the Surface can be the brain, the 
heart, or other internal or external body surface. 
0283. In some examples, the area of the input transistor, 
M1, may be maximized and the gate width to length ratio 
(W/L) of M1 may be increased to reduce noise. 
(0284 FIGS. 24 and 25 illustrates a plurality of active 
electrical circuits of FIG. 21 electrically coupled in accor 
dance with principles described herein. The array illustrated 
in FIGS. 24 and 25 include m rows (i. . . . . i.) and in 
columns (. . . . , j). In an example implementation, all n 
columns are read simultaneously. In this example, only one 
row is active at a time So when the data acquisition system 
reads the outputs of each column, only data from that row is 
sent. One row is switched on at a time; all the outputs from 
a column are read simultaneously. The illustration in FIGS. 
24 and 25 show row 1 activated (ON) and all the other rows 
not activated (OFF). Thus, the n electrodes from row 1 are 
read simultaneously. The total number of exposed ports for 
a plurality of circuits configured as demonstrated in FIGS. 
24 and 25 (in a n rows by m columns configuration), is one 



US 2017/0079589 A1 

more (for a single source power Supply) than the Sum of the 
number of rows plus the number of columns/outputs. 

TABLE 1. 

The number of eXposed ports for an in x n array. 

Port Name Number 

Positive Supply 1 
Row Control N 
Output M 
Total Number of Ports 1 + n + m 

0285. As indicated above, the active electrical circuit of 
FIG. 21 is configured as a follower followed by a pass 
through Switch that serves as a multiplexer. The Voltage at 
the gate determines the source of the input transistor, M1. 
Accordingly, the electrode Voltage determines the Voltage at 
the Source. A constant current serves as the load and pro 
vides the drain current for both the input transistor and 
pass-through transistor, M2. Using Equation 1 shown below, 
the gate-source voltage, Vgs, for M1 and M2 may be 
calculated. 

Gate-source voltage equation. Equation 1 

V L 2 W -- gs - V'd w C. " 'th 

0286 FIGS. 26 and 27 illustrate the characteristics of the 
active electrical circuit shown in FIG. 22 in a single-ended 
connection (FIG. 26) and in a differential connection (FIG. 
27). As noted above, the active electrical circuit illustrated in 
FIGS. 21, 23 and 24 are in the source follower configuration. 
The circuit configuration of FIGS. 22, 26 and 27 gains a 
differential signal and helps to reject noise. If gR domi 
nates the functional form of Equation 2, then the gain may 
be slightly less than 1. In the illustrated example, R is based 
on M1, and the load created from the active load is in series 
with the resistance of M2. The gain of the voltage follower 
in the configuration demonstrated in FIGS. 21 and 22 may 
be calculated using Equation 2. 

Gain of voltage-follower. Equation 2 

gn Rs 
A = - - 1 + (gn + gn)Rs 

0287. Since the transistors used can have a large W/L to 
reduce noise in some examples, a low current (for example 
10 LA) may be used to run the devices at sub-threshold 
levels. Accordingly, the g, may be calculated using the 
weak-inversion formula given by Equation 3: 

calculation of g in weak-inversion Equation 3 

ld 
gin - i. . - weak-inversion ny, 

kT 
n = 1.5 to 2; W = - as 26 mV 

i 
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0288. The active electrical circuit of FIGS. 22, 26 and 27 
achieves gain using a different procedure than that of the 
circuits of FIGS. 21, 23 and 24. The active electrical circuit 
of FIGS. 22, 26 and 27 gains the signal, boosting the 
magnitude of the signal while reducing the effect of noise 
due to M1 and M2. In addition, the circuit of FIGS. 22, 26 
and 27 conditions the signal differently from the circuit of 
FIGS. 1 and 3, by using a differential-pair configuration. The 
circuit of FIG. 26 compares the signal on the associated 
electrode with ground and gains that difference. The poten 
tial of the underlying contact surface (for example the 
surface of the brain tissue) is at ground, so the differential 
pair is effectively only gaining the relevant signal. More 
importantly, differential signal processing allows for better 
rejection of noise. Noise that is picked up on both gates of 
M1 and M2 is rejected. The circuit of FIG. 27 compares the 
signal on one associated electrode with the signal on the 
other associated electrode, and any noise identified based on 
the comparison is rejected. Additionally, noise at the drain of 
M3 is also rejected. To avoid the saline leakage problem 
mentioned above, if and when the encapsulation layer 
breaks, current limiting resistors, for example resistors hav 
ing 1 kS2 and 12.5 kS2, may be positioned in the circuit line. 
The size of this resistor may be dictated by the amount of 
common-mode headroom required. The current limiting 
resistor, R, may be shared among multiple differential 
pairs. If, for example, the current limiting resister, R, were 
shared amongst 16 differential-pairs, R, would have 16*Id/2 
current flowing through it and may be sized based on this 
required current capacity. In medical applications, this cur 
rent is maintained at 10 LA or less. While not shown, the gate 
of M3 is driven by a current-mirror. The mirror drives all the 
corresponding M3 gates in that array's row. To multiplex 
that row, the current mirror may be biased on or off. When 
it is biased off, a pull-up resistor is switched in to pull the 
gate of M3 high and the differential-pair collapses. Stated 
differently, when the mirror is turned off, the unit cell turns 
off. 

