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patterning using contact printing methods has been problematic, owing to the complex topography of realistic surfaces and the sen-
rint quality to the nozzle-substrate distance. Motion planning for such printing configurations is also a challenge, with conventional
ng tessellated representations to generate conformal toolpaths. However, these representations are often subject to truncation errors,
hing the accuracy of the printed part. We propose and demonstrate a novel method to perform conformal aerosol jet printing on curved
phically complex surfaces. We begin with a non-uniform rational B-spline (NURBS) definition of a surface, perform patch selection
interest) and extract its associated points and normals, and then generate GCode for conformal printing. We make use of a serpentine

t resembles a strain-sensor pattern, thus suggesting the generalization of this method to conformal printing of circuits for applications
hemical analysis, thermal management, and pharmaceutical delivery with relative ease.

Authors. Published by ELSEVIER Ltd. This is an open access article under the CC BY-NC-ND license
ivecommons.org/licenses/by-nc-nd/4.0)
under responsibility of the Scientific Committee of the NAMRI/SME.

Non-planar, Aerosol Jet Printing, NURBS, Conformal

ction

printing technologies fuel a broad trend towards in-
complex integration of electronic components. How-
r form factors remain dominant in practice due to
in both the physical manufacturing process and the
cess planning tools [1]. Despite its challenge, com-
lications of conformal printing in wireless commu-

tructural health monitoring, bio-integrated electron-
er areas continue to drive research interest in nonpla-
g technologies [2]. Contact printing methods, such
k writing, pose challenges for conformal deposition
r sensitivity to nozzle-surface distance and collision
requirements. Among non-contact printing methods,
printing (AJP) is a compelling technology due to
ndoff distance of 1-5 mm, high-resolution capabil-
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ity (≈ 20 µm), and compatibility with electronically functional
materials. For conformal printing, in particular, the standoff dis-
tance of AJP increases tolerance to nozzle-substrate misalign-
ment, surface roughness, and machine compliance, which pose
challenges to alternative patterning methods such as inkjet and
electrohydrodynamic jet printing.

Alongside challenges in the physical deposition technolo-
gies, conformal printing requires sophisticated methods for pro-
cess or trajectory planning. Defining a toolpath or print file
presents a bottleneck in the process development and limits
the utility of these methods that should, in principle, support
rapid prototyping. Streamlined methods to program motion se-
quences that account for the 3D surface geometry of the sub-
strate are thus important for the advancement of conformal
printing technologies, bridging this gap between CAD geom-
etry and machine code. This demands creative approaches to
geometry representation and path planning that extend beyond
legacy methods developed for subtractive machining methods
to support the broader array of additive, non-contact printing
methods such as AJP.
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Nomenclature

AJP Aerosol Jet Printing
NURBS Non-Uniform Rational B-Splines
GCode Geometric Code
FDM Fused Depostion Modeling
SLA Stereolithography

Boundary representations (B-reps) are the de-facto standard
for representing CAD geometry. CAD software primarily uti-
lizes parametric formulations of curved surfaces to efficiently
represent the geometries. The caveat is that these representa-
tions require additional geometric processing to generate tessel-
lations (triangulation) for downstream tasks. However, owing to
truncation errors common during tessellation, there are inaccu-
racies associated with the tessellated representations. By con-
trast, Non-uniform Rational B-splines (NURBS) eliminate this
problem. Given that they are piece-wise continuous functions,
they offer a level of control and accuracy that is unmatched.
NURBS have been previously used to represent CAD models
and slicing operations [3, 4] for layered manufacturing.

