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Abstract 

We report a novel reverse engineering-driven method for conformal microextrusion 3D printing of 

functional materials on complex three-dimensional (3D) structures and thin films of near-arbitrary 

topography.  A non-planar tool path programming algorithm for conformal microextrusion 3D printing 

based on point cloud data representations of object geometry is presented.  We show that the optimal nozzle-

substrate standoff distance for quality 3D printing depends on the substrate’s local geometric features (i.e., 

path slope and curvature) and the tool trajectory.  The impact and utility of the novel conformal 

microextrusion 3D printing process were demonstrated by fabrication of 3D spiral and Hilbert-curve loop 

antennas on various non-planar substrates, including wrinkled and folded Kapton films and origami.  3D-

printed conformal antennas exhibited resonant frequencies ranging from 1.5 – 2.7 GHz with S11 less than 

10 db.  This work provides a new method for conformal 3D printing on one-of-a-kind objects and non-

planar films.   

 

 

 

 

 

 

 

 

 

 



3 
 

1. Introduction 

Flexible and conformal electronics are the basis of various emerging devices and technologies, 

including wearable electronics [1–5], electronic skins [6–10], bionic devices [11–13], soft robots [14–17], 

and the Internet of Things (IoT) [18–20].  For example, conformal antennas are receiving considerable 

interest based on extensive healthcare [21–27], IoT [28–30], and aerospace applications [31–33]. Various 

printing techniques have been utilized for the fabrication of flexible antennas, including screen-printing 

[34,35], inkjet printing [36–38], and liquid metal-filled microfluidics [39,40]. These techniques have 

enabled antenna fabrication on planar flexible substrates, such as polyethyleneimine (PEI) [41,42], 

polyethylene terephthalate (PET) [43–45], and polydimethylsiloxane (PDMS) [46,47].  

Various processes have been utilized for antenna fabrication on curved substrates [48–51]. The 

most common techniques to fabricate curved antennas include manual forming and coating processes, tiling 

of planar elements on curved surfaces, or use of flexible substrates [48,50].  Soft lithography processes 

have also been applied for the fabrication of conforming antennas given the deformability of plastic stamps. 

The use of coating processes (e.g., transfer printing), flexible substrates, and additive manufacturing 

processes now represents the state of the art for conformal antenna fabrication [52–55]. While ‘fabricate-

and-form’ techniques offer considerable promise, the electronic components may be subjected to strain 

during forming, which constrains device material selection.  For example, conformal antenna performance 

can be adversely affected by substrate deformation and result in a degradation of radiation characteristics 

[56–58].  Hence, additive manufacturing processes enabling antenna fabrication on non-planar substrates, 

particularly thin films, and complex 3D objects may considerably expand antenna design opportunities 

(e.g., regarding material selection and substrate integration). 

Additive manufacturing processes potentially offer the ability to overcome limitations of applying 

transfer printing for conformal antenna fabrication, such as the need for mask fabrication and challenges 

with substrates that exhibit sharp edges [48]. The use of shape-memory and photoactive polymers for self-

assembly-based techniques is also receiving considerable attention [51,59,60]. In addition to the self-
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assembly technique, 3D printing has been utilized to manufacture support structures for manual antenna 

assembly as well as to fabricate curved antennas by direct-write applications [48–50]. Selective laser 

sintering and fused-deposition modelling techniques have been used to fabricate the support structure on 

which antennas were designed [61,62]. Alternatively, 3D inkjet printing, 3D aerosol jet printing and 

microextrusion printing techniques have been utilized for direct-write applications to fabricate 3D 

conformal antennas. Direct-write methods are efficient and offer a mask-free fabrication approach 

[48,50,63]. Microextrusion printing processes also enable the utilization of a broad range of functional inks 

[48–50]. For example, Adams et al. demonstrated the conformal 3D printing of electrically small antennas 

on a glass hemisphere using a bent nozzle and silver nonaparticle ink [64]. 

Processes that enable material deposition on one-of-a-kind substrates (e.g., complex geometric and 

freeform objects, thin films, textiles or anatomical structures), are central to various industries, including 

additive manufacturing, electronics manufacturing, and biomanufacturing. A reverse engineering (RE) 

process generates a 3D model of an object based on measurements obtained from non-contact or contact-

based tools, such as coordinate measuring machines or laser scanners, respectively [65,66]. RE has been 

used to obtain computer-aided-design (CAD) models for three main purposes: to manufacture a sculpted 

model or an existing object, to repair a damaged or defective part, or to control the quality of the 

manufactured part by using offline and online methods. Given CAD models are required inputs for the 

majority of milling and additive manufacturing applications, RE is required in the absence of an existing 

CAD model [65–68]. Reverse engineering techniques, such as 3D scanning, are now being employed in 

additive manufacturing applications in which the creation of a CAD model for a part may be time-

consuming or challenging, which is common among applications involving parts with complex non-planar 

geometry (e.g., wearables, electronic textiles, form-fitting devices, anatomical models). Traditionally, path 

planning for 3D printing is generated by slicing algorithms, which require a CAD model as an input [67–

72]. RE has been increasingly utilized in medical applications to obtain 3D models of organs or other 

anatomical structures from computed tomography, magnetic resonance imaging, and ultrasound [73–76]. 