(0289 FIG. 28 illustrates a plurality of active electrical 
circuits of FIGS. 22 and 26 electrically coupled in accor 
dance with principles described herein. All columns are read 
simultaneously. In this example, only one row is activated to 
ON at a time. In the example illustrated in FIG. 6, Row 1 is 
activated to ON, and all the electrodes in row 1 are being 
read simultaneously. Data is output through V Column 1 
to Column n. Similar to circuit arrays shown in FIGS. 24 and 
25, the arrays shown in FIG. 28 may include an m by narray 
of amplifiers m rows (i. . . . . i.) and n columns (. . . . . 
j). In an example, one row is on at any given time and data 
is read from that row simultaneously. In FIG. 28, row 1 is on. 
Each column shares one output node but since only row 1 is 
active, an output node of a column delivers signal from only 
row 1. 

0290 The multiplexing mechanism of the configuration 
shown in FIG. 28 differs from the configuration shown in 
FIG. 25 in that the row control switch either draws current, 
for example 10 LA of current, to bias the current-mirror (at 
M4), thereby activating the neural amplifier, or the row 
control switch pulls the gates of M3 and M4 high to turn off 
the respective amplifier. 
0291 To keep the number of input output I/O ports at a 
minimum, R, may be shared amongst all the drains of M1. 
In examples where the signal is conditioned and measured 
only at the drain of M2, the current path at the drain of M1 
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may be shared, provided that M1 is biased properly. R, is 
sized to generate the same quiescent voltage at the drain of 
M2 as R, generates at the drain of M3 providing a bal 
anced differential pair. While the drain of M2 is not very 
sensitive to variations in Voltage at the drain, an effort is 
made to keep symmetry. There is one resistive load, R., at 
each column but they are shared across each row. For an 
mXn array, there are n number of Rs. The n loads help to 
generate the gain for the n output channels. All sources of 
M3 share a positive Supply port. A current limiting resistor 
limits the current flowing through the Supply. In an example, 
only one row is active at a time so the limiting resistor will 
typically have Id 16 flowing through it. Each row of active 
electrical circuit configuration shown in FIG. 28 has a 
current-mirror bias transistor (M4) that forms a current 
mirror with all the M3s in a given row. All the mirrors share 
one positive supply port. The drain of the current-mirror is 
exposed and is used to control the current through the mirror 
and to switch off a row. The total number of exposed ports 
required for a plurality of circuits configured as demon 
strated in FIG. 28 (i.e., in a n rows by m columns configu 
ration), is two more (for a single source power Supply) than 
the sum of the number of rows plus the number of columns/ 
outputs, as further described in Table 2 below. For example, 
there are 34 exposed ports for a 16 row by 16 column system 
configured as shown in FIG. 28. 

TABLE 2 

The number of exposed ports for an m 
X n Active electrical circuit Design. 

Port Name Number 

Positive Supply 1 
Row Control N 
R. (Output) M 
RD 1 
Total Number of Ports 1 + n + m + 1 

0292 A reference current and the voltage at the gates of 
M1 and M2 determine the operation of the differential-pair/ 
amplifier. As previously mentioned, each row has a current 
mirror that determines the bias voltage levels for that rows 
amplifier. Ten micro-amps current drawn through M4 cre 
ates a Vgs that is applied to the gate of M3. As shown in 
Equation 4, Vgs is a function of I. 

By setting I, Vgs of M4 is determined; Equation 4 

all other terms are defined. 

L 2 

The values of W. L. L. C. V., can be found in Tables 3, O 

4 and 5 below. Sizing of W and L are described below in 
connection with noise and matching. 

TABLE 3 

Process Parameters and Transistor Sizing 
Constants 

k (Boltzmann's constant) 1.38E-23 JK 
T 3OO K 
K 1.OOE-25 V2F 
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TABLE 3-continued 

Process Parameters and Transistor Sizing 
Constants 

n (subthreshold slope 2 
factor*) 

*typically between 1.5-2. It is also equal to 1 + CfC; however, n = 2 is used to better 
match the simulation results 

TABLE 4 

Neural Array #1 

M1 W.L 3OO2 |Limum 
PMOS 
M2 W.L 1200.6 |Limum 
PMOS 
p 145 cm (Vs) 

Cox 2.76 fF/um 
Vi, O.95 V 

TABLE 5 

Neural Array #2 

M1 W.L 3OO.2 |Limum 
PMOS 
M2 W.L 3OO.2 |Limum 
PMOS 
M3 W.L 480.8 |Limum 
PMOS 
p 145 cm/(Vs) 

