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A B S T R A C T

Conformal printing offers a promising capability to integrate complex electronic functionality with intricate
objects consisting of curved surfaces. However, motion planning to support these printing configurations
presents a challenge, in part due to conventional reliance on tessellated surface representations that limit the
accuracy and scalability of the printing process. In this paper, we introduce a direct approach to conformal
aerosol jet printing on topographically complex surfaces, represented using non-uniform rational B-splines
(NURBS). Using the NURBS surface definition directly offers a scalable and continuous approach for toolpath
generation, which is well-aligned with standard computer-aided design practices. We select a patch that directly
corresponds to the area of interest on the NURBS surface and extract the associated surface points. These
surface points are then appropriately connected to generate the machine code (G-code) for a 3-axis printing
system. We demonstrate this capability by printing a strain gauge on a curved model of a wind turbine blade.
Our approach offers a promising avenue for manufacturing printed electronics with diverse applications that
require conformal printing. This approach is particularly valuable for incorporating printed circuits on intricate
underlying structures, including structural health monitoring for aerospace and civil infrastructure applications.
1. Introduction

Digital printing technologies fuel a broad trend toward increasing
the integration of electronic components with structures. However,
planar form factors remain dominant in practice due to simplicity in
both the physical manufacturing process and digital process planning
tools [1]. The planar nature limits the utility of printed electronics
to planar parts, drastically reducing the scalability and robustness of
the printing technology. In contrast, conformal printing methods in-
volve depositing functional material onto non-flat, 3D surfaces, creating
electronics that can conform to the contours of the object. Confor-
mal printing can ultimately facilitate the concept of functional objects,
particularly those with curved geometries. A variety of compelling
applications of conformal patterning technologies exist [2], including
in wireless communication [3], structural health monitoring [4], and
bio-integrated electronics [5].

The research community continues to explore different conformal
printing approaches. Contact printing methods, such as direct ink writ-
ing, pose challenges for conformal deposition due to their sensitivity to
nozzle-surface distance and collision avoidance requirements. Among
non-contact printing methods, aerosol jet printing (AJP) is a compelling
technology due to its high standoff distance of 1–5 mm, high-resolution
capability (≈ 20 μm), and compatibility with electronically functional
materials. In particular, the relatively larger standoff distance of AJP
increases its tolerance to nozzle-substrate misalignment and surface
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roughness, giving it an edge over alternative patterning methods such
as inkjet, electrohydrodynamic jet, and direct ink write printing. Its
considerable standoff distance has especially gained AJP relevance
in electronics packaging applications with 2.5D geometry [6,7]. A
recent demonstration of AJP on additively manufactured drone compo-
nents [8] shows a viable path away from more conventional 2D printed
circuit boards, enabling multi-functional electro-mechanical devices
and creating opportunities for lightweight designs.

The evolution of conformal AJP offers potential for novel applica-
tions but also introduces unique challenges regarding toolpath genera-
tion, substrate adherence at oblique angles, and material compatibility.
Specifically, toolpath generation presents a major bottleneck in the
process development and limits the utility of these methods that should,
in principle, support rapid prototyping. Given the significant bottleneck
in toolpath generation and the limitations of current planar printing
methods, there is a pressing need for innovative approaches that can
accommodate conformal AJP on non-planar 3D surfaces.

Ideally, a flexible printing framework should generate toolpaths
for creating custom electronic circuits on a non-planar surface, given
a computer-aided design (CAD) model of the underlying object. In
CAD, boundary representations (B-reps) are the de facto standard for
representing objects based on the boundary surfaces. The CAD software
primarily utilizes parametric representations of curved surfaces, specif-
ically non-uniform rational B-splines (NURBS), to define the boundary
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Fig. 1. Overview of our pipeline. We begin with a NURBS definition of a surface (highlighted by green box), allowing us to select a region of interest, as opposed to previous
pproaches that project a pattern on a tessellated representation (highlighted by red box). We evaluate the NURBS surface in this region of interest to generate toolpath points and
ubsequently use them for conformal ink deposition. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Nomenclature