Traditional toolpath generation for extrusion 3D printing
mainly involves planar motion since the printing is performed
layer by layer, i.e., additive manner. Most 3D printing toolpath
generation algorithms first slice the 3D CAD model and extract
the contours for each layer. The toolpaths are then generated for
the contour and infill operation. However, the Z coordinate for
each layer remains the same, and the print head is moved only
along the XY plane within each layer. For conformal AJP, the
Z coordinate of the print head has to be moved in conjunction
with the movement along the XY plane to maintain the standoff

distance. Moving to a 5-axis system for AJP complicates the
toolpath generation process while also increasing costs. Using
a NURBS definition of the freeform surface in this paper al-
lows us to compute the movement along all three coordinates
required to correctly move the nozzle using a 3-axis printer. We
simultaneously calculate the movements along all 3-directions
from the NURBS surface definition and feed it to the printer to
generate the appropriate toolpath motion.

In this paper, we propose a novel method to perform confor-
mal aerosol jet printing using only a 3-axis standard 3D printer
and leverage it for printing circuit patterns on topographically
complex surfaces. Most current 3D printing techniques operate
on triangular meshes and deposit material in a planar fashion.
Triangular meshes can be considered an approximate represen-
tation of the original geometry, owing to the discretization er-
rors experienced during the conversion from a boundary repre-
sentation (utilized by major CAD software) to a tessellated rep-
resentation. Additionally, planar material deposition is a conse-
quence of traditional slicing algorithms and usually leads to the
commonly known staircase effect for curved geometries. How-
ever, conformal material deposition paves the way for minimiz-
ing the staircase effect. In addition, our proposed method does
not utilize the traditional slicing algorithms to generate tool-

paths but relies on a well-defined NURBS representation of a
geometry.

Our novelty lies in utilizing a NURBS definition for a geom-
etry to accomplish conformal 3D printing. Our main contribu-
tions include:

• A NURBS definition of the curved surface and selecting
a local patch, (i.e., area of interest) and extraction of its
associated points.

• GCode generation for conformal printing using a 3-axis
printer.

• Application of this 3D printing method using a serpentine
toolpath resembling an actual conformal sensor.

To our knowledge, the GCode generation for conformal
printing using NURBS has not been done before, We demon-
strate the viability of the approach by printing a serpentine pat-
tern with conductive silver nanoparticle ink. Through this pre-
liminary demonstration, we establish a foundation to extend this
work to conformal printing of circuits for applications in sens-
ing, chemical analysis, thermal management, and pharmaceuti-
cal delivery.

2. Background and Related Work

In aerosol jet printing (AJP), a functional ink is atomized to
produce 1-5 micron droplets. A gas flow carries these droplets
into a printhead, where a concentric sheath gas surrounds the
aerosol stream and accelerates it through a deposition nozzle.
The high velocity (≈ 10 − 100 m/s) aerosol jet remains focused
for 1-5 mm beyond the nozzle exit, enabling the high standoff

distance and approximately line-of-sight patterning crucial for
conformal printing. By coupling the aerosol jet printhead with
a digitally-controlled motion system, we can fabricate complex
patterns in an additive manner.

Despite recognizing AJP as a highly promising candidate
for conformal printing, even one-off demonstrations with ide-
alized geometries (e.g., spheres and cylinders) require time-
consuming fixture design, toolpath development, and align-
ment. Paulsen et al. [5] and Blumenthal et al. [6] were among
the first to demonstrate the basic compatibility of AJP with a
wide range of conformal electronics fabrication modalities, ex-
ploiting the high print offset, digital nature, and line-of-sight
patterning of AJP. Gu et al. [7] followed with a more system-
atic and detailed approach to printing fillets for electrical inter-
connections between surfaces of different heights, a common
challenge for microelectronics packaging. More recently, Vella
et al. [8] and Gu et al. [9] provided thorough studies for print-
ing functional electronics on well-defined 3D objects, including
cylinders and cones, respectively, and Saeidi-Javash et al. [10]
and Zeng et al. [11] demonstrated quasi-3D conformal AJP of
2D nanomaterials using a 3-axis printer. While these examples
illustrate the promise of AJP for conformal electronics fabri-
cation, they are constrained by traditional fabrication tools and
inherently challenging to scale.
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Non-uniform rational B-spline (NURBS) surfaces are the
de facto standard for defining curved surfaces in CAD [12].
In our approach, we directly compute the toolpaths by defin-
ing a NURBS surface. Computing toolpaths on freeform sur-
faces is similar to the computation of fiber paths in composites,
which has been investigated in previous studies [13, 14]. These
studies are primarily interested in variable-stiffness composites,
which are composite structures with curvilinear fiber paths that
optimize the components’ ability to withstand certain load re-
quirements. Reference toolpaths can be found using a geodesic
path, offset over the entire surface to determine parallel tool-
paths [15]. Ravi Kumar et al. [16] investigated three different
methods for computing geodesics on both (continuous, exact)
and tessellated surfaces (discrete, approximate). They show that
the most accurate method of computing geodesics is directly on
the NURBS surface; however, most finite element analysis pro-
grams and computer-aided design models utilize tessellated file
formats that do not provide a parameterized surface.

