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Conformal printed electronics on flexible
substrates and inflatable catheters using
lathe-based aerosol jet printing
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With the growth of additive manufacturing (AM), there has been increasing demand for fabricating
conformal electronics that directly integrate with larger components to enable unique functionality.
However, fabrication of conformal electronics is challenging because devices must merge with host
substrates regardless of curvilinearity, topography, or substrate material. In this work, we employ
aerosol jet (AJ) printing, an AM method for jet printing electronics using ink-based materials, and a
custom-made lathe mechanism for mounting flexible substrates and 3D objects on a rotating axis.
Using this method of lathe-based AJ printing, conformal electronics are printed around the
circumference of rotational bodieswith 3D curvilinear surfaces through cylindrical-coordinatemotion.
We characterize the diverse capabilities of lathe AJ (LAJ) printing and demonstrate flexible conformal
electronics includingmultilayer carbon nanotube transistors. Lastly, a graphene sensor is conformally
printed on an inflated catheter balloon for temperature and inflation monitoring, thus highlighting the
versatilities of LAJ printing.

Additive manufacturing (AM) of electronics is a promising approach for
pursuing new application spaces with cost-effective, readily customizable
devices that would not be well-suited to conventional fabrication1–3. Con-
ventional fabricationmethods require rigid planar substrates and restrictive
processing steps (e.g., high temperatures, vacuumconditions),whichhinder
application formats beyond that of chips and boards4,5. Alternatively, AM
methods can move beyond planar structures and restrictive processing
techniques to achieve three-dimensional (3D) fabrication of electronic
devices6,7 with demonstrated applicability to flexible/stretchable
electronics8–10, organic electronics11–13, and conformal electronics14,15, which
refers to devices that are built to situate flush with their host substrate
(regardless of rigid 3D topography or dynamic movement).

Conformal electronics address a distinct need for electronic func-
tionality being integrated onto diverse flexible surfaces, yielding notable
advancements in on-skin/wearable technologies16–19, embedded compo-
nentry for aerospace20, and Internet of Things devices21–23. While the
applications of conformal electronics are numerous, the manufacturing
techniques for building such devices are limited. Methods for realizing
conformal electronics fall into two major categories: (1) soft lithography
followed by transfer/stamping24–27 and (2) direct-write (DW) printing28–31.
Soft-lithography techniques use conventional fabrication to produce elec-
tronicdevicesonflexible substrates; these techniquesarewell establishedbut
also complex, expensive, and restrictive, asmentionedearlier. Then, by a soft

transfer or stamping process, the fabricated devices are wrapped con-
formally onto a target component.Although effective for some applications,
this transfer approach lacks the versatility of AM and faces obstacles in
scaling up production. On the other hand, DW printing methods are
inherently 3D and embody the principles of AM technology in providing a
simple, cost-effective, and adaptable fabricationprocess that is truly additive
in nature28.

A distinct advantage of DW printing approaches for conformal
electronics is their non-contact deposition of conformal microstructures
using a broad catalog of printable materials28. Within DW printing
methods, droplet-based approaches such as aerosol jet (AJ) printing32–34

and inkjet printing35–37 have substantial value for their ability to deposit
virtually any material that can be suspended in a colloidal ink solution.
While conformal devices have been demonstrated using inkjet
printing38,39, AJ printing offers improvements of specific benefit to con-
formal electronics fabrication based on its large standoff distance
(3–5 mmabove the target substrate) and versatilemethods for aerosolized
deposition40–42 (see Supplementary Fig. 1). Due to the jetting nature of AJ
printing, changes in distance or angle between the print nozzle and target
substrate have reduced effect on the thickness and width of printed traces
until reaching overly oblique deposition (>135°) and large standoff dis-
tances (>5 mm)43. These unique qualities enable conformal AJ printing
onto complex structures with a range of surface conditions (e.g., material
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roughness or topography) because the jetted material can be deposited
onto surfaces from a distance44–47.

Although AJ printing is ideal for achieving conformal printing, there
are limitations when a substrate possesses curvilinear features that are steep
enough to make the angle of deposition from the print nozzle far off
orthogonal, thus severely impacting print quality. To achieve conformal
printing for curvilinear substrates a more sophisticated motion system is
required that can adequately move and position the substrate at an ortho-
gonal angle of print incidence. There exist advanced motion systems like
5-axis trunnion-based printers that utilize two rotational axes in addition to
3D linear motion to fix the orientation of the substrate and nozzle at an
orthogonal print incidence regardless of substrate curvilinearity48,49. The
drawback of these systems is the machine complexity needed to achieve
complete 5-axis control, which can prohibitively raise cost when scaling up
to commercial-level manufacturing. A less complex alternative for con-
formal printing onto curvilinear surfaces is to use amotion systemwith one
axis of rotation. With rotation around just one axis, it is possible to move a
nozzle circumferentially around radial curvature, which is ideal for con-
formity around curved 3D shapes like cylinders. One-axis rotation does not
fully solve the problem of conformity onto multidirectional curvature (e.g.,
spherical surfaces); however, there are a number of conformal applications
that can be unlocked just by utilizing a motion system with cylindrical-
coordinate capabilities.

There are specific application needs for conformal electronics on
3D rotational bodies that would benefit from a simple yet versatile AM
technique. For example, catheters and inflatable catheter balloons,
which are inherently cylindrical and rotatable around a single axis, are
used in surgical procedures throughout the body such as endoscopy 50,
angioplasty 51, and elution-based drug delivery 52. The cylindrical 3D
body and soft-material surface of these catheters make it difficult to
directly add conformal electronics, with a few demonstrations of con-
formally adding functionality for tactile detection53, temperature
sensing54, and ablative procedures55,56. The methods used to realize these
limited demonstrations were all related to soft lithography with a
transfer process that placed electronics onto the catheters57–60. However,
these techniques require a secondary substrate to be used with the
catheter, can only provide semicircular conformity, and require multi-
step conventional processing. Alternatively, AJ printing shows great
potential for conformal DW fabrication of electronics on catheters. In
works by Jordan et al. and Will et al., AJ printing was used to fabricate
resonant circuits on the surface of catheters to provide low-profile
tracking of the catheter during MRI procedures61,62. Although the
authors demonstrated functional conformal devices on catheters, they
both used strictly cartesian movement systems that limited their fabri-
cation to a process requiring multiple printing steps and manual inter-
action to correctly fix the substrate under the nozzle. By utilizing a
cylindrical-coordinate motion system with rotational control, the lim-
itations of cartesian AJ printing could be overcome and conformal DW
printing onto catheters would become trivial such that full designs could
be patterned in a single print step.