AJP Aerosol Jet Printing
NURBS Non-Uniform Rational B-Splines
G-code Geometric Code
FDM Fused Deposition Modeling
SLA Stereolithography

surfaces. Traditionally, toolpath generation algorithms tessellate the
NURBS surfaces to triangles. However, owing to truncation errors
common during tessellation, there are inaccuracies associated with
the tessellated representations of the objects [9–11]. These errors are
usually extended to the toolpath generation process and often lead to
incomplete toolpath information. In addition, specifically in AJP, this
leads to inaccuracies in the standoff distance, reducing the quality of
the printed circuits. In extreme cases, it can also lead to collisions
between the print head and the base object, potentially damaging the
manufacturing equipment.

In contrast, directly using the NURBS surfaces to generate the
toolpath eliminates the truncation problem since they offer a level
of control and accuracy that is unmatched by triangles. However,
most slicing programs for toolpath generation utilize tessellated CAD
models, owing in part to the relatively simpler plane-triangle inter-
section algorithms for traditional slicing and also in part due to the
challenging nature of slicing parametric surfaces. However, previously,
NURBS-based CAD models [12] have been directly sliced for layered
manufacturing processes [13–15]. They have also been used for gen-
erating curved deposition layers for fused deposition modeling (FDM)
printing [16,17]. Computing toolpaths on freeform surfaces is simi-
ar to the computation of fiber paths in composites, which has been
nvestigated in previous studies [18,19]. Reference toolpaths can be
ound using a geodesic path, offset over the entire surface to de-
ermine parallel toolpaths [20]. Ravi Kumar et al. [21] investigated
hree different methods for computing geodesics on both parametric
nd tessellated surfaces, and showed that the most accurate method
f computing geodesics is directly on the NURBS surface. Following
he same concept, in this paper, we generate toolpaths for conformal
rinting directly using NURBS surfaces.
188
Traditional toolpath generation for extrusion 3D printing primarily
nvolves planar motion because the printing is performed layer-by-
ayer. Most 3D printing toolpath generation algorithms first slice the
D CAD model and extract the contours for each layer. The toolpaths
re then generated for the contour and infill operation. However, the
coordinate for each layer remains the same, and the print head is
oved only along the XY plane within each layer. This leads to planar
aterial deposition and often generates the commonly known staircase
ffect for curved geometries. For conformal AJP, the Z coordinate of
he print head must vary in conjunction with movement in the XY
lane to maintain the standoff distance, leading to conformal material
eposition. In this work, by utilizing a NURBS definition of geometry,
e can select regions of interest on a geometry of choice, selectively
ompute toolpaths for that region, and deposit a functional ink using
JP for the selected region without the staircase effect. Furthermore,
wing to the NURBS parameterization, we have more local control over
attern placement on the underlying object.
We propose an end-to-end framework for conformal aerosol jet

rinting that uses a standard 3-axis printer. We use the NURBS defi-
ition of the underlying object to directly generate the toolpaths for
onformal electronics. We then employ it to fabricate circuits on topo-
raphically complex surfaces. An overview of our approach is shown in
ig. 1. We begin with a NURBS definition derived from the CAD model
or computing toolpaths as opposed to the conventional approach of
rojecting patterns onto tessellated representations of the CAD model.
n essence, our contributions include:

• A conformal aerosol jet printing method directly utilizing the
NURBS definition of CAD models for toolpath computation and
generation.

• An approach to extract the NURBS sub-patch of a region of
interest and generate circuit patterns on topographically complex
surfaces.

• Application of conformal AJP framework to fabricate a functional
strain gauge circuit on a model of a wind turbine blade using a
3-axis printer.

