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Sensor-Based Planning and
Control for Conformal Deposition
on a Deformable Surface Using
an Articulated Industrial Robot

Robotic manipulators can be used to deposit materials on non-planar surfaces. Conven-
tional sensor-based industrial robots can only work on stationary surfaces, relying on
the scanned data prior to printing. As a result, performing depositions that involve
changes in plane motion presents significant challenges. The deposition of conformal mate-
rials on a time-varying deformable surface requires the manipulators to update coordinates
in real time on the plane for positioning and orientation. This can be achieved by employing
multiple sensors for manipulator motion planning and control, in order to prevent collisions
between the tool and the surface. In this paper, we propose simple tool center point calibra-
tion, initial point coordinate estimation, and a gap compensation scheme to combine real-
time feedback control and direct conformal deposition. Combining these elements allows us
to maintain a controlled gap between the tooltip and the deformable surface during the
deposition. We test the efficacy of the proposed approach by printing a single layer of
ink patterns with approximately 950 um line width on a deformable surface. We also char-
acterize the printing quality with different gaps and printing steps and show that sensor-
based control is critical in smooth printing. Finally, the effects of changing the relative
position of the tooltip, different surface colors, and laser sensor position are characterized.
[DOI: 10.1115/1.4063560]
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1 Introduction

Material extrusion is one of the most popular additive manufac-
turing (AM) processes [1]. In conventional extrusion-based AM,
material deposition is performed on planar, horizontal surfaces.
Due to this planar material deposition configuration, printing a
curved geometry requires stacking multiple planar layers by
approximating the desired geometry. However, this could lead to
poor shape approximation, staircase effect, and anisotropic mechan-
ical properties due to the presence of layer interfaces. The use of
robots in material extrusion-based AM can overcome some of
these limitations, thereby significantly expanding the capabilities
of AM processes. Robots enable conformal deposition instead of
using planar horizontal layers [2—6]. In our previous work, confor-
mal deposition using robots enables direct printing on three-
dimensional (3D) surfaces with multi-resolution nozzles [7]. The
use of robots also enables printing over prefabricated components
that have been inserted during the AM process [8]. We also realized
material deposition at mesoscale on curved surfaces using an indus-
trial robot [9]. Figure 1 highlights two examples of extrusion-based
conformal 3D printing processes using robotic manipulators,
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including fused deposition modeling (FDM) and direct ink
writing (DIW) processes.

Conformal material deposition can be achieved using a three
degrees-of-freedom (DOF) gantry-based system which enables
accurate positioning of a deposition tool. However, fixed tool orien-
tation in such 3DOF gantry-based systems may lead to unsuccessful
or poor-quality printing due to varying angles between the deposi-
tion tool and the target surface. Additionally, printing complex parts
may require the adjustment of tool orientations to avoid collision
between the tooltip and the printed part [10-12]. To satisfy these
requirements, we consider a 6-DOF manipulator for the extrusion-
based AM process. A robotic manipulator with six or more DOF
can be used to control the position and orientation of the deposition
tool during material deposition. This accurate positioning and flex-
ible control enable material deposition on non-planar surfaces.
Maintaining an appropriate gap between the tooltip and the
surface is crucial for avoiding collisions and ensuring high printing
quality. Excessively large gaps can result in inaccurate material
placement, while insufficient gaps can lead to undesired material
accumulation or even unsuccessful material extrusion out of the
printing tooltip, potentially causing tooltip clogging. To maintain
an optimal gap between the tooltip and the surface, sensor-based
planning of material deposition is necessary.

In this paper, we present conformal deposition on a deformable
surface with sensor-based planning and control. We use a 6-DOF
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Fig. 1 Examples of conformal 3D printing on non-planar sur-
faces using a robot arm: (a) FDM-based printing on curved sur-
faces using a 6-DOF manipulator [2] and (b) DIW of mesoscale
ink patterns on spherical surfaces [9]

manipulator and multiple sensors including a laser displacement
sensor (LDS) and cameras to realize in situ material deposition on
a deformable and moving surface. The motors are controlled to gen-
erate random motion of the deformable surface. The gap compensa-
tion and the control of the tooltip should be instantly executed when
the sensors capture the motions of the deformable surface. Our work
includes the correct registration between the target non-planar
surface and the robot frame as well as the registration of the deposi-
tion tool with respect to the robot frame. Tool and robot calibration
are required for our work. In this paper, we present the details of the
gap compensation scheme that enables accurate positioning of the
tooltip with respect to the deformable surface. Our gap compensa-
tion scheme enables us to maintain an appropriate gap between
the tooltip and the underlying surface. We test the efficacy of our
proposed approach by printing several types of patterns on non-
planar and non-stationary substrates. Finally, we characterize the
gap variation to evaluate the proposed approach. We believe confor-
mal material deposition will be highly useful in various applications
including electronics, energy, and healthcare fields. For example,
Fig. 2 shows the in situ 3D printing process of biomedical
devices including hydrogel-based sensors on deformable surfaces
such as human organs using an adaptive 3D printing system [13].