In this work, we developed a custom solution to achieve conformal AJ
printing onto flexible curvilinear surfaces and 3D rotational substrates that
utilizes lathe-based cylindrical-coordinatemotion to rotate a substrate fixed
on an axis. Evidence of the effect of print incidence on conformal printing
applications is presented, along with a thorough exploration of the lathe AJ
printing (LAJ) technology—coined for its similarity to the function of an
axially rotating lathe. This printing technique allows for cartesianmotion to
be translated into 3D cylindrical rotation, which is ideal for conformity on
3D curvature. The mechanisms of operation are presented along with a full
characterization of mechanical performance down to the micron scale. The
capabilities of the LAJ printing method are highlighted by demonstrating
multiple applications of the technology with relevancy to flexible and sus-
tainable electronics, complex-geometry conformal printing, as well as
catheter-based electronic devices. In the final demonstration, we demon-
strate DW printing of flexible electronics onto inflatable catheter ballons,

which could simplify the integration of electronics in the many medical
procedures involving catheters and catheter balloons. Notably, we
demonstrate that our system is applicable for any catheter with substrate
dimensions under 40mm in diameter, emphasizing that LAJ printing can
be employed for conformal on catheter electronics with many possible
applications.

Results and discussion
Lathe printer attachment conceptualization and design
To achieve cylindrical-coordinate-based control of printing, a custom
attachment for the x–y platen of a commercial AJ printer (Optomec AJ300)
was developed, as shown in Fig. 1. In the computer aided design (CAD)
diagram of the lathe mechanism, the various features that provide the lathe
functionality can be readily identified. The primary feature worth noting is
the mechanism for translating linear motion in the cartesian x-axis to
rotational motion in the cylindrical θ-axis while maintaining linear motion
in the axial direction along the y/z-axis. This translation is achieved by the
rack, pinion, and axle clamp, which serve as the junction between the
printer-controlled platen and the suspended rotating axle. The pinion is
affixed on an axis above the rack by a linearmotion shaft with screw-tapped
ends that allow for on-axis attachments like the pinion and axle clamp. The
pinion interlocked with the platen-fixed rack provides the rotation to the
suspended axle, and the axle clamp, which locks onto a ball bearing in a
guide rail, providing the linear motion to the shaft regardless of position on
the x-axis (see Fig. 1a). This shaft is suspended above the rack by a position-
adjustable support with two ball bearings to allow smooth rotation. This
support is attached to the printer body separately from the platen and has
adjustable guides to set the rotating axle directly under the nozzle tip.
Depending on the direction of the platenmovement, the suspendedaxle can
freely rotate within the bearings, slide through the bearings to allow linear
axialmotion, or both simultaneously. The length of the shaft determines the
range of axial motion, and full circumferential rotation enables deposition
onto substrates of any diameter <40mm, which is the largest substrate-
holdingmandrel that can be fit under the nozzle (see Supplementary Fig. 2).
The significant advantage of utilizing a platen-mounted rack to translate
linear motion to axial rotation is that this is a readily scalable solution, such
that multiple suspended axles can be supported by the system without the
addition of any motors or components beyond the additional substrate-
supporting mandrels.

Using thismechanism, cylindrical-coordinate LAJprinting is achieved,
making it possible to conformally print around the entire circumference of
rotationally symmetric bodies without manual interaction. Examples of
substrates that this configuration can conformally print onto includeflexible
films wrapped around cylinders, 3D rotational solids (cylinders, cones,
helices, etc.), and hollow rotational solids such as tubing or balloons.
Cylindrical bodies are the ideal case for this system, as the print incidence
will be perfectly normal for the entire curved surface. However, with the
mechanism it is possible to conformally print around 360° of rotation for
any solid with a definable axis, which supports a high degree of applicability
to any number of substrate geometries.

Significance of the angle of print incidence in conformal printing
The angle of print incidence for AJ printing is defined here as the angle
between the target substrate and the aerosol stream that is responsible for
material deposition onto the substrate. In the ideal printing scenario, the
angle of incidence is always kept at 90° such that the deposition is normal to
the substrate and factors affecting thin-film formation (e.g., surface
hydrophobicity, inclination) are limited63–65. Maintaining normal incidence
during deposition is important because at increasing degrees of hydro-
phobicity, a droplet has less surface adhesion and will roll across a surface
more easily at oblique angles of incidence. Through the practice of treating
surfaces to lower hydrophobicity and keeping the print nozzle orthogonal
over the substrate, print adhesion improves greatly for a variety of sub-
strates. In planar AJ printing onto a flat substrate, it is trivial to maintain
normal incidence; however, for conformal printing applications where the
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substrate topography presents varying degrees of nonplanarity, the ideal
normal incidence is almost entirely lost with planar AJ printing. While the
loss of normal incidence does not strictly mean an inability to print con-
formally, it does establish adiscrepancy fromthe assumed ideal case thatwill
create issues in print uniformity and design at increasingly steep angles of
incidence. An example of this issue is presented in Fig. 1c–f, wherein planar
and LAJ conformal printing of graphene ink onto a polyimide sheet
wrapped about a cylindrical body is compared. The illustration in Fig. 1c
shows that for planarAJ printing, the angle of print incidence is only normal
at the acme of the cylinder (position 1) and continues to increase as the
cylinder slopes away from the x-axis (positions 2 and 3). In contrast, LAJ
printingmaintains normal print incidence around the entire circumference
of the cylinderbecauseof theθ-axis rotationof the substrate,whichholds the
three positions as the acme of the cylinder directly under the nozzle
throughout printing. It should be noted that in this experiment, the standoff
distance for the planar case is also increasingwith angle of incidence because
the nozzle is not actively moving in the z-axis to correct for the change in
distance above the substrate. However, even with active z-axis control the
angle of incidence will be non-orthogonal and achieving adequate con-
formity around a circumference remains a major challenge.