The rest of the paper is arranged as follows. In Section 2, we provide
basic background on NURBS and aerosol jet printing. In Section 3, we
rovide details of our approach for curved toolpath generation using
URBS surfaces. We demonstrate our approach on two different NURBS
eometries in Section 4. We finally conclude and highlight possible
uture research directions in Section 5.
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2. Background and related work

2.1. NURBS representation and toolpath generation

We use the NURBS definition to represent the geometry of the
surface. In our approach, we use the NURBS definitions directly to gen-
erate the G-code for a toolpath inside a user-defined region of interest.
NURBS are the most general version of splines used to parametrically
represent curve surfaces. Formally, the position vector 𝐒(𝑢, 𝑣) describing
a point on the NURBS surface parameterized using (𝑢, 𝑣) is defined as:

𝐒(𝑢, 𝑣) =
∑𝑛

𝑖=0
∑𝑚

𝑗=0 𝑁
𝑝
𝑖 (𝑢)𝑁

𝑞
𝑗 (𝑣)𝑤𝑖𝑗𝐏𝑖𝑗

∑𝑛
𝑖=0

∑𝑚
𝑗=0 𝑁

𝑝
𝑖 (𝑢)𝑁

𝑞
𝑗 (𝑣)𝑤𝑖𝑗

. (1)

The basis functions of NURBS, 𝑁𝑝
𝑖 and 𝑁𝑞

𝑗 , are polynomials recursively
computed using Cox-de Boor recursion formula in Eq. (2), where 𝑢 is
the parameter value and 𝑁𝑝

𝑖 is the 𝑖th basis function of degree 𝑝.

𝑁𝑝
𝑖 (𝑢) =

𝑢 − 𝑢𝑖
𝑢𝑖+𝑝 − 𝑢𝑖

𝑁𝑝−1
𝑖 (𝑢) +

𝑢𝑖+𝑝+1 − 𝑢
𝑢𝑖+𝑝+1 − 𝑢𝑖+1

𝑁𝑝−1
𝑖+1 (𝑢) (2)

𝑁0
𝑖 (𝑢) =

{

1 if 𝑢𝑖 ≤ 𝑢 ≤ 𝑢𝑖+1
0 otherwise (3)

ere, the knots (𝑢𝑖) are the elements of the knot vector 𝐔 (similarly,
𝑖 ∈ 𝐕). The knot vector is a non-decreasing sequence of parametric
oordinates, which divides the B-spline into non-uniform piecewise
unctions. Intuitively, the knots determine the location of the control
oints in the parametric space. The basis functions 𝑁𝑝

𝑖 span the para-
etric domain based on the knot vector and degree as shown in Eqs. (2)
nd (3). Note that the formulation explained in Eq. (1) uses the vector
otation, where 𝐏𝑖𝑗 is the control point embedded in ℜ3. Fig. 2 shows
he mapping from the parametric space to the model space for a NURBS
urface.

Fig. 2. NURBS definition in parametric and its mapping to model space.

Several researchers have previously explored slicing for G-code
eneration from NURBS representation. These include using ray-casting
lgorithm [22], converting NURBS to circular arcs and cubic Bézier
urves [23], a box-plane intersection scheme [24] for contour gener-
tion, etc. The traditional triangle slicing approach cannot be directly
dapted to our work as our geometry is defined using a parametric do-
ain. As the end goal of the slicing operation is to identify points lying
n the surface of the geometry, we directly utilize the NURBS surface
efinition to generate the points on the surface. In our framework, all
perations are performed using the NURBS-Python library [25].

.2. Aerosol jet printing

In aerosol jet printing, a functional ink is atomized to produce 1–5
m droplets. A gas flow carries these droplets into a printhead, where
concentric sheath gas surrounds the aerosol stream and accelerates
t through a deposition nozzle [26]. The high velocity (≈ 10–100 m∕s)
erosol jet remains focused for 1–5 mm beyond the nozzle exit, en-
bling the high standoff distance and approximately line-of-sight pat-
erning crucial for conformal printing. Feng [27] has documented the
189
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variability of standoff distances and its effects on the flow of the aerosol
jet. Complex patterns can be fabricated additively by coupling the
aerosol jet printhead with a digitally controlled motion system.

