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a b s t r a c t

Balloon catheter-based techniques that apply mechanical force to blood vessel walls have
dramatically advanced the standard of care for patients with vascular disease. But bal-
loons are limited in their therapeutic potential because they rely on mechanics alone and
lack electronically active materials. Recent advances in balloon catheters with integrated
electrodes have offered additional treatment capabilities through the application of both
mechanical contact force and radio frequency electromotive force. However, these smart
balloons remain limited in their mechanics and their ability to provide diagnostic infor-
mation about local vessel hemodynamics and tissue health near treatment zones. Here,
we demonstrate a novel instrumented balloon catheter system that contains stretchable
electrodes and thermal-based blood flow sensors, providing hemodynamic information,
electrical stimulation, and ablation therapy on a single device. This system accommodates
high inflation pressure (∼2 atm) and twisting and bending over a broad range of vascular
diameters and geometries. Finite element and analytical modeling capture the anisotropic
mechanical and thermal properties of the device during cycles of inflation and deflation in
a simulated biological environment. Bench-top ablation and in vivo blood flow measure-
ments highlight the utility of this technology for clinical application.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Minimally invasive catheter-based devices have en-
abled both diagnostic and therapeutic advances in car-
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diovascular and peripheral vascular interventions. With
advances in balloon dilatation technologies and percuta-
neous transluminal coronary angioplasty (PTCA), balloon-
based catheter systems have emerged as the standard of
care for coronary artery disease, replacing coronary bypass
surgical procedures [1]. PTCA gained even broader adop-
tion with the introduction of bare metal and drug-eluting
stents [2–4], which were found to provide additional pro-
tection against restenosis, while avoiding the risks asso-
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ciated with bypass surgery. Drug eluting balloons offered
novel ways to locally deliver therapy (e.g. Paclitaxel) upon
identification of plaque targets, as a way to mitigate risks
of restenosis [5]. Although these smart balloon-based in-
terventions reduce risks of restenosis, they lack diagnos-
tic capabilities to assess the physicochemical properties
and composition of the targeted arterial walls [1]. As a
result, assessment of surrounding vessels that may be at
risk for atherothrombotic injury [6] is difficult. Diagnos-
tics that aim to assess the physiochemical properties and
atherothrombotic risk of both the target and non-target
vessels are desperately needed.

To address these diagnostic limitations, intravascular
imaging techniques such as thermography, elastogra-
phy, Raman spectroscopy and optical coherence tomog-
raphy have provided additional methods for assessing
the integrity and composition of vessel walls prior to
PTCA [7,8]. While PTCA represents the standard of care
in atherothrombotic disease, current technologies are lim-
ited in their ability to provide physiological information
and intra-procedural feedback due to the lack of electron-
ically active materials to interface with the endothelium.
Recent advances in the development of semi-compliant
and non-compliant balloons instrumented with surface-
mounted electronics and biosensors offer additional capa-
bilities in the diagnosis and treatment of vascular diseases
[9]. In particular, balloon catheters with integrated con-
ductive ribbons of silver and gold affixed on the outer bal-
loon surface can be used to detect contactwith vessel walls
without fluoroscopy and to deliver radio frequency (RF)
energy. AC electrical current (∼300–500 kHz) applied di-
rectly to biological tissue is often used therapeutically to
ablate, stimulate or inhibit peripheral nerves [10] located
deep within arterial walls. Although these devices have
proven useful for some procedures, such as in renal sympa-
thetic denervation, certain changes in local hemodynamics
and vascular tone occurring during electrical stimulation
remain poorly understood. Evaluation of these biological
parameters requires additional instruments and increases
procedure duration and complexity [9–17]. Moreover, the
stiffness and limited compliance of conventional balloon-
based electronics are not well matched to the soft, stretch-
able properties of biological tissue, thus giving rise to
important safety concerns.