The significance of the differencebetweenplanar andLAJprinting on a
curved surface becomes visually clear in Fig. 1d when looking at the quality
of printed traces between the twoprintmethods at positions 1, 2, and3 (each
~5.9mm apart). At positions 1 and 2, the planar and lathe approaches
produce visually consistent traces because of the near-normal incidence in

the planar case. At position 3, however, when the angle of incidence is
steepest (>160°) for the planar approach, the printed trace becomes thin and
patchy in comparison to the lathe printed trace, whichmaintains a uniform
appearance consistent with positions 1 and 2. Cross-sectional thickness
profiles of these printed traces at the corresponding positions are shown in
Fig. 1e, f for the planar and lathe approaches, respectively. The planar traces
exhibit nonuniformity in thickness between the three positions, whereas the
conformal traces produced by LAJ printing are effectively the same thick-
ness regardless of position thanks to rotation of the substrate keeping the
incident anglefixed. From this demonstration, it is shown that for successful
conformal printing onto 3D curved substrates it is critical to use a system
with rotationalmovement because a planar cartesianmotion system cannot
provide normal print incidence for curved features of any kind.

Translation of motion and the importance of the diametric ratio
The ratio between the substrate diameter (DS) and the piniondiameter (DP),
referred to as the diametric ratio (DS/DP) is of critical design importance
because it can amplify or diminish the actualmotion and print speed for the
substrate under the nozzle. If the two diameters are equal, the x- and y-
directionmovement of the printer platen is translated at a 1:1 ratio with the
θ- and z-direction movement of the rotating substrate. However, if the
diameters are unequal then the translation of the x-direction platen
movement to the θ-direction mandrel rotation will be multiplied by the
diametric ratio, as illustrated in Supplementary Fig. 3. As a result, the true
displacement (d) andprint speed (v) of the rotating substrate in the θ- and z-

Fig. 1 | Lathe aerosol jet (LAJ) printing mechanism and the impact of angle of
print incidence on conformal films. aCADdiagram of LAJ printer attachment and
closeup image of the rack and pinion with axle clamp. b Picture of LAJ printer
attachment secured to the printing system with deposition nozzle located above
cylindrical rotating mandrel. c Illustration of the angle of print incidence for planar
(stage linear motion in x) and lathe (substrate rotational motion in θ) AJ printing.
d Images of planar and LAJ printed graphene traces at positions 1, 2, and 3 separated

by ~5.9 mm for eachmethod (dashed line indicates cross-section location with scale
bar of 250 µm). e Thickness profiles across the width of planar AJ printed graphene
traces at positions 1, 2, and 3—note the significant drop in thickness at position 3
where the incident angle was ~75°. f Thickness profiles across the width of LAJ
printed graphene traces at positions 1, 2, and 3 showing consistency of thickness
distribution at each site.
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directions will differ from the movement and print speed of the planar
platen according to the four equations provided in the Supplementary
Information.

Although it is ideal to match the diameters of the pinion and a given
substrate, it is much easier to acknowledge the difference in the two dia-
meters, as mapped out in Supplementary Fig. 4. For the work presented
here, four pinions were testedwith diameters of 7.5, 15, 25, and 50mm, and
a 15mm cylindrical mandrel (Supplementary Fig. 5) to vary the diametric
ratio as illustrated in Fig. 2a. Due to the effect of the diametric ratio, it is
important to adjust the design file by either elongating or shortening
dimensions in the θ-direction to achieve the desired pattern. In Fig. 2b, the
as-printed traces for eachof the diametric ratioswere imaged, and each trace
is shown to be 10mm in length as intended, despite the diametric ratio
affecting the design dimensions. Since the diametric ratio will also have an
effect on the rotational speed, it is important to consider how the true
rotational speed of the substrate will impact printing. For the graphene
traces, a linear print speed of 2mm/s was set for the motorized platen, and
the actual print speed of the rotating mandrel was determined according to
the diametric ratio, as plotted in Fig. 2c for the four example cases. In this
plot, the thickness of the printed traces is also provided relative to the true
print speed.Aswould be expected, for faster print speeds at higher diametric
ratios the printed traces become thinner thanwhen they are printed at lower
diametric ratios with slower print speeds. Consequently, for the thicker
traces printedwith the lowest diametric ratios there is substantially less sheet
resistance than for the relatively thinner traces produced at higher ratio
values, as shown in Fig. 2d. This trend in sheet resistance is also expected, as
the thicker traces contain a higher density of conductive material and thus
exhibit lower sheet resistance than the thinner traces with less material.
These results (Fig. 2) highlight the importance of understanding and
characterizing the effect of the diametric ratio on LAJ printing so that
appropriate design choices can be made.