Despite AJP being a promising candidate for conformal deposition,
even one-off demonstrations with idealized geometries (e.g., spheres
and cylinders) require time-consuming fixture design, toolpath devel-
opment, and alignment. Paulsen et al. [28] and Blumenthal et al. [29]
ere among the first to demonstrate the basic compatibility of AJP with
wide range of conformal electronics fabrication modalities, exploiting
he high print offset, digital nature, and line-of-sight patterning of
JP. Gu et al. [30] followed with a more systematic and detailed
pproach to printing fillets for electrical interconnections between
urfaces of different heights, a common challenge for microelectronics
ackaging. More recently, Vella et al. [31] and Gu et al. [32] provided
thorough studies for printing functional electronics on well-defined
3D objects, including cylinders and cones. Saeidi-Javash et al. [33]
nd Zeng et al. [34] demonstrated quasi-3D conformal AJP of 2D
anomaterials using a 3-axis printer. Additionally, Rosker et al. [35]
nd Werum et al. [36] demonstrated AJP with 3D additively manu-
actured substrates. Such applications form the current state of the art
hat can enable increased complexity of both the mechanical substrate
nd the additively patterned electronic devices to create multifunc-
ional structural devices. However, while these examples illustrate the
romise of AJP for conformal electronics fabrication, they are con-
trained by traditional motion planning strategies and are inherently
hallenging to scale.

.3. Strain gauges

In recent years, the study and application of strain sensors have
arnered considerable attention, attributed to their inherent capability
o detect and quantify geometric deformations in various materials.
uch deformations, whether induced by external forces or intrinsic
aterial properties, are indispensable for monitoring applications [37].
he fundamental operating principle of these sensors is the change
n resistivity with strain. When subjected to deformation, there is an
ssociated change in the sensor’s resistance. This alteration in resistance
ubsequently leads to a variation in the voltage across the sensor.
y monitoring this voltage differential, one can effectively infer the
agnitude of strain imparted to the object.
Our proposed sensor design is predicated upon the principles of

he Wheatstone bridge, specifically its quarter-bridge configuration.
ithin this configuration, the strain gauge acts as one of the arms
f the bridge. Any deformation experienced by the gauge and the
onsequent change in its resistance disrupts the bridge’s balance. This
isruption manifests as a voltage difference across the bridge propor-
ionally related to the strain the gauge has experienced. A prevalent
esign for these strain gauges is a serpentine configuration [38,39].
his design, characterized by its extended conductive pathway within a
imited area, ensures detectable resistance changes even under minimal
train conditions. Importantly, the serpentine architecture ensures uni-
orm strain distribution across the gauge, leading to reproducible and
eliable measurements.

. Conformal AJP framework

In this paper, we propose a new framework for conformal aerosol
et printing by directly using the NURBS representations for curved sur-
aces with a 3-axis aerosol jet printer. We first describe the conformal
JP process for depositing inks onto a curved surface in Section 3.1,
ollowed by toolpath generation in Section 3.2. We also elaborate on
ed alignment for fabrication in Section 3.3 and strain measurement in

ection 3.4.
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Fig. 3. Overview of our pipeline. We begin with a NURBS definition of a surface, allowing us to select a region of interest. We evaluate the NURBS surface in this region of
interest to generate toolpath points and subsequently use them for conformal ink deposition.
3.1. Aerosol jet printing configuration

Liquid-phase printing methods are unique from many other additive
technologies in that functional, solid material is transported and de-
posited on the surface via a functional ink. For our aerosol jet printer, in
particular, a piezoelectric transducer is used to ultrasonically atomize
aerosol droplets, which are transported to the printhead and ejected
from the nozzle with a gas flow referred to as the carrier gas. A sheath
gas is also introduced in the printhead, surrounding and focusing the
aerosol-rich carrier gas flow. The flow rates of these gases are the
most basic controls to adjust the deposition rate and trace width on
an aerosol jet printer.