These models have been used for preoperative surgical planning, training, and fabrication of custom 
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prosthetics [73–76]. RE is also used to capture the geometry of the defected parts for repair and 

remanufacturing [77,78]. For example, the integration of metal 3D printing technologies and RE allows for 

a faster repair technology that can extend the life of aircrafts, ships and vehicles [79,80].  Thus, new methods 

for fabrication of conformal electronics that synergize with 3D scanning-based reverse engineering 

workflows could enable the fabrication of novel antennas, such as on high performance engineering 

materials (e.g., polyimide films).   

Here, we provide a new method for conformal electronics 3D printing on one-of-a-kind substrates 

based on point cloud data representation of object geometry.  This method provides a versatile approach 

for functional material printing on polymer thin films that exhibit random non-planar topography.  Our 

point cloud-based path planning (PCPP) algorithm enables conformal microextrusion 3D printing of user-

defined planar tool paths across one-of-a-kind substrates, including complex geometric objects and 

wrinkled and folded Kapton films and origami. We also provide new insights into the origin of common 

conformal 3D printing defects, including tool-surface contact.  The utility of the process for conformal 

electronics 3D printing was demonstrated by the fabrication of conformal spiral coil, Hilbert-curve loop, 

and triangular monopole antennas on Kapton films and origami that contain various random topographical 

features (e.g., wrinkles and folds). 3D-printed conformal antennas on folded and wrinkled Kapton films 

and origami were characterized through S11 frequency response. These prototypic 3D-printed conformal 

antennas on polyimide thin films suggest that reverse engineering techniques can support the design and 

additive manufacturing of novel printed 3D electronics on non-planar thin films.  

2. Materials and Methods 

2.1 Materials: Cellulose nanofibrils were from UMaine PDC. Polylactic acid (PLA) filament was from 

LulzBot. Conductive silver epoxy (AA-DUCT 907) was from Atom Adhesives. Kapton tape (polyimide 

film) was from Uline. Pluronic F-127 was from Sigma-Aldrich.  
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2.2 Design and Fabrication of Test Parts: The test part (80 × 80 mm2) used for characterization of the PCPP 

algorithms was created using a computer-aided design (CAD) and 3D graphics software (Rhino 6; 

Rhinoceros 3D).   

2.3 Point Cloud Generation for Reverse Engineering-driven Non-planar Tool Path Planning: Prior to 3D 

scanning, three user-defined reference points (~1 mm diameter) were placed around the perimeter of the 

object using a black marker to provide reference points for the 3D printing frame.  The object was then 

scanned using a calibrated single camera-projector structured-light scanning system (HP 3D Structured 

Light Scanner Pro S2; HP) to acquire the point cloud data following our previously reported protocols [81–

84].  Briefly, the point cloud data was converted into a triangulated mesh file using the vendor-provided 

software, which provided one of three inputs to the PCPP algorithm (the other two inputs being the reference 

points for the 3D printing reference frame and the user-defined planar tool path).   

2.4 Point Cloud-based Path Planning (PCPP) Algorithm for Conformal Microextrusion 3D Printing 

2.4.1 Generation of the Scanning Reference Frame: The PCPP algorithm commenced with a registration 

process that aligned the 3D scanning-generated point cloud data (S; n x 3) and user-defined path data (T; m 

x 3) to the 3D printing reference frame.  The spatial coordinates of the three user-defined reference points 

on the object were identified as the centroids of the associated holes in the mesh structure.  The area centroid 

of each reference point, which served as the user-defined reference point in the 3D scanning reference 

frame, was first calculated using the ‘hole edge’ selection tool within the graphics software (Rhino 6). This 

identified the vertices that defined the hole perimeter and area centroid location.  Thus, Sr = [Sr
1, Sr

2, Sr
3], a 

3 x 3 matrix, generated from the point cloud data provides reference points for registration of user-defined 

path data with the process reference frame (e.g., object on an additive manufacturing system stage). Sr
i = 

[xi, yi, zi] are the x-, y-, and z-coordinates of the ith
 area centroid (i.e., the ith user-defined reference point in 

the scanning reference frame).  
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2.4.2 Generation of User-defined Tool Path Data in the Scanning Reference Frame: The user-defined 2D 

path was next defined to scale adjacent to the point cloud representation of the substrate (e.g., object or thin 

film) using the drawing commands (e.g., line, polyline, curve, circle, and ellipse) in Rhino 6 within the 

same graphic user interface.  User-defined paths were discretized to generate motion commands capable of 

resolving the path using the ‘divide curve’ command.  The path density was determined by the metric of 

two path points per nozzle diameter (d) (i.e., paths contained  n = 2Lp/d points, where Lp is the total length 

of the user-defined path).  Following final scaling and placement of the path above the intended printing 

area on the substrate’s point cloud data, the user-defined planar tool path was then projected in the z-

direction onto the substrate’s surface (point cloud representation) using the ‘project’ command in Rhino 6.  

The output of this process was an array of tool path points that corresponds to the user-defined tool path 

design in the scanning reference frame, which we refer to as the ‘virtual’ zero-tool standoff path, T. For the 

case of multiple disconnected tool paths, T is a nested array.  

2.4.3 Generation of the Process (Physical) Reference Frame: Following the generation of S, Sr and T, the 

reference points associated with the 3D printing reference frame were generated. Prior to the generation of 

the reference points in the 3D printing reference frame, the object was first fixed on the stage of the 3D 

printing system.  The part was not moved following this step until completing the 3D printing process.   The 

spatial coordinates of the three user-defined reference points in the 3D printing reference frame (P; P = [P1, 

P2, and P3]), a 3 x 3 matrix, were taken as the x, y, z-coordinates of the motion controller when the 

microextrusion nozzle was positioned at the center of the reference point within 0.05d from the surface 

(which avoided potential damage to the nozzle or object).  Thus, P exhibits the same structure as Sr.  The 

ordering of reference points in P should correspond to that of Sr.  This process resulted in six reference 

points (three per reference frame) associated with the two reference frames, the 3D scanning and the 3D 

printing frames.   