Characterizing performance of lathe mechanism
Considering the customnature of this lathemechanism prototype, it was
critical to determine the accuracy of movement that is provided by the
translation to cylindrical-coordinate motion. To measure the accuracy

achieved by the lathe system, graphene traces were printed with center-
to-center pitch from 500 µm down to 20 µm in both the circumferential
ðθ̂Þ and axial ðẑÞ directionswith a 1:1 diametric ratio (Supplementary Fig.
6). From the observed precision between the designed and measured
pitch between lines, as shown in Fig. 3, the lathe mechanism was
demonstrated to have controllable and accurate movement down to
20 µm in the circumferential and axial directions. Both the achieved
resolution and uniformity of the lathe printing process on a cylindrical
substrate are equal to the capabilities of planar printing onto flat surfaces
because parity is provided by the rack and pinion motion translation
mechanism. Additionally, to show the circumferential and axial direc-
tions can also be accurately moved simultaneously, traces were printed
with center-to-center pitches of 500 µm down to 50 µm in ±45° angles
relative to the axial direction with a 1:1 ratio (see Supplementary Fig. 7).
Lastly, to verify that the lathe system accuracy is highly repeatable and
maintained throughout printing, an experiment was devised in which
the word “Duke” was printed three times in rapid succession with a 1:1
ratio and overlaid in the same location each time for print speeds of 2, 4,
6, 8, and 10 mm/s. The resulting prints are shown in Supplementary Fig.
8 with videos of the lathe mechanism operating at print speeds
4–10 mm/s provided in Supplementary Movie 1. The distinct lack of
shifting and the clearly legible “Duke” for each of the print speeds is
indicative of the accuracy and repeatability of the lathe mechanism
across multilayer and variable-speed printing.

Conformal and flexible electronic devices using LAJ printing
To demonstrate conformal and flexible electronics fabricated with LAJ
printing, electronic devices of resistive traces, capacitors, and thin-film
transistors (TFTs) were printed onto flexible substrates wrapped
around cylindrical mandrels with a 1:1 diametric ratio. First, it was
discovered that the resistance of infilled traces of printed graphene is
dependent on the arc length (defined by the central angle and radius of
the arc) and the infill direction, with axial infill yielding higher resis-
tance at longer arc lengths, as seen in Fig. 4a. Resistance was measured
in a two-terminal fashion by positioning micromanipulator probes at
the ends of the long side of a trace. The two infill directions were tested

Fig. 2 | Characterization of lathe system translation ofmotion. a Illustration of the
ratio-adjusted design of lathe aerosol jet (LAJ) printed graphene traces for the four
diametric ratios studied. bMicroscope images of LAJ printed graphene traces using
different diametric ratios, scale bar is 1 mm. c Thickness of graphene traces and

rotational print speed for different diametric ratios with error bars indicating
standard deviation using n = 3 samples for each ratio. d Plot of sheet resistance for
graphene traces printed using different diametric ratios with error bars indicating
standard deviation using n = 3 samples for each ratio.
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by printing graphene traces along the circumference of a substrate-
wrapped 15 mm diameter mandrel with different central angles of 5°,
15°, 45°, and 90° defining the arc lengths. These traces exhibitedmostly
similar values of resistance up to an arc length of 11.78 mm (central
angle of 90°), where the resistance of the arc trace began to deviate from
previous values. This deviation is due to the axial-infilled trace being
printed perpendicular to the arc length direction, which uses more
individual microstrip lines to form a given trace. In contrast, the

circumferential-infilled trace used longer printed lines with increasing
arc length, but the number of lines used to form the trace remained the
same. Thus, the circumferential-infilled traces maintained a linear
resistance across increasing arc lengths while the axial-infilled traces
showed a jump to higher resistance for long arc lengths because it was
composed of more individual lines than the circumferential infill.
Therefore, the infill patterns for the materials throughout this work
were chosen in accordance with having the fewest individual lines

Fig. 4 | Lathe aerosol jet printed graphene and
CNT-TFTs. a Resistance comparison between
multiple arc lengths of graphene traces using dif-
ferent infill directions with error bars indicating
standard deviation using n = 3 samples for each data
point. b Resistance comparison between graphene
traces printed on substrate-wrapped mandrels of
different diameters and arc lengths. c Normalized
capacitance across frequency for graphene/CNC
capacitors. d Charging and discharging curves for
graphene/CNC capacitors. e Fabrication process
flow for LAJ printed CNT-TFTs on paper substrates
on a 25 mm mandrel. f Device subthreshold char-
acteristics of CNT-TFTs (inset is picture of devices
with channel length and width of 225 and 200 µm,
respectively). Data for both curves represent the
average (solid line) ± the standard deviation (shaded
region) for seven devices.

Fig. 3 | Determining the resolution of the lathe
system motion. Plotted comparison of targeted
pitch to the actual measured pitch for the
a circumferential and b axial directions with error
bars indicating standard deviation using n = 4
samples for each data point and the dashed line
representing a 1:1 relation between the targeted and
measured pitch (insets are magnified plots of the
smallest pitches).
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being printed for each geometry on a device layer to ensure consistent
resistance.

In Fig. 4b, resistive traces of varying arc length were printed along the
circumferences of 15- and 25-mm diameter mandrels using a diametric
ratio of 1:1 and circumferential infill. Regardless of substrate diameter
between the two mandrels, the resistance of the traces showed an expected
trend of increasing resistance with arc length. These graphene traces were
then measured by the four-point probe method and a relatively consistent
range of sheet resistance values was observed across increasing arc length
between the twomandrels (Supplementary Fig. 9). These results indicate the
reliable performance of LAJ printing along increasing circumferential
dimensions while also showing scalable application to substrates with dif-
ferent diameters.

While successful single-layer LAJ printing of electronic materials was
critical to establish, the ability to fabricate multilayer electronics is more
difficult and relies on accurate patterning and positioning between layers to
achieve correct functionality. Given that AJ printing has shown great
potential for producing eco-friendly and sustainable devices such as all-
carbon recyclable electronics66, cellulosenanocrystal (CNC), a carbonaceous
ionic dielectric material, was chosen for use in the presented multilayer
electronics as an insulating layer. To demonstrate a three-layered carbon-
based device, a two-plate capacitor of graphene contacts and CNC was
fabricated on a paper substrate wrapped around a 15mmdiametermandrel
using LAJ printing at a 1:1 ratio (Fig. 4c, d). The normalized capacitance
across frequency for the capacitors of 0.81mm2 overlapping plate area
decreases in a nonlinear fashion in accordance with the ionic nature of the
CNC dielectric67,68. Furthermore, under applied voltages of 0.5, 1, and 2 V,
exponential behavior of the capacitor charging and discharging currents is
observedwithmeasured leakage current for the 2 V case that diminishes for
the lower voltages. These results demonstrate that simple multilayer elec-
tronic devices are readily fabricable with LAJ printing.