Co. 2.76 fF/um? 
Vi, O.9S V 

0293 FIG. 29 illustrates the DC operating points for a 
plurality of coupled active electrical circuits of FIG. 22 in 
accordance with principles described herein. FIG. 29 dem 
onstrates I set at 10 LA for a medical application, because 
that is the maximum allowable leakage current under 
IEC60601 guidelines. In some examples, the leakage limit 
of the entire system may be set to 10 LA. 
0294. Using Equation 4, it is seen that a 1.04V Vgs is 
generated across M4s gate and source. Similarly, M3 sees 
the same 1.04VVgs and, thus, a 10 LA current Id is delivered 
via M3 into M1 and M2. The 10 LA is sourced via the 
positive Supply, through a 1 kS2 current-limiting resistor. 
Since one current source plus 16 differential-pairs pull 10 LA 
through that 1 kS2 resistor, a voltage drop of 170 mV is seen. 
0295 A Vgs of M1 and M2 of 0.991 V rides on the 
respective gate voltages of M1 and M2. This means that if 
the common-mode voltage at the gates of M1 and M2 rise, 
the source of M1 and M2 also rises. Enough headroom is left 
so that common-mode Voltage Swings do not saturate M1, 
M2 and M3. As shown in FIG. 29, the positive supply is set 
to 1.5V. Between the 80 mV from M3’s Vgs-Vth and the 170 
mV across the current limiting resistor at the positive Supply, 
leaving with 259 mV of headroom, which is more than 
adequate for common-mode fluctuations and the intracranial 
EEG signals (10-20 mV) expected. 
0296. On the negative swing, there is 1.55V of headroom 
when using a -3.5V negative Supply. With this negative, 
headroom Swing gain is applied so headroom and the 
amount of Voltage across R determines the upper-limit of 
the gain applied. Using these values, a 1 V output Swing is 
the maximum Swing (neglecting offset). 
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0297. A system or apparatus that includes a distributed 
arrangement according to the principles of the active elec 
trical circuit of FIGS. 22, 26 and 27 can be operated with 
reduced noise. Since electroencephalography (EEG) is mea 
sured over 0.5 Hz to 500 Hz, and possibly up to 1 kHz, the 
dominant noise is characterized as 1/f. To reduce the noise, 
the area of input transistors M1 and M2 may be increased. 
In one example, the area of the transistors can be increased 
by making W=300 um and L-2 um. As shown in Equation 
26, which is an approximation of flicker noise, a 4 fold 
increase in area results in a 2 fold reduction in noise. 

0298 FIG. 30 is a graph illustrating the relationship 
between flicker noise, described as 1/f, and frequency for 
negative and positive metal oxide semiconductors (NMOS 
and PMOS respectively) implemented in accordance with 
principles described herein. While Equation 5 does not 
distinguish between NMOS and PMOS, PMOS may be 
characterized by exhibiting less 1/f noise since PMOS 
carries holes in a “buried channel.” Examples according to 
the principles described herein may use PMOS input tran 
sistors to take advantage of the lower 1/f noise. 

Approximation of flicker noise; Equation 5 

it is dominated by the area of the transistor. 

1 
VFticker = C. WLF 

X 

0299. In some examples, the ratio of W/L may be made 
large to increase transconductance, gm, as expressed in 
Equation 6. A large transconductance reduces thermal noise 
density in the differential-pair, as expressed in Equation 7. 
The thermal noise over 500 HZ is 180 mV. 

General transconductance expression. Equation 6 

W 
8 F Hp Co (Ves - Wi) 

Thermal noise density, normalized to 1 Hz, Equation 7 

can be reduced by increasing transconductance 

(and gain, gmRd) 

2 1 
Diff-Pair Thermal 8Krs + RD ) 

0300 Electroencephalograph (EEG) signals are small 
and the contribution of noise from the instrument degrades 
the signal to noise. Applying gain at the input increases the 
size of the signal and reduces the affect of noise that is 
injected later in the signal chain, thus it is advantageous to 
apply gain early in the EEG measurement. 
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0301 An example measurement of a single-ended output 
is described. The gain is defined by: 

Gain of differential-pair with single-ended output Equation 8 

R is a resistive load. 

gm (o Rt.) Ay 
2 

0302) M1 and M2 may be large in some examples. For 
example M1 and M2 may be characterized by W/L=300 
um/2 um. With a small current such as 5 LA (10 LA/2) 
flowing through M1 and M2 respectively, the circuits are 
running at a sub-threshold level. In this sub-threshold level 
gm is modeled by equation 10, which under the current 
exemplary parameters provides a gm of 96.7 uA/V. If 
inversion were strong, Equation 9 may be used to determine 
the gain. Equation 10 may also be used to calculatero or ro 
may be estimated from the IV curve of M2 as demonstrated 
in FIG. 31. 

gn in strong-inversion Equation 9 
W 

gn = H, Co (V – Vin) 

= 2u, C W gn F Hnto a 

2d 
Vgs Vih gn F 

gn in weak-inversion Equation 10 
ld 

12.... is 3'weak-inversion nV, 

kT 
n = 1.5 to 2; V = - as 26 mV 

i 

0303 M3 serves as a current source for the differential 
pair. The current of M3 is controlled by the ratio of its W/L 
with the W/L of M4. In the exemplary example, M3 is sized 
1:1 to M4. Matching W/L determines how closely the tail 
current of the differential pair matches that of the reference 
Current. 