Here, we present a novel balloon-based catheter sys-
tem that contains an integrated assembly of ablation,
pacing, and blood flow sensors and actuators, thereby
providing a means to assess vessel health, mechanical
contact, and local hemodynamics intra-procedurally. Fur-
thermore, the system is constructed on a compliant bal-
loon substrate that, upon inflation, is readily expandable
to fit a broad range of vessel anatomies and provide soft
contact to the surrounding tissue. Finite element and an-
alytical models highlight the ability of the balloon and
electronics to expand and contract circumferentially and
axially with minimal strain in the electronics andmechan-
ical loading of the balloon substrate. These instrumented
balloon catheters represent a major advance over existing
angioplasty devices and are promising in their ability to
reduce total duration and improve efficacy in routine vas-
cular procedures, as evidenced by recent experimentation
and preclinical studies.
2. Materials and methods

To develop stretchable electronics onboard balloon
catheters, we first fabricated electrodes and flow sensors
with designs that match the three-dimensional geometry
of the stretchable balloon substrate [18–23]. Fig. 1(A) and
(B) show the wavy geometry and locations of individual
electrodes on the balloon surface and the placement of a
flow sensor at the distal end of the circuit. The flow sensor
consists of a thermistor and heating element that, when
placed in the central lumen of a blood vessel, can contin-
uously measure volumetric blood flow. Fig. 1(C) outlines
the heterogeneous device stack used for the flow sensor
and electrodes. Two layers of polyimide cover-lay (each
∼10µm thick) provide insulation and support for the cop-
per/gold layer (∼5 µm thick). The thickness of the metal
layer is strategically designed to support both sensing and
radio frequency stimulation. Standard photolithographic
patterning was used to etch away the metal layers, while
laser trimming was used to pattern the polyimide layers
into wavy geometries.

2.1. Flow sensor design

The blood flow sensor measures flow by detecting
changes in local temperature. Two thermistors are placed
on the catheter: one at the distal tip of the catheter
(Fig. 1(D), (E)) and a second on the catheter shaft proximal
to the balloon (not shown). The proximal thermistor serves
as a reference by measuring core body temperature in
static blood and accounting for the effects of thermal
drift caused by changes in body temperature. The differ-
ence between the proximal and distal sensors provides a
drift-sensitive assessment of blood flow through the ves-
sel lumen. A thermally conductive epoxy encapsulation
(Fig. 1(D), in black) provides sufficient thermal conduc-
tivity to track changes in blood flow with low time con-
stants. When coupled with a heating element, the distal
thermistor continuously measures volumetric blood flow
(Fig. 1(E)). The heating element, placed next to the dis-
tal thermistor, is used to maintain a constant tempera-
ture at the thermistor via a feedback loop. As blood flow
increases and heat is drawn from the distal thermistor,
the power to the heating element will increase in order
to maintain a given temperature at the distal thermis-
tor. A proportional–integral–derivative (PID) controller is
used to maintain the constant temperature feedback loop
and increase the power delivered to the heating element.
Similarly, when blood flow decreases, the PID controller
reduces power to the heating element and allows the dis-
tal thermistor to cool (Fig. 1(E)). Additional computational
techniques, such as ω and 3ω, may be used to obtain a bet-
ter signal-to-noise ratio and improve filtering.