By expanding to four layers and using a top-gate transistor design that
includes printed carbon nanotubes (CNTs) as the semiconducting layer,
TFTs were fully LAJ printed on paper in accordance with the process flow
illustrated in Fig. 4e. Briefly, source and drain contacts of graphene along
with fiducial marks were printed onto a paper substrate mounted on a
25mm diameter cylindrical mandrel. Then, the CNT channel was printed
to bridge the two contacts followed by the CNC gate dielectric and a gra-
phene top gate, all of which utilize the fiducial marks for correct alignment
between the four TFT layers. It is worth noting that the toluene-based CNT
inkused for thesedevices couldpose somecompatibility issues for substrates
that display susceptibility to the toluene content, in which case, an alter-
nativewater-onlyCNTink shouldbeused to avoid anynegative interactions
between ink and substrate69. The switching characteristics of these TFTs are
shown in Fig. 4f, wherein the drain current (ID) and gate current (Ig) were
measured for applied gate voltages (VGS) from −1 to 1 V with a constant
drain to source voltage (VDS) of −0.5 V. The measured CNT-TFT devices
possess repeatable and consistent switching behaviorwith an on/off-current
ratio of ~102 and a full sweep range of only 2 Vdue to the ionic nature of the
CNCgate dielectric drastically lowering the threshold voltage requirements.
These devices have similarly low threshold voltage requirements (VT < 1 V)
and comparable device current ratios (ION/IOFF: 10

2–103) to previous
examples of all-carbon printed TFT devices on paper despite the presented
devices having no added ions or treatment to the wrapping polymer in the
CNT channel66. However, these devices also suffer from a relatively high
level of gate leakage current (Ig > 1 nA) that is a notable problem of devices
with ionic dielectrics. The successful printing of these three-terminal,
multilayer devices further corroborate the versatility and accuracy of LAJ
printing across multiple layers and for different materials and substrates.
LAJ printing is demonstrably capable of fabricating electronic devices onto
nonplanar surfaces for conformal and flexible electronic applications alike.

Conformal printing onto complex shapes with LAJ printing
From the demonstrations already presented, it is clear that LAJ printing
achieves ideal orthogonal print incidence for conforming onto cylindrical

bodies and flexible substrates bent around a convex radius. Coincidentally,
without any modification to the actual lathe mechanism, the LAJ printing
system also allows the print nozzle to be positioned at the focal point of
concave curvature, as shown in Fig. 5a for a 15mm diameter hollow half
cylinder. In Fig. 5b, c, example patterns of graphenewere deposited onto the
concave mandrel with and without a fixed substrate to show that this setup
can also be used to print onto flexible substrates bent into a compressive
state at a concave angle.

Despite offering a simple and efficient method for conformal printing
onto cylindrical curvature, the lathe-based approach still has limitations
when working with multidirectional curves like spherical surfaces and
nonuniform 2D curvatures. For complex geometries like these, the current
maneuvering capabilities of the lathe prototype cannot achieve the ideal
normal print incidence of 90°, and it may be better to consider systemswith
advanced functionality like the 5-axis printer. However, because of the
standoff distance and jet-stream deposition of AJ printing, getting
approximate uniformity in a printed trace is still possible for moderate
angles of non-normal incidence. This tolerance of moderately non-normal
incidence in conformal applications is demonstrated for LAJ printing in
Fig. 5d, e by printing silver nanowires (AgNWs) onto a 3D-printed conical
mandrel with a taper angle of 15°, resulting in a non-normal print incidence
of 105° across the cone. For different substrates (e.g., cylindrical, conical,
flat), the effects of printing with non-normal (oblique) incidence are iden-
tical anddeterminedby the angle of print incidence from thenozzle position
relative to the substrate43. In situationswhere the angle of incidencebecomes
increasingly oblique, like the example in Fig. 1 of printing onto a cylinder
usingplanarmovement, itwasobserved that thickness anduniformityof the
printed films will quantifiably reduce. Oblique incidence will similarly
impact cylindrical printing onto conical substrates, resulting in negligible
effect for small taper angles but forming thinner and less defined printed
traces for large tapers with extreme obliquity. As a further example of the
adaptability of conformalAJ printing for small angles of obliquity, a 1000 µL
pipette tip with a gradual taper of 7.5° was used as the substrate for a
conformal graphene helix, which was printed spiraling down the length of
the pipette tip from its narrow end as imaged in Fig. 5f, g. These examples
serve to represent the tolerance of LAJ printing to gradual multidirectional
curvature with its simple motion, however, there will still be limitations to
the conformal complexity that canbe realizedwithout adding further axes of
control.

Catheter balloon functionalized with on-surface LAJ printed
graphene sensor
Successfully fabricating conformal electronics onto 3D curvilinear sub-
strates like cylinders is anon-trivial challenge thatLAJprinting iswell-suited
to solve in a simple and readily scalable fashion.However, AMof conformal
electronics becomes increasingly difficult for substrates like catheters and
catheter balloons, which possess soft polymeric surfaces and non-rigid
inflatable bodies that add complication to the print process. Although dif-
ficult to achieve, conformal fabrication of electronics directly onto catheter
substrates is an important step in advancing catheter device technology for
use in critical medical applications ranging from cancerous tissue
ablation56,58 to implanting long-term devices within the body70,71. During
these crucial medical procedures catheters are integral, yet knowledge of
conditions around the catheter such as temperature, contact/degree of
inflation, and external pressure are practically unknown without built-in
electronic functionality.

To enable the fabrication of conformal electronics onto catheters and
catheter balloons, LAJ printingwasmodified to include a system for on-axis
inflation that permits hollow and inflatable rotational bodies to bemounted
on the lathe mechanism, as portrayed in Fig. 6a. Since the on-axis inflation
required no other modification to the lathe mechanism beyond the inclu-
sion of a rotating air inlet, the system capabilities for printing onto any
substrate <40mm in diameter hold true, even for inflated catheters. In Fig.
6b, examples of six commercially available catheter balloons are plotted
according to the possible balloon diameters for the product and their
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medical application space72–77. Also indicated in this plot is the 14mm
diameter thermoplastic polyurethane (TPU) catheter balloon used in this
work, as shown in Fig. 6c, which is sized to be used for endoscopic
applications78. These catheter dimensions compared to the compatible
range of the lathe systemmake evident that the lathe mechanism presented
in this work can be utilized for essentially any sized catheter regardless of
medical application.