Printing was performed using a custom-built, 3-axis aerosol jet
printer. The motion system comprises of three linear motion stages,
allowing for Cartesian motion in the XYZ directions, and is controlled
via a Galil DMC-4040 motion controller. Printing was performed with
a print speed of 5 mm/s, a nozzle diameter of 200 μm, a cartridge
temperature of 20 ◦C, and a substrate temperature of 20 ◦C. We set
he aerosol and sheath gas flow rates to 12 and 60 sccm, respectively.
We do not consider the print speed as part of the toolpath planning

lgorithm and leave it as an individual parameter with a user-defined
alue. Print speed will generally affect both the printed line width
nd the total volume of deposited material for a pre-determined tool-
ath [40]. The ideal print speed is highly situational and dependent on
nk properties and other process parameters. Our chosen print speed
as determined empirically based on comprehensive testing with our
pecific ink and printer setup. With this print speed, there was minimal
preading of liquid ink on the substrate surface, and the printed traces
emained electrically continuous.
For all printing, the nozzle-substrate standoff distance was set to
mm, well within the limits recommended by Feng [27]. The de-
osition physics may differ for a surface-oblique orientation imposed
y 3D geometry. However, the recommended 1–5 mm standoff was
nticipated to be largely valid and result in high-quality printed lines.
he substrate was fabricated via SLA on a Formlabs Form2 printer with
eneral-purpose clear resin or, where specified, high-temperature resin.
We use two different silver nanoparticle functional inks. First, a

ommercial ink was obtained from UT Dots, Inc, called UTD-Ag40X, a
ispersion of 40% w/v silver nanoparticles in xylenes. This was mixed
ith xylenes and terpineol in a ratio of 2:7:1 v/v UTD-Ag40X, xylenes,
nd terpineol. The second ink was EI-615, obtained from Electroninks.

.2. Toolpath generation

Toolpath generation is based on utilizing the NURBS surface def-
nition. We select a region of interest (ROI) on the NURBS surface
shown in Fig. 3). The placement of this region of interest is user-
pecific and application-specific. Given that we are selecting a sub-area
190

f the original surface, the area-specific surface points can be derived
by selecting a subset of parametric uv coordinates. This is achieved by
identifying the parametric span of the ROI.

The parametric span can be considered as a portion of the NURBS
surface. The actual shape of this portion is dependent on the selected set
of uv values. For this span of parametric (uv) coordinates, we evaluate
the NURBS surface to generate the corresponding surface points. Each
surface point has X, Y, and Z coordinates, which we use for G-code
generation. AJP is a non-contact additive manufacturing process, and
all the surface points of the patch are offset by a standoff distance of 1–
5 mm between the nozzle and the substrate. AJP is relatively tolerant to
variations in this surface offset distance [27], but substantial variations
outside this range can negatively affect aerosol impaction on the surface
and, hence, line resolution. The toolpath is generated by connecting
these surface points along a serpentine pattern.

After generating the points in the region of interest, the next step
is to generate toolpaths interpretable by the 3-axis machine. During
the G-code generation process, we add commands specifically for AJP
functionality. The most notable of these are the commands for feed
rates and a shutter mechanism, which allows us to selectively turn the
aerosol flow on and off. Our specific machine natively accepts the Galil
DMC language, although G-code is a universal intermediary.

3.3. Print bed alignment

Aligning the print bed coordinate system with the NURBS coordi-
nate system is essential since any misalignment can lead to irregular
pattern deposition, aerosol deposition outside the region of interest,
potential nozzle-substrate collision, and damage to the printer. An
example of substrate placement can be seen in Fig. 4. We define the
zero point as the origin and select the bottom left corner of the print
bed as the origin. The placement of the substrate as well as print
head movements are with respect to this zero point in the XY plane.
In the Z direction, the working distance is initially set by touching off
and zeroing the nozzle to the print bed, establishing a nozzle-substrate
distance of 2 mm.