2.2. Flow sensor data acquisition software

The flow sensing software performs three primary func-
tions: (i) control of the feedback loop to maintain a steady
constant set point temperature difference between the two
thermistors; (ii) data display in real time; (iii) logging of
data during catheter insertion,measurement, and removal.
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Fig. 1. Fabrication of balloon integrated electronics. (A) Optical image of stretchable, interconnected array of electrodes, flow sensor, and contact pads
in a 2-dimensional planar configuration. (B) Schematic drawing of conformal electrodes, serpentine geometry, connection pads and location of the flow
sensor sub-components (i.e. thermistor and heater). (C) Cross-sectional drawing of stretchable electronics stack near the electrodes, flow sensor andmetal
interconnects. (D) Optical image of 3-dimensional balloon catheter with integrated electrodes and flow sensors. (E) Exploded drawing of flow sensor near
the tip of the balloon catheter. (Right panel) Conceptual drawing of blood flow (orange arrows) in a vessel and changes in thermal flux (black arrows)
captured around flow sensor.
In addition to thermal measurements, the software also
logs data froman external optical pressure sensor. The data
from the flow sensing and pressure sensing modalities are
then used to calculate cardiovascular resistance. All calcu-
lations require a multi-order curve fit to convert the mea-
sured voltage into a blood velocity, which can be converted
to a volumetric flow rate (mL/min) if the diameter of the
vessel is known.

The system has been thoroughly tested in a bench-top
flow system as well as in a number of preclinical studies
in porcine models. Upon insertion of the catheter into a
vascular lumen, the system is able to respond quickly and
deliver hemodynamic data within seconds. With the use
of a reference thermistor, this flow data also accounts for
intra-procedural changes in core body temperature that
are routinely observed and would otherwise compromise
measurement validity. Altogether, this system is able
to provide valuable physiological information without
disrupting the clinical workflow during standard vascular
procedures.

2.3. Flow sensor data acquisition hardware

The hardware provides a programmable excitation
using a current source (up to 50 mA at ± 10 V) from 1
to 100 kHz to the heating element. Another programmable
excitation provides current (up to 500 µA at ± 10 V) from
1 to 100 kHz to both the distal thermistor and the reference
thermistor. The two thermistors are placed in series, with
the same electrical current driving both components. Each
of the two thermistors is measured differentially and their
voltages are subtracted from one another. As part of the
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feedback loop, physiologically induced changes in blood
flowwill cause the heating element tomodulate its current
in order to maintain a constant temperature at the distal
thermistor.

The system is galvanically isolated to 5 kV. The hard-
ware design indicates excessive current and can disable
the current to the device in such an event. Lastly, ground-
ing is arranged such that all current is accounted for and,
if leakage is detected, the console can disconnect from the
catheter.

2.4. Flow sensor user interface

The data acquisition console has a built-in display
to continuously monitor blood velocity (in cm/s), blood
flow rate (in mL/min), and cardiovascular resistance (pres-
sure/flow, inmmHg permL/min). The console consistently
displays instantaneous flow rates at scrollable time points,
as well as sensor diagnostic information, such as the ther-
mistor and heater voltages. The graphical user interface
can also lead the operator through a procedure-specific se-
quence of events, such as catheter insertion, pre-ablation
or pre-stimulation measurements, post-ablation or post-
stimulation measurements, and catheter removal. All data
is time stamped and logged continuously over the course
of the entire procedure. The control software is designed
such that it can be set to specific parameters for stimula-
tion and/or tissue ablation. Although it is not automated,
the ablation module could apply ablation at set times fol-
lowing hemodynamic measurements.

2.5. Bench top flow experiments

Experiments employing a bench top flow apparatus
consisting of a perfusion chamber with a tunable infusion
pump were performed. Deionized water and heparinized
blood were equilibrated at body temperature (∼37 °C) us-
ing an external heating device. The apparatus was then
perfused using an infusion pump. The effects of fluid vis-
cosity and temperature on the flow sensor response were
systematically tested over volumetric flow rates within
a biological range (0–500 mL/min). These experiments
served to define the relationship between sensor voltage
and flow rate for in vivo studies.