The six-step fabrication process flow for LAJ printing onto the inflated
catheter balloon is detailed in Fig. 6d. The first pretreatment step is critical
for cleaning the balloon substrate and improving the surface adhesion
propertiesof thepolymericmaterial to ensure goodprint quality. Then, after
mounting the catheter and printing graphene traces onto it, an encapsu-
lating layer of polydimethylsiloxane (PDMS/silicone) is dripped over the
printedmaterial for a few reasons: to ensure printed films donot delaminate
from the surface during inflation/deflation, to provide a biocompatible
coating over the chosen printed material, and also to reduce noise for
printed sensors.

Using this fabrication process, a graphene meander line sensor was
printed directly onto the surface of the inflated 14mm TPU catheter bal-
loon, as shown in Fig. 6e and Supplementary Movie 2. Graphene was
selected for this sensor demonstration because of the environmentally
sensitive material properties it offers, which cause a resistive change in the
printed graphenebasedon temperature, stress/strain, andhumidity79.Given
that the graphene sensor is encapsulated by PDMS, humidity sensitivity is
removed from the sensor leaving behind sensitivities to temperature and
stress/strain. To demonstrate the value of having a functionalized catheter,
the normalized resistive change of the graphene sensor was measured
relative to temperature on the catheter balloon from 25 to 80 °C, which
encompasses physiological body temperatures as well as higher tempera-
tures that are important to consider when heating tissue for procedures like
catheter ablation. From the results in Fig. 6f, the sensor provides a resistive
change that is well modeled by the quadratic equation given in the figure
with an R2 value of 0.987.

Using the best fit quadratic equation, the average normalized percent
change in resistance can be calculated for any temperature in the modeled
range, which can then be used to estimate the sensitivity of the sensor. For
example, the sensitivity of the sensor is calculated as �0:42%

°
C in the body

temperature range of 35–42 °C whereas the sensitivity for 42–80 °C is
�1:48%

°
C. This difference in sensitivities is due to the quadratic nature of the

resistive response to temperature, however, future designs will modify the
graphene sensor to be most sensitive in the body temperature range in
addition to reducing measured noise in the data caused by contact incon-
sistencies. These improvements will be achieved through optimized design
tuning of the print parameters controlling graphene density in the film as
well as the overall thickness while also revising the contact method for
measurement to eliminate erroneous noise signals presenting in the data
from the simple contact approach.

Furthermore, because the graphene sensor also exhibits a response to
mechanical movement independent of temperature response, the sensor
could be used for the secondary function of detecting inflation and deflation
of the catheter balloon in real time as shown in Fig. 6g. When inflated, the
graphene sensor on the catheter balloon is held taut in its originally printed
position and shows little change from the initial resistance value. However,
when the catheter balloon is deflated, the graphene sensor crumples upwith
the balloon surface and the sensor drops into a low-resistance state with a
distinct 18%change fromthe initial resistive value.Drift of the resistive value
for the inflated state is attributed to mechanical forces acting on the printed
graphene film during the initial inflation/deflation cycles. Through collapse
and expansion, the thin-film graphene eventually evolves into amore stable
morphology and an approximate steady state is reached. For the graphene
sensor on the catheter surface, drift of the inflated state resistive valueR0was
characterized in Supplementary Fig. 10, which shows that the sensor had an
initial R0 of ~8.9 kΩ that reached a relatively steady state value of ~10.6 kΩ
after 18–20 cycles. In Fig. 5g, inflated and deflated states were detected
during cycles 13–20 with a drift of ~1.5% in the inflated resistance value,
which is smaller than the resistive change due to deflation and less than the

Fig. 5 | Lathe aerosol jet printing onto complex substrates. a Picture of AJ print
nozzle fixed at the focal point above a concavemandrel. Pictures of printed graphene
in b a meander line onto concave mandrel and c parallel lines on concavely bent
paper substrate. d Picture of conical mandrel with printed AgNW traces. e Pictures

of LAJ printing along the length of conical mandrel showing movement up the
length of the cone after 5 s of printing. Pictures of f printing a graphene helix on
1000 µL pipette tip and g a magnified view of graphene helix on the pipette tip.
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drift during the wearing-in cycles of a new sensor. With LAJ printing this
sensor with two optional functionalities was trivial to fabricate directly onto
the catheter balloon such that no secondary substrate or additional pro-
cessing was required. The capabilities of lathe-based AJ printing coupled
with themodularity of the lathemechanismensures that thismethodofDW
printing can be used for virtually any catheter without requiring interaction
or modification of the mechanism.

We have developed a mechanism for actively translating cartesian-
coordinate motion to cylindrical-coordinate motion for use in the AM of
conformal electronic devices, specifically by using AJ printing. This lathe-
like mechanism in combination with AJ printing enables fully controlled
and high-resolution fabrication of thin-filmmaterials and electronic devices
onto 3D rotational shapes that are difficult to accommodate without using
more complex 5-axismotion systems, which are significantly expensive and
difficult to scale. The most unique application of this mechanism is
demonstrated by printing flexible electronic sensors directly onto an
endoscopic catheter balloon. Functionalized catheters are very difficult to
produce, and although there are existing AM methods that have demon-
strated fabrication of catheter electronics, the lathe-based approach pre-
sented here is low-cost, efficient, and simply designed for easy scaling to
commercial production demands. Additionally, given themodularity of the
mechanism design, LAJ printing can be employed to produce conformal

electronic devices in a number of versatile applications including for any
commercially available catheter or catheter balloon.