3. Method

In this paper, we propose a new method for conformal
aerosol jet printing by leveraging the three degrees of freedom
of an aerosol jet printer and the accuracy of NURBS represen-
tations for curved surfaces. We first describe the conformal AJP
process for depositing inks onto a curved surface in Section 3.1,
followed by the methodology for generating the curved tool-
paths using NURBS in Section 3.2.

3.1. Aerosol Jet Printing

Printed electronics methods are unique from many other ad-
ditive technologies in that functional, solid material is trans-
ported and deposited on the surface via a liquid ink. For aerosol
jet printing, in particular, an aerosol is generated from a func-
tional ink on our printer using a piezoelectric atomizer, trans-
ported to the printhead, and ejected from the nozzle with a gas
flow, referred to as the carrier gas. A sheath gas is also intro-
duced in the printhead, surrounding and focusing the aerosol-
rich carrier gas flow. These are the primary controls to adjust
the deposition rate and trace width on an aerosol jet printer.

3.2. NURBS Representation and GCode Generation

Formally, a point on the NURBS surface parametrized using
(u, v) is defined as follows:

S(u, v) =

∑n
i=0
∑m

j=0 N p
i (u)Nq

j (v)wi jPi j∑n
i=0
∑m

j=0 N p
i (u)Nq

j (v)wi j
. (1)

Here, the basis functions of NURBS, N p
i , and Nq

j are polynomi-
als recursively computed using Cox-de Boor recursion formula
in Equation 2, where u is the parameter value and N p

i is the ith

basis function of degree p.

N p
i (u) =

u − ui

ui+p − ui
N p−1

i (u) +
ui+p+1 − u

ui+p+1 − ui+1
N p−1

i+1 (u) (2)

Fig. 1. NURBS surface generated using the NURBS-Python library.

Fig. 2. Volume generated using the NURBS surface used to fabricate the sub-
strate using SLA.

N0
i (u) =

{
1 if ui ≤ u ≤ ui+1
0 otherwise (3)

Here, ui (also known as knots) refers to the elements of the knot
vector U (similarly, vi ∈ V). The knot vector is a non-decreasing
sequence of parametric coordinates, which divides the B-spline
into non-uniform piecewise functions. The basis functions N p

i
spans over the parametric domain based on the knot vector and
degree as shown in Equation 2 and Equation 3. Note that the
formulation explained in Equation 1 uses the vector notation,
where Pi j is embedded in<3.

We define a B-spline surface with the same specifications
as the deposition surface and then convert it to a NURBS sur-
face. All operations are performed using the NURBS-Python
library [17]. An example surface is shown in Fig. 1. Addition-
ally, we export the outline of our curve in parametric u space
into SolidWorks [18] and extrude along its width to generate a
volume (shown in Fig. 2). We save this as an STL file and print
using traditional SLA printing. This printed surface serves as
our testbed for conformal printing.