2.4.4 Generation of Zero-offset Non-planar Tool Path Data in the Process Reference Frame: The reference 

points for each reference frame, which create two 3 x 3 matrices (Sr and P), were next used to calculate 
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transformation matrices that enable registration of the user-defined tool path data to the object in the process 

reference frame.  This resulted in a ‘physical’ zero-standoff path Ta.   

The point cloud data (S) and the user-defined projected path data (T) were first aligned to the 3D 

printing reference frame (P) through the following rigid transformations that depend on the matrices Sr and 

P as: 

(Sa)T  = G(S)T        (1) 

(Ta)T = G(T)T         (2) 

The transformation matrix (G) is defined as [40]: 

𝑮𝑮 = 𝒕𝒕(𝑃𝑃2)𝐑𝐑𝟐𝟐(𝑣𝑣2,𝜃𝜃2)𝐑𝐑𝟏𝟏(𝑣𝑣1,𝜃𝜃1)𝐭𝐭(−𝑆𝑆2𝑟𝑟)     (3) 

where t(u), a translation matrix that translates a point cloud by a vector u, is given as: 

𝐭𝐭(𝒖𝒖) = �

1 0 0 𝑢𝑢𝑥𝑥
0 1 0 𝑢𝑢𝑦𝑦
0 0 1 𝑢𝑢𝑧𝑧
0 0 0 1

�       (4)   

and R(u,θ), a rotation matrix that rotates a point cloud by an angle θ about the axes defined by a unit 

vector u, is given as: 

𝐑𝐑(𝒖𝒖,𝜃𝜃) =

⎣
⎢
⎢
⎢
⎡ cos𝜃𝜃 + 𝑢𝑢𝑥𝑥2(1 − cos𝜃𝜃) 𝑢𝑢𝑥𝑥𝑢𝑢𝑦𝑦(1 − cos𝜃𝜃) − 𝑢𝑢𝑧𝑧 sin𝜃𝜃 𝑢𝑢𝑥𝑥𝑢𝑢𝑧𝑧(1 − cos𝜃𝜃) + 𝑢𝑢𝑦𝑦 sin𝜃𝜃 0
𝑢𝑢𝑦𝑦𝑢𝑢𝑥𝑥(1 − cos𝜃𝜃) + 𝑢𝑢𝑧𝑧 sin𝜃𝜃 cos𝜃𝜃 + 𝑢𝑢𝑦𝑦2(1 − cos𝜃𝜃) 𝑢𝑢𝑦𝑦𝑢𝑢𝑧𝑧(1 − cos𝜃𝜃) − 𝑢𝑢𝑥𝑥 sin𝜃𝜃 0
𝑢𝑢𝑧𝑧𝑢𝑢𝑥𝑥(1 − cos𝜃𝜃) − 𝑢𝑢𝑦𝑦 sin𝜃𝜃 𝑢𝑢𝑧𝑧𝑢𝑢𝑦𝑦(1 − cos𝜃𝜃) + 𝑢𝑢𝑥𝑥 sin𝜃𝜃 cos𝜃𝜃 + 𝑢𝑢𝑧𝑧2(1 − cos𝜃𝜃) 0

0 0 0 1⎦
⎥
⎥
⎥
⎤
 (5) 

where 𝒗𝒗𝟏𝟏 = 𝑎𝑎�1×𝑏𝑏�1
�𝑎𝑎�1×𝑏𝑏�1�

 , 𝜃𝜃1 = arccos�𝑎𝑎�1 ∙ 𝑏𝑏�1�, 𝑣𝑣2 = 𝐑𝐑𝟏𝟏𝑎𝑎�1, 𝜃𝜃2 = arccos �(𝐑𝐑𝟏𝟏𝑎𝑎�2) ∙ 𝑏𝑏�2�, 𝑎𝑎1 = 𝑆𝑆2𝑟𝑟𝑆𝑆1𝑟𝑟���������⃗ , 𝑏𝑏1 =

𝑃𝑃2𝑃𝑃1��������⃗ , 𝑎𝑎2 = 𝑆𝑆2𝑟𝑟𝑆𝑆3𝑟𝑟���������⃗ , 𝑏𝑏2 = 𝑃𝑃2𝑃𝑃3���������⃗ , and 𝑎𝑎�1 and 𝑏𝑏�1 represent the normalized vectors 𝑎𝑎1 and 𝑏𝑏1 as 𝑎𝑎1/‖𝑎𝑎1‖ and 

𝑏𝑏1/‖𝑏𝑏1‖, respectively. A row of ones was added to the transpose of the matrices S and T to provide 

dimensional accuracy for matrix multiplication and was removed after the calculation. The outputs of this 

step in the algorithm were processing reference frame-aligned mesh data Sa (n x 3) and user-defined zero-
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standoff path data Ta (m x 3).  The pseudo-code is provided in Supporting Information. Example matrices 

for Sr and P are provided in Table S1 of Supporting Information. 