0304. The optimal size of M3 can depend on two factors: 
(a) ability to match W/L and (b) the amount of drain 
current which is the same as the reference current in the 
exemplary example. To match W/L, sizing L. larger than 
minimum length improves matching because photolitho 
graphic variation generally has a smaller effect on larger 
lengths than the variation has on Smaller ones. 

Drain current as a function to W, L and Vgs. Equation 11 
1 W 2 

ld = - 3 hp Co (Ves - Wh) 

0305 M3 has a fixed I in the exemplary example. Since 
an I-10 LA is used in this example, per Equation 12, 
V-V, is a very small value. To ensure M3’s I, matches 
M4's reference IV compensates for variances in Vith. To 
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alleviate the amount V has to compensate, I may be 
increased in some examples. Alternatively, small W/L factor 
may be utilized. 

Vgs as a function of Id and Vi, Equation 12 

- Id + Wh 
L 2 

W pipCo. 

(0306 FIGS. 32A to 34 show example results of a simu 
lation of an array based on Source follower amplifiers and 
pass-through switches. FIGS. 32A-32C shows schematics of 
the Source follower plus pass-through transistor array 
designs. FIG. 32A is the typical case, using XT06 models. 
FIG. 32B uses generic transistor models. FIG. 32C uses 
XT06 models with a passive load. 
0307 FIG.33 shows an example output for the schematic 
of FIG. 32A, taken between M2's source and active load 
(current source). 
0308 FIG. 34 shows output for the schematic of FIG. 
32C, taken between M2s source and the passive load 
(resistor). 
0309 FIGS. 35 to 38 show example results of a simula 
tion of an array based on differential-pair amplifiers. FIG. 35 
shows a single unit cell of a neural array that includes M2, 
M3 and M4. FIG. 36 shows an output from the array of FIG. 
35 with a gain of about 8.8. 
0310 FIGS. 37A and 37B show a schematic of a 2x2 
circuit array. Row 1 is ON initially. The inputs are 1 mV sine 
wave and square wave. Then Row 2 is turned ON. All the 
columns of a row are read simultaneously. The magnitude of 
Vin1 and Vin3 is 1 mV. The magnitude of Vina and Vins is 
2 mV. 
0311 FIG.38 shows an output of the 2x2 array of FIGS. 
37A and 37B. The outputs of row 1 are read simultaneously. 
Both the square wave and sine wave are read. At time=5 s, 
row 1 is deactivated and row 2 is activated. The signals from 
the second row are then read. The gain for this circuit is 
about 8.8. 
0312 Example Interfaces 
0313 FIG. 39 provides a series of screen shots of an 
example graphical user interface demonstrating a variety of 
conditions simulated with an apparatus or system described 
herein. In this example, each circle in the user interface is 
used to indicate a state of contact or no contact between a 
sensing element and/or an active electrical circuit with a 
Surface. Each circle can be configured to correspond to a 
single sensing element, or a specified group of sensing 
elements. 
0314. In the example of FIG. 39, each circle can be 
configured to provides a representation of a state of the 
sensing element (or group of sensing elements). In this 
example, an open circle on the display corresponds to no 
contact between a sensing element and the tissue, and the 
shaded circle indicates an amount of contact between a 
sensing element and the tissue. In another example, circles 
of a first color of the screenshots are used to indicate a first 
state (such as no contact), while circles of a second color are 
used to indicate a second state (Such as contact above a 
certain threshold value). 
0315. In another example, the circles of the user interface 
can be used to indicate whether a specific sensing element in 
an array has made a measurement, such as a pressure, 
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temperature, electrical property, or chemical measurement, 
that is above or below a threshold value. 

0316. The intermediate bus and/or flexible interconnec 
tion can be used to establish an electrical communication 
between the sensing elements and a data acquisition system. 
0317. In a non-limiting example, an impedance can be 
measured upon insertion and inflation of an inflatable body 
within a lumen to perform another operation, such as but not 
limited to, a cryoablation. 
0318 Use of an encapsulant according to the principles 
herein, in addition to reducing a chance of delamination of 
the apparatus from the flexible substrate, can reduced the 
thermal effects of having sensing elements and/or active 
electrical circuits on the balloon during cryoablation and 
minimized the effect of cryo-thermal cycling on perfor 
mance of the sensing elements. 
0319. To establish a robust quantitative means of assess 
ing a mapping operation, the changes in impedance mea 
Sured during mapping can be assessed using an apparatus or 
system described herein and shown using the user interface. 
The results provide, for the first time, a new way to assess 
mapping while concurrently allowing the collection of new 
data on the behavior and successes of individual cryoballoon 
operators. The contact between a cryoballoon can be mea 
Sured using impedance measurements. 
0320 FIGS. 40A and 40B illustrate another example a 
visualization of sensing element and/or active electrical 
circuit measurements of a surface from measured data. Such 
visualization can help personnel in making assessments on 
the Surface. Such as its disease state. Through color or 
texture of the Small circles representing each sensor (or 
specified group of sensors), the example user interface can 
be used to indicate whether a given measurement value is 
derived for a given sensing element and/or active electrical 
circuit. For example, a measured value of the sensing 
element and/or active electrical circuit above a threshold 
value can be decided as an indicator that the sensor has 
established contact with a portion of tissue, a measured 
value of the sensing element below the threshold value can 
be decided as an indicator that the sensor has not established 
contact with a portion of tissue. FIG. 40B is an example 
chart representation of a measure of contact force experi 
enced by each sensor. 
0321) While the user interface of FIGS. 40A and 40B are 
described in terms of indication of contact force between the 
sensing elements and the Surface, the user interface and 
visualization technique can be applied to display the results 
of other measurements, including impedance, temperature, 
pressure, or any other type of measurement that sensing 
elements according to the principles herein can be used to 
CaSU. 