Furthermore, for our experimental purposes, we select a
patch on the NURBS surface (shown in Fig. 3(a)) and gener-
ate a serpentine pattern (shown in Fig. 3(b)). Given that we
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Fig. 3. Conformal printing of a serpentine pattern. (a) A region of interest projected onto the surface; (b) the serpentine pattern to be printed, and (c) the actual
serpentine pattern printed using AJP onto a curved surface.

already possess the surface evaluation points for our NURBS
surface, we define a knot span in the parametric uv space to get
the points associated with the selected patch. Each point has
X, Y, and Z coordinates associated with it, which we use for
GCode generation. AJP is a non-contact additive manufactur-
ing process, and all the surface points of the patch are offset by
a standoff distance of 1-5 mm between the nozzle and the test
part. AJP is relatively tolerant to variations in this surface offset
distance, but substantial variations outside this range can neg-
atively affect aerosol impaction on the surface and hence line
resolution.

The toolpath generation algorithm remains the same for sur-
faces with higher degree curves in the parametric directions
since we always have access to the evaluated surface points
from the NURBS definition. Additionally, increasing the num-
ber of control points allows us to change the net geometry and
should not affect the toolpath generation. Changing the knot
vector offers an additional level of control over the local curva-
ture of the geometry.

After generating the points lying on the patch, the next step
is to generate toolpaths interpretable by the machine. Some ad-
ditional commands are added 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 GCode is a universal inter-
mediary.

4. Results

We test our method on a simple serpentine pattern to demon-
strate our conformal AJP printing capability from NURBS ge-
ometry. Our NURBS surface was generated using the NURBS-
Python open-source library, and we used the surface evaluation
points to identify points belonging to the region of interest by
defining a knot span in the parametric uv space as shown in
Fig. 3(a).

Fig. 4. Print bed with zero point (shown by yellow arrow, left) and the substrate
aligned with the print bed.

The details of the NURBS surface are:

• Degree of curve in u direction: 3
• Degree of curve in v direction: 1
• Knot vector in u: [0.0, 0.0, 0.0, 0.0, 1.0, 1.0, 1.0, 1.0]
• Knot vector in v: [0.0, 0.0, 1.0, 1.0]
• Control points: [[0, 0, 0], [0, 10, 0], [5, 0, 7], [5, 10, 7],

[15, 0, 0], [15, 10, 0], [30, 0, 2], [30, 10, 2]]
• Total surface evaluation points: 121

Printing was performed using a custom-built, 3-axis aerosol
jet printer. The motion system comprises three linear motion
stages, allowing for Cartesian motion in the XYZ directions,
and is controlled via a Galil DMC-4040 motion controller. All
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 do not consider the print
speed as part of the toolpath planning algorithm and leave it as
an individual parameter with a fixed value. We set the aerosol
and sheath gas flow rates to 12 and 60 sccm, respectively. The
substrate was fabricated via SLA on a Formlabs Form2 printer
using their general-purpose clear resin.

We do not require printer calibration and mount the substrate
as shown in Fig. 4. We don’t see an effect of the orientation of
the substrate on the print quality as long as the slope of the
substrate is not too high. The thickness of the substrate does
not affect the toolpath generation since we zero the nozzle to
the bottom left corner of the substrate before every print. The
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Table 1. Quantitative comparison between a course STL model and a NURBS
model.

Metric Value (mm)
Model Height 2.500
Chamfer Distance 0.194

mm
0.75

0

Fig. 5. The deviation from the NURBS model (left) and the STL model from a
coarse tessellation (right).

NURBS definitions also use this point as the origin of the lo-
cal coordinate system. We have only experimented with rigid
substrates for aerosol deposition in this work, and the results
are promising. The effect of non-rigid substrates remains to be
explored.