Methods section
Materials
Materials used in this work for building the lathe mechanism include
polyethylene terephthalate glycol (PETG) filament purchased from Pru-
sa3D for making custom 3D-printed components, and mechanical com-
ponents including rods, gears, and fasteners, whichwere all purchased from
McMaster-Carr. Graphene ink containing exfoliated graphene flakes was
purchased fromSigma-Aldrich (808261-10ML) at a concentration of 10 wt
%anddiluted for printing bymixingwith deionized (DI)water at a 1:2 ratio.
CNCs were purchased from Cellulose Lab Inc. (CNC-Slurry-HS) with a
concentration of 10 wt% in water. The CNC ink was then prepared for
printing by diluting with DI water to a concentration of 6 wt% and dissol-
ving 0.05 wt% of NaCl into the solution for optimal ionicity. The CNT ink
was purchased in a toluene solution from Nanointegris (IsoSol-S100) at a
concentration of 1mg/20mLwith a 99.9%purity of semiconductingCNTs.
The CNT ink was prepared for printing by diluting with additional toluene
down to a concentration of 0.01mg/mL. AgNWs with a 70 nm nanowire
diameter were purchased from Sigma-Aldrich (807826-25ML) and diluted
to a 10mg/mL concentration in DI water with 0.01 wt% of hydroxypropyl

Fig. 6 | Lathe aerosol jet printing for smart catheter functionalization. a CAD
diagram and picture of lathe mechanism showing the pathway for pumped air to
achieve on-axis catheter balloon inflation. b Comparison plot of commercial
catheter balloon diameters relative to lathe system range, which can support up to
40 mm diameter. c Picture of 14 mm diameter inflatable catheter balloon used for
demonstration and relevant for endoscopy procedures. d Fabrication process for

graphene sensor on catheter balloon. e Picture of LAJ printing graphene meander
line sensor around the circumference of inflated catheter balloon. Plots of normal-
ized resistive change of printed graphene sensor f versus temperature showing
sensitive response and polynomial modeling with high R2

fit and g over time as the
catheter balloon is inflated and deflated illustrating the ability of the sensor to
monitor inflation.
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methylcellulosemixed in to improve print quality. All inks were agitated on
a vortex shaker prior to use to redisperse any settling of the inks and ensure
homogeneity before printing. Flexible substrates in this work include gloss
white paper used as-is, and 127 µm thickKapton, whichwas treated in a 1M
potassium hydroxide (KOH) solution for 10min to improve surface adhe-
sion for printing. The TPU catheter balloon substrates with cylindrical body
diameters of 14mmwere provided by Symple Surgical and pretreatedwith a
10-min KOH treatment identical to the Kapton preparation. A Sylgard
184 silicone elastomerkitwith a two-part 10:1mixtureof base to curing agent
wasused fordrip-coatingPDMSonto theprinted graphene sensor to serve as
an encapsulation layer. A two-part silver conductive epoxy from Electron
Microscopy Sciences was used to attach copper wires to the catheter-based
printed graphene sensor for ease of measurement during testing.

Aerosol jet printing process and parameters
The direct-write AMmethod of AJ printing used throughout this work was
performed on an AJ300 printer from Optomec with a motorized planar
platen andultrasonic atomizationAJ printing system. TheAJ300motorized
platen and ultrasonic bath were kept at room temperature and 20 °C,
respectively, across all printing, which was done with a 150 µm diameter
print nozzle. The other relevant printer parameters of atomizer flow, sheath
flow, ultrasonicator current, and print speed, which were used during AJ
printing varied depending on the ink being atomized and jetted. These
parameters are listed for each of the four inks used in this work in Sup-
plementary Table 1.

Lathe aerosol jet (LAJ) printing
The LAJ printing attachment was custom designed with all relevant
components having beenmodeled using CAD in CSTMicrowave Studio
and prepared for 3D printing by PrusaSlicer. The attachment was
assembled and fastened into a singlemechanism using 3D-printed parts,
mechanical components, and various metal screws, which were used for
joining assembled pieces and fixing the attachment to the Optomec
AJ300 printer. All 3D-printed plastic (PETG) components were man-
ufactured using an Original Prusa i3 MK3S+ fused filament deposition
3D printer. The two separate portions of the lathe attachment were fixed
to the AJ300 in two locations: the upper portion of the attachment that
consists of the suspended axle and positioning systemwas attached to an
arm above the AJ300 motorized platen; and the interchangeable lower
portion of the attachment, a 3D-printed housing for the rack and axle-
clamp guide, was affixed to the edge of the AJ300 platen. Patterned
design files for commanding the movement of the AJ300 platen into the
lathe mechanism were created in AutoCAD software using cartesian
coordinates and modified according to the diametric ratio. The dia-
metric ratio that determines the translation of motion between the
planar platen and the substrate-holding rotatingmandrel was accounted
for in all designs by multiplying the x-axis dimensions by the diametric
ratio. The diametric ratio was ideally kept as close to 1:1 as possible for all
prints with four available pinion options of 7.5, 15, 25, and 50 mm. All
four pinions used the same gear module of 0.5 with the number of teeth
increasing for larger diameter pinions but ensured that only one rackwas
needed for all testing.

Whenever LAJ printing was used with a flexible film substrate (paper
or Kapton), the film would be wrapped around a 3D-printed cylinder of a
chosen diameter to serve as the rotating mandrel for the substrate. After
mounting the rotating mandrel and substrate on-axis, the axle position was
fully leveled and normally oriented under the print nozzle using the built-in
positioning rods and a bubble level. Once the upper portion of the lathe
attachment was fixed in position below the nozzle, the lower portion with a
pinion-specific assembly was screwed onto the end of the AJ300 platen.
Then, the two portions of the lathe attachment were connected by screwing
the guided axle clamp onto the end of the suspended axle with the pinion
fixed in line with the rack. After these steps, the lathe mechanism was
complete and the AJ300 ready to be used for lathe-based AJ printing onto
curvilinear targets.