0322. In an example, display of FIGS. 40A and 40B can 
be considered as a user interface displaying binary read outs 
of sensing elements and/or active electrical circuits disposed 
on a flexible substrate. 

0323 FIG. 41 demonstrates another example user inter 
face displaying quantitative read outs of sensing elements 
and/or active electrical circuits disposed on a flexible sub 
strate. In this example, a length of an arrow at each sensing 
element and/or active electrical circuit element representa 
tion serves as an indicator of the amount of a measurement 
from the respective sensing element and/or active electrical 
circuit element. 
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CONCLUSION 

0324 All literature and similar material cited in this 
application, including, but not limited to, patents, patent 
applications, articles, books, treatises, and web pages, 
regardless of the format of such literature and similar 
materials, are expressly incorporated by reference in their 
entirety. In the event that one or more of the incorporated 
literature and similar materials differs from or contradicts 
this application, including but not limited to defined terms, 
term usage, described techniques, or the like, this applica 
tion controls. 
0325 While various examples have been described and 
illustrated herein, those of ordinary skill in the art will 
readily envision a variety of other means and/or structures 
for performing the function and/or obtaining the results 
and/or one or more of the advantages described herein, and 
each of such variations and/or modifications is deemed to be 
within the scope of the examples described herein. More 
generally, those skilled in the art will readily appreciate that 
all parameters, dimensions, materials, and configurations 
described herein are meant to be exemplary and that the 
actual parameters, dimensions, materials, and/or configura 
tions will depend upon the specific application or applica 
tions for which the teachings is/are used. Those skilled in the 
art will recognize, or be able to ascertain using no more than 
routine experimentation, many equivalents to the specific 
examples described herein. It is, therefore, to be understood 
that the foregoing examples are presented by way of 
example only and that, within the scope of the appended 
claims and equivalents thereto, examples may be practiced 
otherwise than as specifically described and claimed. 
examples of the present disclosure are directed to each 
individual feature, system, article, material, kit, and/or 
method described herein. In addition, any combination of 
two or more such features, systems, articles, materials, kits, 
and/or methods, if such features, systems, articles, materials, 
kits, and/or methods are not mutually inconsistent, is 
included within the scope of the present disclosure. 
0326. The above-described examples can be imple 
mented in any of numerous ways. For example, some 
examples may be implemented using hardware, software or 
a combination thereof. When any aspect of an example is 
implemented at least in part in Software, the Software code 
can be executed on any Suitable processor or collection of 
processors, whether provided in a single computer or dis 
tributed among multiple computers. 
0327. In this respect, various aspects may be embodied at 
least in part as a computer readable storage medium (or 
multiple computer readable storage media) (e.g., a computer 
memory, one or more floppy discs, compact discs, optical 
discs, magnetic tapes, flash memories, circuit configurations 
in Field Programmable Gate Arrays or other semiconductor 
devices, or other tangible computer storage medium or 
non-transitory medium) encoded with one or more programs 
that, when executed on one or more computers or other 
processors, perform methods that implement the various 
examples of the technology described above. The computer 
readable medium or media can be transportable. Such that 
the program or programs stored thereon can be loaded onto 
one or more different computers or other processors to 
implement various aspects of the present technology as 
described above. 
0328. The terms “program” or “software are used herein 
in a generic sense to refer to any type of computer code or 
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set of computer-executable instructions that can be 
employed to program a computer or other processor to 
implement various aspects of the present technology as 
described above. Additionally, it should be appreciated that 
according to one aspect of this example, one or more 
computer programs that when executed perform methods of 
the present technology need not reside on a single computer 
or processor, but may be distributed in a modular fashion 
amongst a number of different computers or processors to 
implement various aspects of the present technology. 
0329 Computer-executable instructions may be in many 
forms, such as program modules, executed by one or more 
computers or other devices. Generally, program modules 
include routines, programs, objects, components, data struc 
tures, etc. that perform particular tasks or implement par 
ticular abstract data types. Typically the functionality of the 
program modules may be combined or distributed as desired 
in various examples. 
0330. Also, the technology described herein may be 
embodied as a method, of which at least one example has 
been provided. The acts performed as part of the method 
may be ordered in any suitable way. Accordingly, examples 
may be constructed in which acts are performed in an order 
different than illustrated, which may include performing 
Some acts simultaneously, even though shown as sequential 
acts in illustrative examples. 
0331 All definitions, as defined and used herein, should 
be understood to control over dictionary definitions, defini 
tions in documents incorporated by reference, and/or ordi 
nary meanings of the defined terms. 
0332 The indefinite articles “a” and “an,” as used herein 
in the specification and in the claims, unless clearly indi 
cated to the contrary, should be understood to mean “at least 
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0333. The phrase “and/or,” as used herein in the speci 
fication and in the claims, should be understood to mean 
“either or both of the elements so conjoined, i.e., elements 
that are conjunctively present in Some cases and disjunc 
tively present in other cases. Multiple elements listed with 
“and/or should be construed in the same fashion, i.e., "one 
or more' of the elements so conjoined. Other elements may 
optionally be present other than the elements specifically 
identified by the “and/or clause, whether related or unre 
lated to those elements specifically identified. Thus, as a 
non-limiting example, a reference to “A and/or B, when 
used in conjunction with open-ended language such as 
“comprising can refer, in one example, to A only (option 
ally including elements other than B); in another example, to 
B only (optionally including elements other than A); in yet 
another example, to both A and B (optionally including other 
elements); etc. 
0334. As used herein in the specification and in the 
claims, 'or' should be understood to have the same meaning 
as “and/or” as defined above. For example, when separating 
items in a list, 'or' or “and/or shall be interpreted as being 
inclusive, i.e., the inclusion of at least one, but also including 
more than one, of a number or list of elements, and, 
optionally, additional unlisted items. Only terms clearly 
indicated to the contrary, such as “only one of or “exactly 
one of,” or, when used in the claims, “consisting of.” will 
refer to the inclusion of exactly one element of a number or 
list of elements. In general, the term 'or' as used herein shall 
only be interpreted as indicating exclusive alternatives (i.e. 
“one or the other but not both') when preceded by terms of 
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exclusivity, such as “either,” “one of.” “only one of.” or 
“exactly one of.” “Consisting essentially of when used in 
the claims, shall have its ordinary meaning as used in the 
field of patent law. 
0335. As used herein in the specification and in the 
claims, the phrase “at least one.” in reference to a list of one 
or more elements, should be understood to mean at least one 
element selected from any one or more of the elements in the 
list of elements, but not necessarily including at least one of 
each and every element specifically listed within the list of 
elements and not excluding any combinations of elements in 
the list of elements. This definition also allows that elements 
may optionally be present other than the elements specifi 
cally identified within the list of elements to which the 
phrase “at least one' refers, whether related or unrelated to 
those elements specifically identified. Thus, as a non-limit 
ing example, “at least one of A and B (or, equivalently, “at 
least one of A or B,” or, equivalently “at least one of A and/or 
B’) can refer, in one example, to at least one, optionally 
including more than one, A, with no B present (and option 
ally including elements other than B); in another example, to 
at least one, optionally including more than one, B, with no 
A present (and optionally including elements other than A); 
in yet another example, to at least one, optionally including 
more than one, A, and at least one, optionally including more 
than one, B (and optionally including other elements); etc. 
0336. In the claims, as well as in the specification above, 