A silver nanoparticle ink was prepared from a commer-
cial ink obtained from UT Dots, Inc. (UTD-Ag25X), a dis-
persion of 25% w/v silver nanoparticles in xylenes. This was
mixed with xylenes and terpineol in a ratio of 2:7:1 v/v UTD-
Ag25X/xylenes/terpineol. Fig. 3(c) shows the resultant pattern
printed on the conformal surface. The resulting example shows
the viability of our approach to conformally print on complex
curved surfaces. We maintain a constant standoff distance from
the substrate; we are always within a tolerance of 1-5 mm (the
most commonly used offset distance for AJP), thus keeping the
width of deposition constant. Due to the oblique printing nature
of our method, there may be a difference in the thickness of the
aerosol deposited, and we leave the study of this as future work.

We illustrate the effect of the surface approximation error by
using a coarse tessellation STL model for comparison against
the NURBS surface. Note that this would be an exaggerated ex-
ample since such a coarse tessellation will not be used in prac-
tice. However, the point of this example is to show that we can
obtain higher accuracy with a more compact NURBS surface
definition. We sample a point cloud of the coarse tessellation
CAD model. We also generate a point cloud of the NURBS
surface by densely sampling the surface. To illustrate the devia-
tion of the STL model from the NURBS representation, we uti-
lize CloudCompare [19]. Since we have a tessellated represen-
tation, we use the cloud-to-mesh distance measure to generate
the color plot in Fig. 5. The error plot shows areas with higher
curvature having a relatively larger deviation than areas with
lower curvature. We make use of the one-sided Chamfer dis-

Fig. 6. Robotic arm with six degrees of freedom.

Fig. 7. Oblique deposition vs. surface-normal deposition for AJP.

tance (LCD) metric to measure the deviation of the STL model
from the NURBS surface. A general form of LCD is shown in
Equation 4. It is defined as the average of the distances between
each point Pi in point set P and its nearest neighbor in point set
Q.

LCD =
∑
Pi∈P

min
Qj∈Q
||Pi −Qj||2 (4)

It can be seen from Table 1 that the Chamfer distance is
about 0.2 mm, which is almost 10% the model height. In addi-
tion, the maximum error could be as high as 0.75 mm at regions
of higher curvature. This makes the STL representation not as
suitable for path planning of AJP since this error is on the order
of the nozzle offset distance, and the nozzle could collide with
the substrate if the path is not carefully planned.

5. Conclusions and Future Work

From the perspective of AJP physics, conformal printing
on curved surfaces with a 3-axis motion system introduces an
oblique jet orientation. Tolerance to this printing configuration
is a key benefit of AJP and alters the constraints for suitable
toolpath generation. During printing on a planar surface, with
surface-normal nozzle orientation, the impinging jet has radial
symmetry leading to symmetric deposition of aerosol droplets.
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Breaking this symmetry, with nozzle orientation off-normal, al-
ters not only the gas flow field but the droplet trajectories and
potentially interfacial interactions between the gas flow and the
coalesced liquid ink. Analyzing this effect on the quality and
geometry of the final print would be one of the key future di-
rections of this work.

Going forward, the ability to generate toolpaths over curved
surfaces using a NURBS representation will support experi-
ments to understand these constraints on the physical deposi-
tion process and how they reciprocally influence toolpath op-
timization. Furthermore, the generality of this methodology to
more complex motion platforms, such as a 5-axis machine or 6-
axis robot arm (shown in Fig. 6), by incorporating information
of surface normals from the NURBS surface, would allow for
direct comparison between surface-normal and oblique deposi-
tion on non-horizontal substrates (shown in Fig. 7).

A 5-axis machine or 6-axis robot arm can accomplish con-
formal printing on highly curved geometries, owing to their
ability to align the nozzle to be normal to the surface, with their
additional degrees of freedom. However, we do not have an ex-
plicit constraint for collision avoidance between the nozzle and
substrate for highly curved geometries. We plan to incorporate
collision detection algorithms to prevent unwanted collisions
between the nozzle and the base geometry and maintain a uni-
form line resolution for the deposited aerosol. This general ap-
proach will thus enable streamlined and general technologies
for conformal patterning of electronics with broad applications.
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