Characterization of print morphology and trace resistance
To most easily analyze the quality of prints achieved by LAJ printing, gra-
phene ink was used for all visualization and testing in this work due to its
visibly dark and reliably dense deposition. Printed structures were imaged
using optical microscopy and dimensionalmeasurements for length, width,
and pitch were obtained from these images. Whole film profile measure-
ments were carried out using a 3D optical/laser confocal profiler (Keyence
VK-X3050) with a built-in interferometer to accurately determine height.
Raw data of profiles was then averaged using a rolling window of 25 data
points. Film thickness was measured for the different diametric ratios using
a probe tip profilometer (Bruker Dektak 150). Film resistance measure-
ments were obtained using a source measurement unit (SMU) (Agilent
B2902A) connected to a micro-probe station (Signatone H150W) with
probe tip positioned at opposing ends of each measured trace. Film sheet
resistancemeasurements were obtained using the same SMU in connection
with a four-point probe assembly (Jandel Multi Height Probe) with
0.635mm probe spacing. For all of these characterization modalities, it is
only possible to measure printed structures that are flattened onto a plane,
therefore, all the prints in this work (except catheter-based prints) were
characterized after being removed from the cylindrical mandrel and
adhered flatly onto a glass slide.

Fabrication and characterization of LAJ printed electronic
devices
To fabricate all-carbon capacitors with LAJ printing, a paper substrate was
wrapped around a 15mm diameter cylinder, which served as the rotating
mandrel. An initial layer of graphene was used to pattern the 1.5 × 2.6 mm
bottomelectrodesof the capacitors followedbya single pass for thedielectric
CNC layer, and a third layer of graphene for top electrodes of
0.45 × 1.88mm. The parallel-plate capacitors were then measured with
probes and a semiconductor device analyzer (Agilent B1500), which was
able to obtain capacitive measurements across frequency from 1 kHz to
1MHz. Then, using the same probe setup but attached to the SMU, char-
ging/discharging characteristics of the capacitors were measured with vol-
tages from 0.5 to 2 V.

To fabricate all-carbon TFTs, a paper substrate was wrapped around a
25mm diameter cylindrical mandrel, and graphene was printed to form
source/drain contacts andfiducialmarks in opposing corners for alignment.
These crosshairfiducialmarks provide a focusingpoint to correctly align the
nozzle height above the substrate and to adjust for any lateral misalignment
in the ẑ or θ̂ directions on themandrel with an alignment accuracyof ±5 µm
as determined by the systemmovement and the alignment camera used for
focusing. Then, byusing thefiducialmarks to align subsequent layers,CNTs
were printed to form a 225 µm long by 200 µm wide channel followed by a
CNC dielectric layer and finished off by a graphene top-gate contact. These
TFT devices were then tested by probing 1mm2 contact pads at the source,
drain, and gate and using an SMU to obtain full characteristicswith a source
todrain voltage of−0.5 Vandagate voltage swept from−1 to1 Vat a sweep
rate of 20mV/s.

LAJ printing with complex substrates
For the complex substrate LAJ printing demonstrations, the lathe
mechanism was used identically to how it was described previously
except a diametric ratio of 1:1 was only possible for the 15 mm concave
substrate. Therefore, when printing onto the PETGcone and the 1000 µL
pipette tip, the 15 mm pinion was used because it was closest to the
largest diameter of each substrate and thus allowed for less extreme
diametric ratios. In the concave substrate case, the only modification to
the print setup was to remove the nozzle shutter, which is normally used
to block the jetted material and provide cleaner patterning. A graphene
meander line with 1 mm trace widths was patterned directly onto the
concave PETG surface. Then, graphene pads with connecting traces
were deposited onto a concavely situated paper substrate. For the PETG
cone, two passes of AgNWs were printed using the previously reported
printer parameters. For the pipette tip, five separate lines of printed
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graphene were printed around the circumference of the pipette tip and
connected end to end to form a continuous helical trace starting from the
1 mm diameter end of the tip.

Catheter-based graphene sensor fabrication and testing
Beginning with a KOH-treated catheter balloon, the balloon was
threaded onto a hollow 3D-printed PETG axle and then mounted onto
the lathe mechanism with a freely rotating inflation port. The inflation
port was connected by tubing to an external pressure pump that was
used to keep the catheter balloon under constant inflation throughout
the print process. While inflated, a 7-turn graphene meander line with
trace width of 1 and 6 mm spacing between turns was printed onto the
cylindrical body of the catheter balloon with pads at each end for
electrical connection. Silver epoxy was used to attach copper wire leads
onto these graphene pads and allowed 1 h to cure for a rigid connec-
tion. Then, the entire sensor and epoxied pads were drip-coated with
the Sylgard 184 PDMS mixture. After coating, the sample balloon was
placed into an oven at 65 °C for 1.5 h to promote rapid curing of the
PDMS encapsulation layer without using a temperature that would
cause degradation of the TPU catheter balloon. Alternatively, a longer
room-temperature cure could also be used at this step to avoid heating
entirely.

To test the graphene sensor functionality, alligator clips were
attached to the epoxied copper wires and the resistance of the meander
line was measured by an SMU and recorded over time. To gauge the
change in resistance relative to a change in temperature, a MAX31855
Type-K thermocouple andAdafruit FeatherM0Bluefruitmicrocontroller
were used to measure the temperature on the catheter balloon surface
adjacent to the printed meander line. The temperature from the ther-
mocouple was measured in tandem with the resistance of the graphene
meander line and timestamped for each moment a measurement was
taken. This method provided a resistive value for each relative tempera-
ture as the device was tested by applying hot air over the catheter balloon
using a heat gun set to 400 °C. The device was tested in an inflated state, as
it would bewhenused in amedical settingwithin the body, and the change
in temperature versus change in resistance of theprintedmeander linewas
observed. Then, using the same testing setup the resistance of themeander
line was measured with respect to time as the pressure pump was turned
off and on to allow the catheter balloon to enter deflated and inflated
states, respectively.

Data availability
The data that supports the plotted results and findings of this study are
available from the corresponding author upon reasonable request.
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