Our printer’s 𝑍-axis resolution of 1.25 μm exceeds the practical
requirements for AJP. A working distance of 1–5 mm is acceptable, with
minor variations in this range having negligible impact on line quality
and deposition rate. This tolerance allows for slight Z-height adjust-
ments without requiring continuous recalibration, thus streamlining the
printing process. Furthermore, we determine the correct Z height from
the toolpath generation process at any given instance. These Z height
values are automatically offset by the configured working distance
during printing. No further printer calibration is required beyond this

setup.
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Fig. 4. Print bed with zero point (shown by yellow arrow, left) and the substrate
aligned with the print bed. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 1
Configuration parameters for the serpentine pattern on the NURBS
surface shown in Fig. 3. We utilize these uv values for defining the
region of interest of our serpentine pattern and evaluate the surface at all
intermediate values, including 𝑢start and 𝑢end. We also give approximate
dimensions of the fabricated patterns.
Metric Pattern A Pattern B

𝑢start, 𝑢end 0.05, 0.2 0.4, 0.9
𝑣start, 𝑣end 0.1, 0.8 0.1, 0.3
Width (mm) ∼ 35 ∼ 10
Height (mm) ∼ 7 ∼ 25

3.4. Strain measurement

To showcase the applicability of our method, we propose to use
the deposited functional ink to measure the strain experienced by
the substrate. To generate the strain sensor pattern, we make use
of the same approach described in Section 3.2. However, given the
ntricate design of a strain sensor, we select multiple regions of interest
o generate the final pattern. These regions correspond to the main
ensor pattern, two individual electrodes and the circuitry joining the
lectrodes to the main sensor pattern. When generating toolpaths for
abrication, a combination of the surface points corresponding to the
ultiple regions of the sensor is considered. Once printed, wires were
onnected to the strain sensor and plugged into a breadboard, along
ith the static resistors comprising the remainder of the Wheatstone
ridge. With the circuit completed and power supplied across the
heatstone bridge, the substrate was manually deflected, placing the
train sensor in both tension and compression. The resulting changes in
oltage were measured over time using a Keithley 2450 SourceMeter.

. Results

We demonstrate our conformal AJP technique for multiple circuit
atterns, leveraging the NURBS representation. An example deposition
urface is shown in Fig. 5(a). We also import the NURBS surface into
olidWorks [41] and extrude along its depth to generate a volume
shown in Fig. 5(b)) that serves as a test substrate. We save this sub-
trate geometry as an STL file and print using traditional SLA printing.
his printed surface serves as our substrate for conformal printing.
We define two parametric spans in the uv space for defining two

eparate regions of interest. We select the surface evaluation delta (the
tep size used for sampling points in the parametric space) to be 0.05
nd obtain 400 surface points within each region of interest. Two sets
f patterns were fabricated onto the substrate (Fig. 5(b)) using the
TD-Ag40X silver nanoparticle ink. These patterns along with intra-
attern dimensions can be seen in Fig. 7. The configuration parameters
or these patterns are shown in Table 1. Furthermore, we maintain a
onstant standoff distance from the substrate; we are always within a
olerance of 1–5 mm (the most commonly used offset distance for AJP),
191

hus keeping the width of deposition constant.
Fig. 5. Visualization of our (a) NURBS surface and (b) substrate on which we fabricate
conformal patterns using Aerosol Jet Printing.

Table 2
Configuration parameters for the strain-sensor pattern on the wind turbine blade shown
in Fig. 6. Region B in Fig. 8 is repeated twice and we refer to these repetitions as 𝐵1
and 𝐵2. They are equal in dimensions.
Metric Region A Region 𝐵1 Region 𝐵2

𝑢start, 𝑢end 0.39, 0.64 0.64, 0.73 0.3, 0.39
𝑣start, 𝑣end 0.11, 0.22 0.22, 0.31 0.22, 0.31
Width (mm) ∼ 10 ∼ 6 ∼ 6
Height (mm) ∼ 5 ∼ 1 ∼ 1