2.6. Animal experiments

All experimental protocols were reviewed and ap-
proved by the AccelLAB Institutional Animal Care and
Use Committee in accordance with the Canadian Coun-
cil on Animal Care. Farm swine were sedated with an in-
tramuscular injection of ketamine (25 mg/kg), azaperone
(4.0 mg/kg), and atropine (0.04 mg/kg) followed by intra-
venous administration of propofol (1.66mg/kg). Intubation
was achieved with a 7.5 mm endotracheal tube and sup-
ported by mechanical ventilation at 10–15 breaths/min.
A surgical plane of anesthesia was maintained through-
out the procedure with 1%–2% isoflurane and oxygen.
Access sites near the femoral arterywere cleanedwith top-
ical chlorohexidine, 70% isopropyl alcohol, and povidone
iodine. This area was draped to maintain a sterile field and
access was gained at the femoral arteries and at the left
femoral vein via inguinal skin incisions. Arterial sheaths
(Flexor, Cook Medical Inc., Bloomington, IN) were intro-
duced and advanced into each of the femoral arteries. The
catheter was deployed in the femoral artery and measure-
ments were performed within the peripheral and central
vasculature, including the renal arteries, abdominal aorta,
and coronary arteries.

3. Results and discussion

3.1. Mechanical properties of integrated electronics on bal-
loon

Fig. 2(A)–(C) show images of an angioplasty balloon
catheter consisting of a passive array of electrodes, a long
serpentine interconnect along the axial direction and sev-
eral short serpentine interconnects that span along the
circumferential direction. The balloon and integrated elec-
tronics experience deflation (i.e., vacuum inside the bal-
loon; Fig. 2(A)), normal inflation pressure (i.e.,∼1 atom for
both inside and outside the balloon; Fig. 2(B)), and high in-
flation pressure (i.e., ∼2 atm inside the balloon, Fig. 2(C)).
The mechanical behaviors of the inflated and deflated bal-
loon states are predictedwith finite element analysis (FEA;
Abaqus [24]) (Fig. 2(D)–(F)). In Fig. 2(E), FEA shows maxi-
mum strains are much less than 0.1% in corresponding to
normal inflation pressure. The electrodes are strategically
located near the cylindrical part of the balloon, away from
the distal and proximal ends, allowing direct contact with
vessel walls during inflation. The bending stiffness of the
serpentine interconnects (3.55×10−5 Nm) for a stack con-
sisting of 5µm-thick Au sandwiched between two 25µm-
thick PI is two orders of magnitude larger than that of
the balloon (3.33 × 10−7 N m for unit width of 50 µm-
thick polyurethane with Young’s modulus of 32 MPa [25]).
As a result, the bending curvature of serpentine intercon-
nect is very small. Nevertheless, the electronics are robust
and can support high current densities in this configura-
tion. For balloons in their deflated state (Fig. 2(A) and (D)),
the maximum strain in the metal layer approaches ∼0.7%
near the junctions between axial and circumferential ser-
pentines due to decreased local curvature. In the extreme
inflation state (Fig. 3(C) and (F)), the maximum strain in
the metal layer approaches ∼9.0% in the circumferential
serpentine interconnects, which is slightly lower than the
fracture strain for gold (∼10%) [26]. The serpentine inter-
connects are thus primarily stretched during high inflation
state and behave like springs, whereas in-plane bending-
dominated deformations occur during deflation. In fact, the
effective tensile stiffness of the circumferential serpentines
(5242 N/m per unit width, where serpentines interconnect
is modeled as semi-circle beam with radius 0.43 mm and
width 0.3mm) is justwithin a factor of 3 of the tensile stiff-
ness of the balloon (1600 N/m per unit width; 50µm-thick
polyurethane with Young’s modulus ∼32 MPa [25]). On
the contrary, the strains in the circumferentially branch-
ing electrodes are small (<0.1%) during both deflation and
high inflation pressure cycles because its tensile stiffness
(4.2 × 105 N/m for 5 µm-thick Au and 10 µm-thick PI
given by FEA) is much greater than that of the balloon
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Fig. 2. Balloon mechanics during deflation and inflation cycles. Optical image of stretchable balloon with integrated electrodes in deflated (A), inflated
(B) and stretched (C) states. FEA results show the strain distribution color map for deflated (D), inflated (E) and stretched (F) states. The legend in the right
panel highlights the strain levels for each state of inflation/deflation. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
(1600N/m).We thus locate these electrodes in regions that
allowpropermechanical flexibility and allow circumferen-
tial sensing/ablation (Fig. 2(A)) during clinical operation.