Fig. 2 An illustrative example of printing on deformable sur-
faces: (a) scanning the lung surface, (b) tracking the motion of
the moving lung surface due to breathing, (c) in situ 3D printing
of hydrogel ink on the lung surface, and (d) in situ monitoring of
the lung surface movement using the printed sensor [13]
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In our paper, we show that a robotic 3D printing system enables
conformal material deposition on a curved, deformable, and
moving surface. The structure of this paper is as follows: in Sec.
3, we describe the experimental setup used to realize in situ material
deposition on a deformable surface. We describe the general
approach including tool center point calibration, initial point coor-
dinate estimation, and real-time gap compensation in Sec. 4. The
experimental results and conclusions are shown in Secs. 5 and 7,
respectively.

2 Related Work

The incorporation of robots into smart manufacturing processes
has become increasingly popular in recent years, owing to their
potential to improve quality and flexibility [14]. These technologies
are being utilized across a diverse range of manufacturing pro-
cesses, including sanding, finishing, spray painting, material assem-
bly, 3D printing, and more [15-24]. 3D printing is one of those
processes, and a robot enables printing on complex surfaces. The
field of 3D printing has been widely studied due to its promising
applications in numerous fields, such as material assembly, flexible
electronics, and biomedical engineering.

Previous work is mostly focused on 3D printing on static sur-
faces, with demonstrations such as 3D printing electrical antennas
on convex and concave surfaces of a glass hemisphere [25],
bacteria-derived materials on a doll face [26], microfluidic channels
on a spherical surface [27], robotic multi-resolution conformal
printing [7,28], and robotic mesoscale conformal printing on hemi-
spherical surfaces [9]. These studies rely on known geometries of
the target surfaces prior to printing, either by printing on well-
defined geometries or through the sensor measurement. Due to
the complexity of printing surfaces, good printing results also
require high precision of actuators, changing tooltip’s direction,
and efficient path planning.

More recently, conformal 3D printing has been demonstrated on
movable or deformable surfaces. Johnson et al. used a Leap Motion
sensor to apply the ink to a stationary mannequin hand in the desired
M pattern, which can achieve coverage of 31,366 of the desired
36,630 pixels (85.6%) [29]. They also proved that this system can
work for a free-moving human hand. However, no error analysis
was executed after printing on the moving hand. Other than the
Leap Motion sensor, O’Neill et al. used a projected line green
laser and monocular camera to obtain the depth information of
the moving hand for multi-layer deposition [30]. The printed 3D
multi-layer structures have a 1.6 mm average error of the layer
height and 87.8% volumetric accuracy. Our system allows for
more precise deposition by accurately controlling the gap
between a tooltip and a deformable surface.

Zhu et al. reported an adaptive system with a light scanner and
multiple cameras to realize direct ink writing of functional materials
on moving freeform surfaces, such as moving human hands, live
mice, porcine lungs, and deformable phantom faces (see Fig. 3)
[13,31]. In the system they proposed, the error of visual tracking
was under 1.5 mm on target surfaces exhibiting slow motion
(<8 mm/s). However, the sensor-based control approach presented
in this study requires scanning the substrate to get an initial
model, increasing the process complexity. In their study [32],
they also discussed artificial intelligence (Al)-empowered 3D print-
ing approaches on movable surfaces. 3D printing on deformable
surfaces has more challenges than that on static surfaces. Among
them, maintaining the gap between the tooltip and the movable
surface is essential since it is the key to depositing materials uni-
formly and continuously without collisions. An efficient way to
maintain the gap is to introduce a feedback control system [13,29—
31] equipped with sensors such as cameras and 3D scanners.
These sensors, either employed individually or in a multi-sensor
configuration, play an essential role in enabling 3D printing on
movable or deformable surfaces, as shown in these studies [13,29—
31]. Besides, Al can play an important role in the real-time adaptation
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Fig. 3 Examples of 3D printing on movable or deformable sur-
faces: (a) 3D printing of an inductive coil on a moving hand
[31], (b) 3D printing of a squamous cell carcinoma green fluores-
cent protein/Luciferase line (top) on a live mouse and the control
group (bottom) [31], (c) 3D printing of a circular layer of hydrogel
on a porcine lung [13], and (d) 3D printing of shapes of eyebrows,
eyes, nose, and mouth on a phantom face [13]

to changes in the operation environment, such as ink-flow control,
printing drawbacks, and deformation of the surface [32].