all transitional phrases such as "comprising,” “including.” 
“carrying,” “having.” “containing,” “involving,” “holding.” 
“composed of,” and the like are to be understood to be 
open-ended, i.e., to mean including but not limited to. Only 
the transitional phrases "consisting of and "consisting 
essentially of shall be closed or semi-closed transitional 
phrases, respectively, as set forth in the United States Patent 
Office Manual of Patent Examining Procedures, Section 
2111.03. 
0337 The claims should not be read as limited to the 
described order or elements unless stated to that effect. It 
should be understood that various changes in form and detail 
may be made by one of ordinary skill in the art without 
departing from the spirit and scope of the appended claims. 
All examples that come within the spirit and scope of the 
following claims and equivalents thereto are claimed. 

1-50. (canceled) 
51. An apparatus for generating one or more multiplexed 

signals, the apparatus comprising: 
a flexible substrate; and 
a plurality of active electrical circuits coupled to the 

flexible substrate, each active electrical circuit in the 
plurality of active electrical circuits coupled to at least 
one adjacent active electrical circuit in the plurality of 
active electrical circuits via at least one conductive 
flexible interconnection, the plurality of active electri 
cal circuits configured to transmit one or more multi 
plexed signals to at least one signal processor. 

52. The apparatus of claim 51, wherein one or more of the 
active electrical circuits in the plurality of active electrical 
circuits includes at least one electrode. 

53. The apparatus of claim 51, wherein one or more of the 
active electrical circuits in the plurality of active electrical 
circuits includes at least one multiplexing transistor. 

54. The apparatus of claim 51, one or more of the active 
electrical circuits in the plurality of active electrical circuits 
includes at least one amplifier. 
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55. The apparatus of claim 51, wherein one or more of the 
active electrical circuits in the plurality of active electrical 
circuits includes at least one current mirror. 

56. The apparatus of claim 51, wherein the current mirror 
is switchable between an off state and an on state. 

57. The apparatus of claim 51, wherein one or more of the 
active electrical circuits in the plurality of active electrical 
circuits includes at least one current limiting resistor. 