To demonstrate our method’s real-world applicability, we print a
model of a NACA-4418 wind turbine blade (shown in Fig. 6) and
generate a conformal strain-sensor pattern on its top surface using
Electroninks EI-615 silver ink. The wind turbine blade’s geometry is
also made up of two different curves along u and v. We again select
the evaluation delta to be 0.05 and generate 400 surface points for
each region of interest. We make 5 passes for the strain gauge pattern
on the wind turbine blade to ensure electrical continuity on the rough
substrate. To make the silver ink conductive, we sintered it at 100 ◦C
for 1 h. The knot span selection for the main sensor is such that
the dimensions are approximately 5 mm high and 10 mm wide. We
showcase the pattern along with intra-pattern dimensions in Fig. 8.
The distance between any two consecutive lines of the main pattern
is approximately 250 μm. We make use of Formlabs’ high temperature
resin [42] to manufacture the wind turbine blade using SLA. The
relative placement for the strain-sensor pattern is selected to be in a
high curvature area, for the purpose of showing the robustness of our
approach (see Table 2).

Close-up images of the conformal patterns show consistent aerosol
deposition and uniform width of printed traces on both the NURBS
surface and the wind turbine in Figs. 7 and 8, respectively. The resulting
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Fig. 6. Overview of our pipeline for conformal AJP on a wind turbine blade. We begin with a NURBS definition of the wind turbine blade, allowing us to select a region of
interest. We evaluate the NURBS surface in this region of interest to generate toolpath points and subsequently use them for conformal ink deposition.
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Fig. 7. Serpentine patterns for the NURBS surface are shown by two regions — region
and region B respectively. Region A is highlighted by the light blue box. Region
is highlighted by the orange box. The intra-pattern dimensions are shown in the
ighlighted boxes on the left. A closeup of region A is shown on the right. (For
nterpretation of the references to color in this figure legend, the reader is referred
o the web version of this article.)

Fig. 8. Serpentine pattern for the wind turbine blade is split into two regions — region
A and region B respectively. Region A is highlighted by the light blue box. Region B
is repeated twice and is highlighted by the orange boxes. The intra-pattern dimensions
are shown in the highlighted boxes on the left. A closeup of region A is shown on the
right, including the transition between the regions. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

examples in this section showcase the viability of this methodology
for motion planning to support conformal electronics fabrication on
complex curved surfaces. In our methods demonstrated here, we do not
explicitly control the length of each line of the serpentine pattern but
rather the expanse of the region of interest in the parametric domain.
We select multiple regions of interest for the strain sensor pattern on
a model wind turbine blade to generate the final strain-sensor pattern,
as shown in Fig. 8. The surface evaluation points from each of these
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Table 3
Quantitative comparison between a coarse STL model and a NURBS
model.
Model Height

(mm)
Chamfer
distance (mm)

NURBS Surface 11.5 0.13
Wind Turbine Blade 12.7 0.21

regions are combined and subsequently used for toolpath generation
and fabrication.

The orientation of the substrate has limited impact on the print
quality, provided the substrate’s slope is not excessively steep. The
thickness of the substrate does not affect the toolpath generation since
we zero the nozzle to the bottom left corner of the print bed before
every print. To better illustrate our method’s capability in handling
challenging geometries for aerosol deposition, we plot color maps of
surface orientation for our test surfaces in Figs. 9(a) and 9(b). The color
scale indicates the angle the surface normal vector makes at each point
with respect to the build direction, with the build direction along the
𝑧-axis corresponding to the aerosol jet nozzle orientation. The change in
angle depicts the nonplanar nature of the underlying geometry. Because
the angle remains modest within the regions of interest (i.e., <30◦),
fixed tilt configuration for the nozzle is able to maintain relatively
niform aerosol deposition for the patterns.
Furthermore, we showcase the effect of the surface approximation

rror by comparing a coarse tessellation STL model against the NURBS
odel. The basis for this example is to demonstrate that we can obtain
igher accuracy with a NURBS surface definition. To generate devia-
ion metrics, we utilize CloudCompare’s [43] cloud-to-mesh distance
easure to generate the color plots in Figs. 10(a) and 10(b). Areas with
igher curvature are observed to have a relatively higher deviation than
reas with lower curvature. Furthermore, as a quantitative measure of
he error between a coarse STL and a NURBS model, we make use of
he one-sided Chamfer distance (𝐶𝐷) metric to measure the deviation
f the STL model from the NURBS surface (Eq. (4)). It is defined as the
verage of the distances between each point 𝐏𝐢 in point set 𝐏 and its
earest neighbor in point set 𝐐.