2.4.5 Generation of Non-planar Tool Path Data in the Process Reference Frame for Conformal 

Microextrusion 3D Printing:  Given conformal microextrusion 3D printing requires a gap between the 

microextrusion tool and the surface, the non-planar tool path Ta was then offset from the surface by 

modifying the vertical and lateral position of each coordinate in the path (i.e., the x-, y- and z-coordinates) 

based on the tool geometry, the tool trajectory, and the topographical features of the substrate (e.g., object) 

as defined by point cloud data, including the object slope and curvature. Specifically, the PCPP algorithm 

utilizes the nozzle inner diameter 𝑑𝑑, nozzle outer diameter 𝑑𝑑𝑜𝑜, the zero-standoff tool path Ta, and the point 

cloud data representation of the object Sa as input parameters. The developed algorithm was implemented 

using the RhinoScript tool of Rhinoceros 6 software. The algorithm commenced by fitting a Non-Uniform 

Rational B-Spline (NURBS) curve of the degree three, r(t), through the points in Ta to calculate the tangent 

and curvature associated with the path points in Ta [85]. The curve, r(t), was generated using the 

“CurveThrougPt” command. The tangent ti (m x 3) and normal Ni (m x 3) vectors were calculated using the 

“CurveTangent” and “CurveNormal” commands, respectively. The curvature κi at each point in Ta was 

calculated using the “CurveCurvature” command. The inflection points of the curve were obtained as the 

locations where κi = 0 from the best-fit curve. The sign of the curvature was used to identify the z-coordinate 

direction of the curvature vector, which was negative for concave down surface profiles and positive on the 

concave up profiles. The tool trajectory Vi (m x 3) was determined by using x and y axes values of ti. The z-

coordinate of each path point was subsequently vertically shifted by a value of 𝑑𝑑. The algorithm then added 

a circle (𝐶𝐶𝑖𝑖) with a diameter of do at each path point to simulate the nozzle location during printing and 

checked for an intersection between the circle and the point cloud data representing the surface. Thus, if 

the algorithm detected potential tool-surface contact as indicated by comparing the nozzle and surface 

locations, it translated the path point (𝑇𝑇𝑖𝑖𝑎𝑎) laterally from the surface by Li in the direction of 𝑸𝑸𝒊𝒊 to avoid 

contact between the nozzle and the surface. Li was calculated as the distance required to achieve 𝑑𝑑𝑜𝑜/2 gap 
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between the center of the nozzle tip and the surface, including a user-defined tolerance that provided a 

safety gap between the nozzle and surface. The tolerance was set to 0.1 mm throughout this study.  

𝐿𝐿𝑖𝑖 =  𝑑𝑑𝑜𝑜/2 − |𝑇𝑇𝑖𝑖𝑎𝑎,𝑝𝑝𝑖𝑖| + 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡 ;      (6) 

𝑄𝑄𝑖𝑖 = 𝑝𝑝ı, 𝑇𝑇𝚥𝚥𝑎𝑎������������⃗         (7) 

where 𝑝𝑝𝑖𝑖 is the centroid of the intersection points list {𝐶𝐶𝑖𝑖 ∩ 𝑺𝑺𝒂𝒂}. Next, the PCPP algorithm checked if the 

slope exhibited a downward trajectory as indicated by a negative z-coordinate value of the tangent vector.  

If ti was downward, the algorithm added a lateral offset (𝑀𝑀𝑖𝑖) to the tool path point (𝑇𝑇𝑖𝑖𝑎𝑎) in the direction of 

Vi , where 𝑀𝑀𝑖𝑖  was calculated as:  

𝑀𝑀𝑖𝑖 = 0.5𝑑𝑑(1 + 𝑑𝑑𝜅𝜅𝑖𝑖)      𝑓𝑓𝑡𝑡𝑡𝑡  𝜅𝜅𝑖𝑖 ≤ 1
𝑑𝑑�      (8) 

𝑀𝑀𝑖𝑖 = 𝑑𝑑                               𝑓𝑓𝑡𝑡𝑡𝑡  𝜅𝜅𝑖𝑖 > 1
𝑑𝑑�       (9) 

The corrected tool path Ta* was calculated based on three cases determined by the tool-object intersection 

and tool trajectory: 

Case1: There exists an intersection between 𝐶𝐶𝑖𝑖 and Sa and ti,z > 0.  

𝑇𝑇𝑗𝑗𝑎𝑎∗ =  𝑇𝑇𝑗𝑗𝑎𝑎 + 𝐿𝐿𝑖𝑖𝑄𝑄𝑖𝑖       (10) 

Case2: There exists an intersection between 𝐶𝐶𝑖𝑖 and Sa and ti,z < 0. 

𝑇𝑇𝑖𝑖𝑎𝑎∗ =  𝑇𝑇𝑖𝑖𝑎𝑎 + 𝐿𝐿𝑖𝑖𝑄𝑄𝑖𝑖  + 𝑀𝑀𝑖𝑖𝑉𝑉𝑖𝑖      (11) 

Case3: There exists no intersection between 𝐶𝐶𝑖𝑖 and Sa and ti,z < 0. 

𝑞𝑞𝑖𝑖 ∈ {|𝑇𝑇𝑖𝑖𝑎𝑎, 𝑇𝑇𝑖𝑖𝑎𝑎 − 𝑑𝑑𝑉𝑉𝑖𝑖| ∩ 𝑺𝑺}       (12) 

𝑀𝑀′𝑖𝑖 = 𝑑𝑑𝑜𝑜
2
− |𝑇𝑇𝑖𝑖𝑎𝑎, 𝑞𝑞𝑖𝑖| + 𝑀𝑀𝑖𝑖      (13) 

 𝑇𝑇𝑖𝑖𝑎𝑎∗ =  𝑇𝑇𝑖𝑖𝑎𝑎 + 𝑀𝑀′𝑖𝑖𝑉𝑉𝑖𝑖        (14) 
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The pseudo-code is provided in Supporting Information. The output of the PCPP algorithm was a user-

defined non-planar tool path for conformal microextrusion 3D printing corrected for tool geometry, tool 

trajectory, and substrate geometry (slope and curvature), referred to hereinafter as Ta*. The non-planar path 

was then described as motion control data using g-code.   