58. The apparatus of claim 51, wherein the plurality of 
active electrical circuits are positioned in a plurality of 
arrays on the flexible substrate. 

59. The apparatus of claim 58, wherein the at least one 
signal processor is configured to receive a multiplexed 
signal from each active circuit. 

60. The apparatus of claim 51, wherein the substrate is 
stretchable. 

61. The apparatus of claim 51, wherein the substrate is 
elastic. 

62. The apparatus of claim 51, wherein the conductive 
flexible interconnection is buckled. 

63. The apparatus of claim 51, wherein the conductive 
flexible interconnection has a serpentine geometric configu 
ration. 

64. The apparatus of claim 51, wherein the active elec 
trical circuits includes one or more components selected 
from the group consisting of a transistor, a resistor, a 
capacitor, an inductor, and a diode. 

65. The apparatus of claim 51, wherein at least one circuit 
in the plurality of active electrical circuits include at least 
one of temperature sensor, a pressure sensor, a contact 
sensor, a conductivity sensor, a strain gauge, a complemen 
tary metal-oxide-semiconductor, metal oxide semiconductor 
field effect transistor, a light emitting diode, an electrode, a 
pH sensor, a chemical sensor, a biological sensor, and a 
calcium sensor. 

66. The apparatus of claim 51, wherein the plurality of 
active circuits are positioned in one or more arrays on the 
flexible substrate. 

67. The apparatus of claim 51, wherein the at least one 
processor is configured to construct a map of at least one 
physiological parameter by associating a portion of the 
multiplexed signal with one or more originating active 
electrical circuits in the plurality of active electrical circuits. 

68. The apparatus of claim 51, wherein the substrate has 
an active electrical circuit density of at least 64 circuits per 
cm. 

69. The apparatus of claim 51, wherein the substrate has 
an active electrical circuit density ranging from 200 to 500 
circuits per cm. 

70. A method of generating one or more multiplexed 
signals, the method comprising: positioning a flexible Sub 
strate adjacent to an internal body surface, the flexible 
Substrate having a plurality of active electrical circuits 
coupled thereto, each active electrical circuit in the plurality 
of active electrical circuits coupled to at least one adjacent 
active electrical circuit in the plurality of active electrical 
circuits via at least one conductive flexible interconnection; 

causing the Substrate to move from a first configuration to 
a second configuration; 

transmitting one or more multiplexed signals from the 
plurality of active electrical circuits to at least one 
signal processor, and 
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characterizing the at least one physiological parameter 
based on the multiplexed signal received by the signal 
processor. 

71-98. (canceled) 
99. An apparatus for readout of one or more multiplexed 

signals, the apparatus comprising: 
a flexible substrate; and 
a plurality of active electrical circuits disposed on the 

Substrate in a distributed arrangement, the plurality of 
active electrical circuits configured to transmit one or 
more multiplexed signals to at least one signal proces 
sor, at least one active electrical circuit of the plurality 
of active electrical circuits comprising: 

at least one electrode; and 
at least one differential pair amplifier coupled to the at 

least one electrode; wherein the plurality of active 
electrical circuits are disposed in a distributed arrange 
ment on the Substrate such that the apparatus is con 
formable to a contour of a surface to be measured. 

100. The apparatus of claim 99, wherein the flexible 
substrate is a portion of an inflatable body, and wherein the 
plurality of active electrical circuits are disposed at areas of 
minimal curvature of the inflatable body in the distributed 
arrangement. 

101. The apparatus of claim 99, wherein each active 
electrical circuit of the plurality of active electrical circuits 
is coupled to at least one adjacent active electrical circuit of 
the plurality of active electrical circuits via at least one 
conductive flexible interconnection. 

102. The apparatus of claim 99, further comprising at least 
one conductive intermediate bus, wherein the at least one 
active electrical circuit of the plurality of active electrical is 
coupled to the at least one conductive intermediate bus. 

103. The apparatus of claim 102, wherein the plurality of 
active electrical circuits is configured to transmit one or 
more multiplexed signals to the at least one signal processor 
via the at least one conductive intermediate bus. 

104. The apparatus of claim 99, wherein the at least one 
active electrical circuit of the plurality of active electrical 
circuits further comprises a tail, and wherein the at least one 
differential pair amplifier is coupled to the tail. 

105. The apparatus of claim 99, wherein each of the active 
electrical circuit of the plurality of active electrical circuits 
comprises: 

at least one electrode; and 
at least one differential pair amplifier coupled to the at 

least one electrode. 
106. The apparatus of claim 105, wherein each of the at 

least one differential pair amplifier comprises a pair of 
transistors whose sources are connected in a common con 
nection to provide a common source. 

107. The apparatus of claim 106, wherein the pair of 
transistors are PMOS transistors. 

108. The apparatus of claim 106, wherein each of the 
transistors is connected in series with a current limiting 
resistor. 

109. The apparatus of claim 106, wherein each of the at 
least one differential pair amplifier is coupled to a tail. 

110. The apparatus of claim 109, wherein the tail is a 
transistor, and wherein the common source of the at least one 
differential pair amplifier is coupled to a drain of the tail. 