Fig. 3 illustrates the finite-deformation mechanics
model for the inflated balloon. We focused our analysis on
the cylindrical region of the balloon, which is substantially
longer than the distal and proximal regions that are affixed
to the catheter extrusion (Fig. 2(B)). As shown in Fig. 3(A), h,
l and r denote the thickness, length and radius of the cylin-
drical part of the balloon, respectively. First we consider
the bare balloon, without integrated electronics. The stress
increments exerted in the axial and circumferential direc-
tions due to incremental pressure differences dp at equi-
librium are given by:dσaxial =

r
2h

dp

dσcircumferential =
r
h
dp.

(1)

The incremental stress dp is negligible compared to dσaxial
and dσcircumferential for the balloon thicknesses (h ∼ 50µm)
much smaller than the radius r (∼10 cm). The incremental
logarithmic strains are then obtained using Young’s modu-
lus E (=32MPa) andPoisson’s ratio ν (=0.32) as expressed
by:



dh
h

= dεradial =
−ν

E
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=
−3νr
2Eh

dp

dr
r

= dεcircumferential =
1
E
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=


1 −

ν

2

 r
Eh

dp

dl
l

= dεaxial =
1
E

(dσaxial − vdσcircumferential)

=


1
2

− ν


r
Eh

dp.

(2)

It is noted that Eq. (2) is in differential form,which involves
true stress and strain increments, so that it can account for
the balloon’s large and nonlinear deformation as the con-
stitutive relation keeps linear elastic for large deformation.
The ratio of the first and second equations in Eq. (2) yields
dh/h = −3νdr/ [(2 − ν) r], which is then integrated to
give h/h0 = (r/r0)−3ν/(2−ν), where h0 = 50 µm denotes
the initial thickness for p = 0. Substituting the above rela-
tion into the second equation in Eq. (2) gives an expression
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Fig. 3. FEA and analytical modeling of axial and circumferential strains. (A) Conceptual drawing of important parameters used to characterize
circumferential and axial strain distributions. (B) Theoretical predictions (FEA and analytical solutions) of circumferential strain–stress relationship for
balloon catheter with and without integrated stretchable electronics. (C) Theoretical predictions (FEA and analytical solutions) of axial strain–stress
relationship for balloon catheter with andwithout integrated stretchable electronics. Themechanical loading by the stretchable electronics yields different
strain–stress curves compared to balloon strain profile without electronics.
for the radius r of the balloon:

r
r0

=


1 −

(1 + ν) r0
Eh0

p
−(2−ν)

2(1+ν)

(3)

where r0 = 6 mm denotes the initial radius for p = 0. As
shown in Fig. 3(B), this analytical relationship agrees well
with FEA, without any parameter fitting. FEA also shows
that the r ∼ p curves in Fig. 3(B) are essentially the same
for the balloon in the presence and absence of integrated
electronics, suggesting that the electrodes and short ser-
pentine interconnects have a negligible effect on balloon
expansion in the circumferential direction. Therefore, the
relationship in Eq. (3) strikingly holds for the balloon with
electronics, due large part to the spring-like mechanical
properties of the electronics.
Substituting Eq. (3) into the ratio expression in Eq. (2)
gives an estimate of the length of the deformed balloon:

l
l0

=


r
r0

 1−2ν
2−ν

=


1 −

(1 + ν) r0
Eh0

p
−(1−2ν)

2(1+ν)

. (4)