2.5 Computational Characterization of Conformal Printing Quality: Prior to the 3D printing, the resulting 

filament thickness associated with the generated tool path was assessed with CAD and 3D graphics 

software. Using the 3D model of the test part obtained by 3D scanning and the tool path, which was the 

output of the algorithm, the trajectory of the path in reference to the user-defined tool path was examined 

by visualization of Ta* and Sa in the graphic user interface. The thickness of the filament was calculated as 

the distance between the surface and the location of the nozzle reference point, which is defined as the back 

of the nozzle tip based on the printing direction. The nozzle reference point was determined by considering 

the outer diameter while moving downwards and the inner diameter in all other cases. To simulate a 

continuous filament, a NURBS curve was fit through the nozzle reference points using the “curve through 

points” command on the software. The filament thickness was measured as the distance between the nozzle 

reference curve and the surface in the direction of the surface normal vectors with intervals of d/2. The error 

was calculated as the difference between the measured thickness at each point along the tool path and the 

expected thickness, which was taken as the nozzle diameter d.  Thus, the error exhibited both positive and 

negative values. The pseudo-code of the analysis is provided in Algorithm 5 of Supporting Information. 

2.6 Conformal Microextrusion 3D Printing on a Test Part: Conformal microextrusion 3D printing on the 

test part was done using a custom microextrusion 3D printing system, which included a three-axis robot 

(MPS75SL; Aerotech), a digital pressure regulator (Ultimus V; Nordson), and a motion controller (A3200; 

Aerotech).  3D printing on the test parts was performed using a 30 wt% Pluronic F-127 hydrogel that 

contained 10 wt% cellulose nanofibrils with an added contrast agent. Inks were printed on the test part via 

the user-defined tool path using a 20-gauge tapered tip (d = 603 μm), extrusion pressure of 13.2 psi, and 
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printing speed of 5 mm/s.  The density of the paths was 3.33 points/mm based on the aforementioned path 

discretization metric. 

2.7 Experimental Analysis of Conformal Printing Quality: The quality of printed material (test traces) on 

the test part was characterized by image analysis.  Photographs of the printed traces were acquired by using 

a digital camera (D7200; Nikon) immediately following the conformal 3D printing process.  Each printed 

trace of the 1D line path was analyzed using image analysis software (ImageJ; NIH) and CAD software.  

The expected width was taken as d along the non-planar path. The error was defined as the difference 

between the measured filament width along the path and the expected width.  Thus, the error exhibited both 

positive and negative values.  

2.8 3D Printing of Conformal Antennas on 3D Structures with Complex Geometry: 3D models associated 

with dimpled-hemisphere and polyhedral 3D structures were designed using CAD software. The 3D spiral 

antenna path was designed based on reported designs [86]. Conductive silver epoxy was conformally 

printed using the PCPP algorithm on the substrates with a custom microextrusion 3D printing system 

(Aerotech) in the user-defined 3D spiral antenna path (556 mm; 1853 points) with a 20-gauge tapered tip 

(d = 603μm), extrusion pressure of 9 psi, and printing speed of 2.5 mm/s.  

2.9 3D Printing of Conformal Antennas on Non-planar Kapton Thin Films and Origami: Flat Kapton films, 

which provided the basis of all Kapton substrates examined in this study, were prepared by depositing 

parallel strips of Kapton tape on a paper substrate. Wrinkled, folded, and origami films and structures were 

prepared as follows.   Folded Kapton star-like structures were inspired by reported folding patterns [87]. 

Randomly wrinkled Kapton films were prepared by manual forming of an initially flat Kapton film into a 

sphere followed by partial flattening.  Kapton origami cranes were prepared based on reported methods 

(https://www.origami.me/crane/).  Conformal antennas were printed with a 20-gauge taped nozzle 

(Nordson) using the aforementioned microextrusion 3D printing system at a speed of 3 mm/s and extrusion 

pressure of 7 psi. The 3D-printed antennas were subsequently cured at room temperature for 24 hours. 

https://www.origami.me/crane/
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2.10 Characterization of the Conformal Antenna: SubMiniature version A (SMA) connectors were bonded 

to the 3D-printed antennas using conductive epoxy. The antennas were designed to be 50 Ω nominal. The 

S11 frequency responses of the 3D-printed conformal antennas across the 0 to 3 GHz frequency range with 

respect to 50 Ω were measured using a spectrum analyzer (FSH6, Rohde & Schwarz) with a VSWR bridge 

(FSH-Z2, 10 MHz to 3GHz, 50 Ω; Rohde & Schwarz). Prior to measurements, the system was calibrated 

with a standard calibration kit.  