𝐶𝐷 =
∑

𝐏𝐢∈𝐏
min
𝐐𝐣∈𝐐

‖𝐏𝐢 −𝐐𝐣‖2 (4)

s can be seen in Table 3, the chamfer distance for the NURBS surface
s about 0.13 mm, and for the wind turbine blade, it is 0.21 mm. Their
alues are almost 1% and 2% of the model heights, respectively.
To measure the strain variation, we consider the strain gauge to be

ne of the elements in a Wheatstone bridge. When a strain (compres-
ive/tensile) is applied, the resistance changes, which unbalances the
heatstone bridge and induces a measurable change in voltage. The
agnitude and direction denote whether the input strain is compressive
r tensile. We showcase our setup for measuring a change in voltage in
ig. 11 and a plot of corresponding output in Fig. 12. The observed data
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Fig. 9. Color maps of the angles the normal vectors make with the build direction for (a) the NURBS surface and (b) the wind turbine blade. The build direction is chosen to be
along the Z axis. Areas with a higher curvature showcase a larger deviation in angles than areas with lower curvature.
Fig. 10. The deviation of a coarsely tessellated model from the NURBS model (left). For reference, the STL is shown on the right. Areas with higher curvature have a relatively
higher deviation.
Fig. 11. Our strain measurement setup is shown in (a). We utilize a Keithley 2450
SourceMeter along with a custom breadboard setup with static resistors. We also show
a close up of the attached electrical leads in (b).

exhibits a dynamic response, highlighting the rapid adaptability of the
strain gauge to sudden changes in load. We note compressive strain
in the [4,7] second interval and tensile strain in the [8, 15] second
interval.

5. Conclusions and future work

In this paper, we introduce a novel framework for conformal aerosol
jet printing using a standard 3-axis printer to fabricate circuit patterns
on complex geometries. We utilize NURBS definitions to define regions
of interest on a geometry, design curved toolpaths specific to these
regions, and showcase our method’s applicability by manufacturing a
193
Fig. 12. Strain variation for the wind turbine blade as seen through a voltage difference
over a period of time and measured using the setup shown in Fig. 11. Negative
and positive voltage measurements between [4,7] second interval and [8, 15] second
interval, suggest compressive and tensile strains respectively.

strain gauge pattern on a model NACA standard wind turbine blade. In
case the CAD geometry does not exist, an alternative approach would
be to capture a point cloud of the substrate and then fit a NURBS
surface to that point cloud. We can then use our framework to perform
conformal printing.

Many traditional additive manufacturing methods, such as contact-
printing methods like FDM and direct ink writing, rely on tessellated
surface representations that impede their accuracy and scalability. Non-
contact deposition provides advantages to overcome these challenges,
but patterning methods, including inkjet and electrohydrodynamic jet
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printing, are susceptible to nozzle-substrate misalignment and surface
roughness. The fundamental tolerance of AJP to a wide range of
standoff heights and even oblique jet orientation is a critical benefit
that alters the constraints for suitable toolpath generation. Leverag-
ing the scalability and accuracy of NURBS representations for curved
3D geometries, we have demonstrated a viable strategy for motion
planning to support conformal electronics. Furthermore, extending this
framework to 5-axis printing is technically feasible, as extracting sur-
face normal orientation is straightforward from the NURBS definition.
Future exploration and continued development hold the potential to
establish a holistic approach for conformal electronics printing with
expansive applications.
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