According to the modeling results in Fig. 3(C), this rela-
tionship is consistent with FEA for the bare balloon with-
out applying any parameter fitting. However, both the
analytical and FEA deviates significantly from the case
where the balloon has integrated electronics. This is be-
cause the long serpentine interconnects along the axial di-
rection significant increase tensile stiffness, thus inhibiting
axial deformations. This effect can be observed by replac-
ing tensile stiffness Eh in the third equation of Eq. (2) with
the effective tensile stiffness Eh +


EA/ (2πr)


, where EA
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Fig. 4. Experimental results and thermal modeling of flow sensor and ablation bench-top studies. (A) Flow sensor voltage response as a function of
volumetric flow in a perfusion chamber. (B) The modeling results based on feedback between the thermistor and heater, which are both controlled by a
PID controller. (C) (Left panel) Balloon catheter with integrated stretchable electrodes pressed against chicken breast. Grounding pad resides underneath
the chicken breast. Radio frequency energy is delivered through the electrodes and ground pad using unipolar configuration. (Right panel) The depth and
areal coverage of the lesions were tested as a function of ablation duration.
is the effective tensile stiffness of the long serpentine in-
terconnect and given as 35 N (when the strain approaches
zero), where the long interconnect (5 µm-thick Au sand-
wiched between two 25µm-thick PI) ismodeled as curved
beamwith radius 0.67mm,width 0.72mm and the fan an-
gle is 120°. The length of deformed balloon is then given
by:

l
l0

=

1 +
2πEh0r0

EA


1 −

(1+ν)r0
Eh0

p
−(1−2ν)

(1+ν)

1 +
2πEh0r0

EA

, (5)

which agrees reasonablywellwith FEA for the balloonwith
electronics subjected to p < 0.4 atm (Fig. 3(C)). The agree-
ment is not as good for p > 0.4 atm because the long,
serpentine interconnects buckle, as observed with FEA but
this behavior is not accounted for in Eq. (5). Comparison of
Fig. 3(C) and (B) clearly shows that the axial stretch l/l0 is
much smaller than the stretch r/r0 in the circumferential
direction.
3.2. Thermal properties of flexible flow sensor

In addition to characterizing the stretchable electrodes,
we also account for the mechanical and thermal proper-
ties of the flexible flow sensor near the distal tip of the bal-
loon catheter. According to this analysis, the flow sensor at
the distal tip of the balloon is assumed to be largely iso-
lated from both axial and circumferential strains. The ge-
ometry and layout of the thermistor relative to the heater
are tuned to allow precise mapping of blood flow over the
electrical current and near the temperature ranges em-
ployed in this study. Changes in local temperature distri-
bution caused by changes in flow velocity serve as the
mechanism by which blood velocity and volumetric flow
rate are assessed [27,28]. During sensor operation, electri-
cal current passes through the heater and thermistor. Once
blood flow increases, the heat is carried downstream, cre-
ating a temperature difference between local blood and
thermistor. This change in temperature is detected by the
thermistor and, through a feedback loop, causes an in-
crease in the heater’s response output voltage in order to
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Fig. 5. In vivo analysis of blood flowduring normal physiological function anddrug injection. (A) Flow sensormeasurements collected fromwithin the renal
artery in a healthy swine. The low frequency and high frequency patterns observed in the waveform correspond to breathing and heart rate, respectively.
(B) Plot shows that turning off the ventilator caused the low frequency patterns (breathing patterns) to disappear, while the high frequency patterns (heart
rate) were preserved. (C) Control studies to test the sensitivity and time response of the flow sensor. Injection of pharmacological agent (epinephrine)
caused a transient rise in blood velocity, measured with the flow sensor and concurrently confirmed with a separate control device (Volcano FloWire).
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maintain a constant temperature difference. FEA (e.g., FLU-
ENT [29]) is used to study this process, where all the di-
mensions of the flow sensor and the diameter 4.7 mm of
the artery are taken from the experiments. The thermal
conductivity, density, and specific heat of blood are ob-
tained from the literature as 0.5 W K m [30], 1069 kg/m3