3. Results  

3.1 PCPP Algorithm Characterization using a Test Part 

As shown in Figure 1, the PCPP algorithm generates non-planar tool path data for conformal 

microextrusion 3D printing based on point cloud representations of substrate geometry.  Point cloud data 

collected via object 3D scanning and user-defined planar tool path data is used to generate a corresponding 

non-planar tool path across the object’s surface (see Figure 1a). As shown in Figure 1b, point cloud 

representations of the object’s local geometry and the tool trajectory are used to determine a tool path for 

quality conformal 3D printing (i.e., a tool path that results in the controlled deposition of a filament of 

material with consistent width and height). Given that object geometry may vary among conformal 3D 

printing applications, the PCPP algorithm was validated using a test part that exhibited a range of geometric 

features, including regions of discontinuous and infinite slope as well as features with a radius of curvature 

R ranging from 0.4d to ∞ (i.e., constant slope).   
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Figure 1. Illustration (a) and flowchart (b) of the point cloud-based path planning (PCPP) algorithm for 

conformal microextrusion 3D printing on one-of-a-kind substrates.  

 

As shown in Figures 2a and b, the user-defined reference points on the test part created holes in the 

point cloud. Figure 2b highlights the area centroid calculation block of the PCPP algorithm, which identifies 

the spatial coordinates associated with the scanning reference frame points (Sr).  Figure 2c highlights the 

process of identifying the spatial coordinates associated with the same reference points but in the 3D 

printing reference frame (P).  Single-layer 2D user-defined planar tool paths consisting of lines were used 
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to evaluate the PCPP algorithm (see Figure 2d).  As shown in Figure 2e, the output of the alignment-

projection block of the PCPP algorithm was the scanning data aligned to the 3D printing reference frame 

(Sa) and the physical zero-standoff tool path (Ta), which is also aligned to the 3D printing reference frame. 

 

Figure 2. Photograph of the test part for algorithm characterization depicting the user-defined reference 

points.  b) Point cloud data from the object (S).  Reference points associated with the 3D scanning reference 

frame (Sr) were obtained as the centroid of the hole created in the point cloud data by each user-defined 

reference point (point cloud data is decimated for purposes of illustration). c) Photograph of the process for 

generating corresponding reference points in the 3D printing reference frame (P) using the 3D printer’s 

position as obtained through a three-axis motion controller.  d) Illustration of the inputs to the PCPP 

algorithm.  The transformation matrix obtained from the alignment of Sr and P combined with user-defined 

planar tool path data enables the generation of a physical zero-standoff tool path (Ta) (e). Scale bars = 10 

mm.   
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3.2 Analysis of Conformal Microextrusion 3D Printing Quality using the PCPP Algorithm 

As shown in Figures 3a-b, the PCPP algorithm modifies the vertical and lateral positions of each 

coordinate in the projected path Ta based on the tool geometry, tool trajectory, and object topographical 

features, and generates the tool path Ta* to be used in conformal 3D printing.  The algorithm exhibited a 

tool path Ta* of different lengths, local surface normal vectors and curvatures than the projected path Ta 

(see Figure 3b).  As shown in Figures 3c-g, the PCPP algorithm mitigated the majority of flattening and 

floating artifacts and avoided the tool-surface contact defect found in the absence of topographical 

correction (see Supporting Information) and achieved quality deposition across all regions of the test part. 

Scaling the lateral offset by the relative curvature value across the intended printing path achieved relatively 

improved mitigation of the floating artifact, which primarily occurred at the inflection points in the absence 

of curvature correction. Deviation in the filament path by d was still observed during downward tool motion 

on surfaces with negative curvature (i.e., concave down surfaces; see Region 3).  As shown in Figure 3d, 

the PCPP algorithm resulted in a near-uniformly distribution of errors across the path, which is attributed 

to random error in the process.  These results suggest that the PCPP algorithm was capable of mitigating 

tool trajectory- and shape-dependent defects associated with conformal microextrusion 3D printing 

processes using an orthogonal three-axis robot.  The conformal 3D printing quality achieved by the PCPP 

algorithm was compared with the two control path planning algorithms in Figures 3e-g. The control path 

planning algorithms were two simplified versions of the PCPP algorithm: 1) a PCPP algorithm that involved 

no path corrections for tool trajectory or object topography, and 2) a PCPP algorithm that involved 

corrections for tool trajectory and object slope, but no path corrections for object curvature. The description 

and analysis of the control algorithms are provided in the Supporting Information. 
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Figure 3. a) Illustration of the point cloud-based path planning (PCPP) algorithm for conformal 

microextrusion 3D printing on one-of-a-kind substrates with complex geometry.  b) Visualization of the 

resultant non-planar tool path on the three regions of the test part (an offset distance of d = 2 mm was 

utilized for illustration).  c) Photograph of the resultant print quality from a top-down perspective.  d) CAD 

analysis of non-planar 3D printing quality in terms of the error in the expected filament thickness vs. the 

local slope and curvature of the object.  e) Comparison of algorithm performance in terms of the mean 
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absolute error, mean negative error, and mean positive error in the expected filament thickness.  f) 

Comparison of algorithm performance in terms of the prevalence of tool-surface (T-S) contact, flattening, 

and floating defects.  g) Comparison of non-planar tool path planning algorithm performance on the mean 

absolute error in the measured filament width.  

 

3.3 Microextrusion 3D Printing of Conformal Antennas on 3D Structures of Complex Geometry 

In Figure 4, we show that the PCPP algorithm enables the fabrication of novel conformal spiral 

antennas on geometrically complex substrates, including polyhedron and non-developable surfaces. The 

change in z-axis direction of the tool path (i.e., the height of the printed antenna) was 13.4 and 9.61 mm, 

the maximum angle of inclination was 54.8 and 50.8°, and the minimum radius of curvature, R, was 0.24 

and 0.14 mm for the dimpled-hemisphere and the polyhedron surface, respectively. The fabrication 

approach is highlighted in Figures 4a-d and f-i. Figures 4e and j show that the resonant frequency of the 

3D-printed spiral antenna on the dimpled-hemisphere and polyhedron surface was 0.8 and 2.0 GHz, 

respectively.    