111. The apparatus of claim 109, wherein the gate of the 
tail is driven by a current-mirror. 
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112. The apparatus of claim 106, wherein the at least one 
electrode is coupled to a gate of a transistor of the pair of 
transistors. 

113. The apparatus of claim 106, wherein the plurality of 
active electrical circuits are read in a row-column arrange 
ment, wherein each row-column element of the row-column 
arrangement corresponds to at least one active electrical 
circuit of the plurality of active electrical circuits, and 
wherein a drain of a first transistor of the pair of transistors 
of each respective active electrical circuit is coupled to a 
column output of each respective row-column element. 

114. The apparatus of claim 113, wherein a second 
transistor of the pair of transistors of each respective active 
electrical circuit is coupled to a load resistor. 

115. The apparatus of claim 113, wherein all columns of 
the row-column arrangement are read Substantially simul 
taneously, and wherein a single row of the row-column 
arrangement is active when the columns of the row-column 
arrangement are read. 

116. The apparatus of claim 113, wherein the drain of the 
first transistor of the pair of transistors of at least two active 
electrical circuits are coupled to the column output of each 
respective row-column element. 

117. The apparatus of claim 106, wherein each of the at 
least one differential pair amplifier of each active electrical 
circuit is coupled to a tail, and wherein each row input of the 
row-column arrangement is coupled to a gate of a tail of 
each active electrical circuit of the plurality of active elec 
trical circuits. 

118. The apparatus of claim 117, wherein each row input 
of the row-column arrangement is coupled to a gate of a tail 
of each active electrical circuit of the plurality of active 
electrical circuits. 

119. The apparatus of claim 99, wherein the at least one 
active electrical circuit of the plurality of active electrical 
circuits comprises: 
two electrodes, and 
a differential pair amplifier, wherein the two electrodes 

are coupled to the differential pair amplifier. 
120. The apparatus of claim 119, wherein the differential 

pair amplifier comprises a pair of transistors whose sources 
are connected in a common connection to provide a common 
SOUC. 

121. The apparatus of claim 120, wherein each electrode 
is coupled to a gate of each transistor of the pair of 
transistors. 

122. The apparatus of claim 121, wherein a read-out of the 
at least one active electrical circuit is based on a differential 
of signals from the two electrodes. 

123. A method for readout of one or more multiplexed 
signals, the method comprising: 

disposing an apparatus proximate to a surface, the appa 
ratus comprising: a plurality of active electrical circuits 
disposed on a flexible substrate in a distributed arrange 
ment, the plurality of active electrical circuits config 
ured to transmit one or more multiplexed signals to at 
least one signal processor, wherein at least one active 
electrical circuit of the plurality of active electrical 
circuits comprises: 

an electrode; 
a differential pair amplifier coupled to the electrode; and 
a tail coupled to the differential pair amplifier, wherein the 

tail is coupled to a row control switch, wherein the 
differential pair amplifier is coupled to a column output, 
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and wherein activating the row control Switch activates 
the differential pair amplifier such that a signal from the 
electrode is transmitted to the column output; 

applying a Voltage to the row control Switch; and 
reading an output at the column output thereby providing 

the one or more multiplexed signals. 
124. The method of claim 123, wherein the plurality of 

active electrical circuits is coupled to a flexible substrate 
forming an inflatable body. 

125. The method of claim 123, wherein each active 
electrical circuit of the plurality of active electrical circuits 
is coupled to at least one adjacent active electrical circuit of 
the plurality of active electrical circuits via at least one 
conductive flexible interconnection. 

126. The method of claim 125, further comprising trans 
mitting the one or more multiplexed signals from the plu 
rality of active electrical circuits to the at least one signal 
processor via the at least one conductive flexible intercon 
nection. 

127. The method of claim 123, wherein the apparatus 
further comprises at least one conductive intermediate bus, 
wherein the at least one active electrical circuit of the 
plurality of active electrical is coupled to the at least one 
conductive intermediate bus. 

128. The method of claim 127, further comprising trans 
mitting the one or more multiplexed signals from the plu 
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rality of active electrical circuits to the at least one signal 
processor via the at least one conductive intermediate bus. 

129. The method of claim 123, wherein the electrode is 
coupled to a first gate of the differential pair amplifier. 

130. The method of claim 129, wherein the apparatus 
further comprises a second electrode, and wherein a second 
gate of the differential pair amplifier is coupled to the second 
electrode. 

131. The method of claim 129, wherein the apparatus 
further comprises a second electrode, and wherein a second 
gate of the differential pair amplifier is biased to a ground 
potential. 

132. The method of claim 123, wherein the tail is coupled 
to the row control switch via a current-mirror, and wherein 
activating the row control Switch biases the current-mirror, 
thereby activating the differential pair amplifier. 

133. The method of claim 123, wherein the at least one 
active electrical circuits comprises two active electrical 
circuits, wherein each of the two active electrical circuits is 
coupled to a respective row control switch, wherein the two 
active electrical circuits are coupled to a common column 
output, and wherein one of the row control switches is 
activated during the reading of the output from the common 
column output. 