and 3659 J/K kg [31], respectively. Fig. 4(A) shows the
output voltage of the heater versus the blood flow rate
obtained by FEA, which agrees very well with the exper-
iments over a broad range of blood flow rate without any
parameter fitting. The heater is no longer able to maintain
a temperature differential in the surrounding blood once
the flow rate reaches a threshold of 200 mL/min, as evi-
denced by asymptotic behavior in the flow sensor response
at high flow profiles (Fig. 4(A)). The measurable range of
the sensor is largely determined by the thermal properties
of encapsulationmaterial surrounding thematerial, and by
the settings of the PID controller. The electrical current set-
tings were set to match the flow rates in a porcine renal
artery (100–200 mL/min), and could be adjusted to match
the flow rates observed in human renal (200–300mL/min)
and peripheral arteries [32,33].

3.3. Characterization of balloon electrode ablation in vitro

We tested the ability of the electrodes to stimulate, ab-
late and sense contact by monitoring electrical impedance
at the tissue interface. Fig. 4(B), (C) shows multiple lesions
formed on chicken breast by applying RF energy through
the balloon electrodes in unipolar configuration, with a
ground electrode pad placed underneath the tissue sub-
strate. Tissue contact was assessed according to changes
in electrical impedancemeasured between individual sen-
sor and a fixed ground within the backend circuitry of the
catheter. The balloon is inflated with cold saline, which
helps to cool the electrodes during ablation cycles and
reduce the likelihood of charring. The transmural lesions
generated by the balloon electrodes extended 4–6 mm
deep in response to 1–2 W applied, with no evidence of
charring. The flow sensor at the distal tip of the balloon
can be used in conjunction with the balloon electrodes to
verify tissue contact or vessel occlusion for electrical sens-
ing and/or ablation by detecting a reduction in blood flow.
These functionalities are critical for minimally invasive ab-
lation or electroceutical procedures that require electrical
stimulation coupled with hemodynamic monitoring to en-
sure intra-procedural safety and the delivery of adequate
therapy.

3.4. In vivo blood flow sensing using flexible flow sensor

In vivo animal studies in which the catheter is routed
into the renal artery highlight the utility of the flow sen-
sor to capture a variety of physiological responses. Fig. 5(A)
shows the flow sensor is sufficiently sensitive with rapid
response time to capture low frequency breathing patterns
(∼15 breaths/min) and high frequency pulsatile wave-
forms due to the heartbeat (∼85 beats/min) when the
catheter is placed at the renal artery. In Fig. 5(B), we
show that by turning off the mechanical ventilator, the
low frequency breathing waveforms disappear, without
disturbance of the higher frequency pulsatile waveforms.
The ability to detect these breathing patterns could prove
valuable for intraprocedural respiratory monitoring in a
clinical setting, when a patient is not being ventilated
mechanically. Finally, we test the response of the flow sen-
sor in response to the administration of pharmacological
agents and use a commercially available blood flow mon-
itoring system (Volcano FloWire catheter) to baseline the
measurements (Fig. 5(C)). Injection of epinephrine caused
a transient increase in blood flow, as captured by the flow
sensor and concurrently verifiedwith the Volcano FloWire.
The ability of this flow sensor to detect pharmacological re-
sponses further demonstrates its potential utility in a clin-
ical setting.

4. Conclusions

The mechanics and fabrication strategies presented in
this study highlight recent advances leading to a new class
of angioplasty balloon catheters with integrated blood
flow, ablation, electrical contact, and mechanical contact
sensing functionalities. These sensors and actuators are
fabricated in ultrathin stretchable formats that enable
minimal mechanical loading on the balloon substrate. As
a result, these next generation balloon-based catheter
systems provide intraprocedural feedback in real time,
thus enabling faster procedure times, fewer instruments,
and higher efficacy for vascular interventions.
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