 

Figure 4. Highlight of conformal antenna printing using the PCPP algorithm on 3D structures with complex 

geometry.  Photograph (a) and associated scanning data (b) of the substrate. c) Rendered projected tool 

path data onto point cloud data. Photograph (d) and S11 response (e) of a 3D-printed conformal spiral 
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antenna on a dimpled hemispherical substrate.  Photograph (f) and associated scanning data (g) of the 

substrate.  h) Rendered projected tool path data onto point cloud data. Photograph (i) and S11 response (j) 

of a 3D-printed conformal spiral antenna on a 3D polyhedral substrate. Point cloud data was decimated for 

purposes of illustration. Scale bars = 10 mm. 

 

3.4 Conformal Antenna 3D Printing on Non-planar Wrinkled and Folded Kapton Films 

We first validated the non-planar tool paths to be used for conformal antenna printing by conformal 

3D printing of Pluronic F127 hydrogel on randomly wrinkled Kapton film. Pluronic F127 hydrogels were 

selected to mimic the rheological properties (particularly the yield stress of the conductive epoxy used for 

antenna fabrication).  A photograph and associated point cloud representation of a randomly wrinkled 

Kapton film are shown in Figures 5a and b, respectively.  The right panel of Figure 5b shows the non-planar 

tool path associated with a projected spiral coil antenna. The change in z-axis direction of the tool path (i.e., 

the height of the printed antenna) was 13.7 mm, the maximum angle of inclination was 79.9°, and the 

minimum radius of curvature, R, was 0.39 mm. As shown in Figures 5c and d, the process enabled 

conformal microextrusion 3D printing of Pluronic F127 hydrogel on the randomly wrinkled Kapton film. 

A video of the conformal 3D printing process is provided in Supporting Video S1. 

Having established the capability for conformal 3D printing of curved paths across randomly 

wrinkled Kapton films, we next examined the ability to deposit material on folded Kapton films that 

exhibited discontinuities in the slope (see Fig. 5e). As shown in Figures 5f – h, the reverse engineering (3D 

scanning)-driven non-planar path planning approach also enabled conformal 3D printing of spiral paths 

across folded Kapton films that exhibited topographical features associated with slope discontinuities (i.e., 

sharp grooves and peaks) (Figure 5f). The tool path had a change in z-axis direction of 10.4 mm, maximum 

angle of inclination of 43.5°, and minimum radius of curvature, R, of 0.28 mm. Photographs of the printed 

path are shown in Figures 5g and h.  A video of the conformal 3D printing process is provided in Supporting 
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Video S2.  For reference, a photograph of the same printed path on a flat Kapton film is shown in Supporting 

Figure S3.  These data demonstrated that the proposed methodology could achieve conformal 3D printing 

of a test material across Kapton films with variable 3D topography.  
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Figure 5. Path planning validation for conformal antenna 3D printing on the Kapton films of random 3D 

topographies (wrinkled and folded). a) A photograph of a randomly wrinkled Kapton film. b) Point cloud 
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representation of the film topography and the associated non-planar tool path. c) Photograph of the 3D-

printed non-planar tool path using Pluronic F127 hydrogel (red dye) on the wrinkled Kapton film with 

zoomed views (d).  e) Photograph of a star-like folded Kapton film. f) Point cloud representation of the 

film topography and the associated non-planar tool path.  g) Photograph of the 3D-printed non-planar tool 

path using Pluronic F127 hydrogel (red dye) on the folded star-like Kapton film with zoomed views (h). 

 

As shown in Figure 6, a Hilbert-curve loop antenna (Figures 6a-c) and a triangular monopole 

antenna (Figures 6d-f) were design and printed on curved and folded Kapton films, respectively. The change 

in z-axis direction of the tool path was 6.35 and 14.4 mm, the maximum angle of inclination was 33.1 and 

41.1°, and the minimum radius of curvature, R, was 0.08 and 0.04 mm for the folded and curved antenna, 

respectively. The antenna designs were selected based on their previous use in multiband flexible antenna 

applications on planar substrates [56,88]. The S11 frequency responses for each antenna are presented in 

Figures 6c and f.  The Hilbert-curve loop antenna exhibited resonance at 1.39 and 2.45 GHz with S11 less 

than -10 dB (see Figure 6c), while the monopole antenna exhibited resonance at 0.84 and 1.28 GHz with 

S11 less than -10 dB (see Figure 6f).   The measured resonant frequencies agree reasonably with previously 

reported values [56,88].  
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Figure 6. 3D-printed conformal antennas and frequency response on non-planar Kapton films. a) Digital 

model of a conformal Hilbert-curve loop antenna on a folded Kapton film. b) Photograph of a printed 

Hilbert-curve loop antenna and corresponding S11 frequency response (c) on a folded Kapton film. d) Digital 

model of a conformal triangular monopole antenna on a concave Kapton film. e) Photograph of the printed 

triangular monopolar antenna and corresponding S11 frequency response (f) on a concave Kapton film. 

 

3.5 Conformal Antenna 3D Printing on Kapton Origami 

In order to further demonstrate the versatility of the approach for conformal antenna printing on 

non-planar films and textiles that exhibit complex geometry, we next examined the integration of conformal 

antennas with Kapton origami. Electronics integration with origami structures has led to novel technologies, 

including a non-invasive remote-controlled miniature robot for patching stomach wounds [89], a foldable 

three-degrees-of-freedom force-feedback robot for human-robot interaction [90], and a hexagonal bellow-

shaped structure that exhibits peristaltic locomotion [91].  Figure 7a shows a photograph of a Kapton 

origami crane that served as a non-planar substrate for conformal 3D printing. The point cloud and 2D tool 
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path associated with a modified Hilbert-curve loop antenna as well as the resultant conformal tool path are 

shown in Figures 7b and c, respectively. The tool path had a change in z-axis direction of 6.1 mm, maximum 

angle of inclination of 32.2°, and minimum radius of curvature, R, of 0.06 mm. Inspection of the 3D-printed 

path (see Figures 7d and e) suggests that the approach provided quality conformal 3D printing of conductive 

epoxy on the Kapton origami.  A video of the conformal 3D printing process is provided in Supporting 

Video S3.  The conformal antennas were designed to be 50 Ω nominal, which provided the reference 

impedance for the S11 measurement.  As shown by the S11 frequency response in Figure 7f, the conformal 

modified Hilbert-curve loop antenna on the Kapton crane origami wing exhibited a resonant frequency of 

1.59 and 2.71 GHz with S11 less than -10 dB.  

 

 

Figure 7. Conformal antenna on Kapton-based origami crane. a) A photograph of the Kapton-based 

origami crane substrate. b) Reverse engineered digital model of the origami crane with modified loop 

antenna design. c) Highlight the conformal programmed toolpath based on the reverse-engineered model. 

d) A photograph of the 3D-printed conformal antenna on the wing of a Kapton origami crane with a zoomed 

view (e). f) S11 frequency response of the conformal printed antenna.  
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4. Discussion  

The objective of this work was to create a reverse engineering-driven approach for conformal 

microextrusion 3D printing capable of printing on one-of-a-kind substrates that lack pre-existing CAD 

representations of part geometry.  Our goal was also to understand the origin of commonly observed defects 

in conformal microextrusion 3D printing using orthogonal three-axis robots, including tool-surface contact 

and filament distortion.  This method would synergize with applications that involve one-of-a-kind 

substrates that lack CAD representations, a common situation in electronic textile manufacturing, among 

other areas.  In this work, we first systematically identified defects associated with path planning without 

and with corrections for tool geometry, tool trajectory, and object slope (details of which are presented in 

Supporting Figures S1 and S2).  This provided insight to the origin of high quality obtained using the PCPP 

algorithm, which contains corrections for tool geometry, tool trajectory, and object topographical features 

(i.e., the slope and curvature).    

One important application of conformal 3D printing is the fabrication of 3D electronics, including 

three-dimensional sensors and antennas [48,92,93]. In Figures 4-7, we show that the PCPP algorithm 

enables the fabrication of novel conformal antennas on various non-planar substrates.  It is difficult to 

conform flexible electronics on rugged uneven surfaces, curved surfaces with sharp edges such as 

polyhedron surfaces, and non-developable surfaces, such as spheres [48]. For the applications on spherical 

surfaces, increased area coverage and reduced radius of curvature are determined to be more challenging 

[48,94]. Therefore, an asymmetrical polyhedron surface with a convex spherical cap and a spherical surface 

with varying size dimples was designed (see Figure 4) and fabricated as substrates for conformal antenna 

fabrication. The polyhedron surface had sides ranging from 0.85 mm to 33 mm and a spherical cap with R 

of 3.3 mm.  The hemispherical surface (R = 27mm) exhibited dimples with R ranging from 1 to 3 mm. 

Here, we utilized a path planning approach based on point cloud data.  Thus, while the approach is 

capable of precision conformal additive manufacturing it requires the substrate to not exhibit changes in 

position throughout the process that exceed the length scale of the nozzle (e.g., the nozzle diameter).   
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Recently, there has been growing interest in real-time control of the process parameters by incorporating 

in-situ sensor and cameras into the AM processes [95–98]. In addition to the quality control, computer 

vision systems and image processing techniques have been used for adaptive path planning for 3D printing 

[99,100]. For example, Zhu et al. has demonstrated an adaptive 3D printing method to fabricate sensors on 

moving human hands using computer-vision-based tracking techniques [99]. Later, Zhu et al. have 3D 

printed a hydrogel-based sensor on a deforming porcine lung by combining offline machine learning 

technique with online computer-vision based control [100].  Thus, the PCPP approach presented here could 

also be integrated with sensors for real-time position monitoring to further extend conformal microextrusion 

printing capabilities to moving objects.  

 

5. Conclusions 

Here, we provided a novel reverse engineering-driven methodology for conformal microextrusion 

3D printing based on the point cloud representation of substrate geometry.  A point cloud-based path 

planning (PCPP) algorithm enabled conformal 3D printing on one-of-a-kind objects with complex 

geometry and films of complex topography using user-defined 2D paths of comparable length to the 

object’s radius of curvature (R).  New insights into the relationship among nozzle standoff distance, surface 

topographical features, and 3D printing quality were provided in terms of commonly observed filament 

flattening and floating defects as well as tool-surface contact defects. Our study also potentially opens the 

door to the creation of novel conformal antennas, wearable and 3D electronics, electronic textiles, and high-

performance electronic films.  Future iterations of the PCPP algorithm will include path corrections based 

on the rheological properties of the deposited material and real-time object and tool position sensing data.    
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