Finally, as described in Refs. [13,30,31], O’Neill et al. and Zhu
et al. used low DOF gantries to explore the 3D printing systems
for the movable or deformable surfaces. Despite their capabilities
of printing on complex surfaces, such types of gantries have limita-
tions of introducing poor shape approximation, staircase effect, and
anisotropic mechanical properties due to the presence of layer
interfaces. These restrictions can be released by using 6-DOF artic-
ulated industrial manipulators, which can increase the printing
accuracy by adjusting the tooltip to be normal to the complex
surface and depositing curved layers [33]. Hence, various examples
of 6-DOF robotic 3D printing have been reported. Kraljic and
Kamnik have presented an approach to curved layer slicing [33].
Bhatt et al. have studied robotic multi-resolution conformal printing
[7,28] and multi-axis wire arc additive manufacturing [34]. Shem-
bekar et al. have studied generating tool paths for the non-planner
printing surface [2]. The authors presented the proper robot trajec-
tories for the 6-DOF manipulator to avoid collisions between a
nozzle tip and a curved surface. Holness et al. presented a novel
3D printing technique to create conductive polyaniline structures
[35]. The 3D conductive structures are made using a robot-
controlled platform with conductive polymer-based sensors and
actuators. Many other studies of robotic 3D printing processes
can be found in Refs. [36-38].

To our knowledge, research efforts in this area have been largely
focused on printing functional materials on a static surface using
low DOF gantries. There has been a lack of quantitative studies
on how to improve printing accuracy when printing on a non-
stationary and deformable surface. Our paper will study how to
use a 6-DOF manipulator to perform 3D printing on a deformable
surface with sensor-based planning and control. It will focus on
how to improve printing accuracy by precisely controlling the
gap between a tooltip and deformable surface.

3 Experimental Setup

Figure 4 shows the experimental setup used in this study. The
model of the articulated industrial manipulator used is Yaskawa
Motoman GPS8. It is a 6-DOF manipulator with an 8 kg payload,
727 mm horizontal reach, 1312 mm vertical reach, and a
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Fig. 4 Experimental setup for robotic conformal 3D printing:
(@) computer-aided design model for the material deposition
tool and sensors, (b) overview of the entire experimental setup,
(c) and (d) components of the test bed, and (e) programmed dis-
placements of the three actuators as a function of time

repeatability of 0.01 mm. The Yaskawa manipulator can be con-
trolled by the YRC 1000 microcontroller. Its applications in the
industry include handling, assembly, pick and place, and quality
testing [18]. The manipulator is selected for the experiments
because of its high repeatability. Also, considering its size and
reachability, this robot should be placed close to the target object
so that it can provide the flexibility to perform conformal printing.

Two types of sensors are used in the experimental setup. The first
type of sensor is the auto-focus USB camera module (Sensor
OV5640, Bewinner, Beijing, China). This compact sensor can be
installed on industrial equipment to provide adequate quality for
image processing. The camera is used for the tool center point
(TCP) calibration. The process of TCP calibration is described
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Fig. 5 Schematic illustration of the placement of the laser dis-
placement sensor for gap compensation. The solid line from
the LDS to the surface represents the laser beam. (Color
version online.)

further in Sec. 4.1. The second type of sensor is the LDS. The model
is LDS Optex CD33-30N-422 with a measurement range of 30 mm
+4 mm and repeatability of 2 ym. This LDS is used for the gap
compensation described in Sec. 4.3.

The test bed for the deformable surface consists of a silicone
membrane (approximately 1.25 mm in thickness). The boundary
of the silicone membrane is clamped to a circular frame. A mecha-
nism is placed underneath the silicone surface to deform the surface
vertically. The mechanism consists of three 3D-printed rigid plastic
supports and three microlinear actuators (PQ12-R, Actuonix
Motion Devices, Saanichton, BC, Canada) with three ball-shaped
supports attached at the top. The actuators are controlled by an
Arduino board (Uno Rev3, Somerville, MA). The time interval
for each pulse of the linear actuators and the changes in height
are set to be random. Throughout the entire process of retraction
and extension, the actuators move at an average velocity of approx-
imately 1 mm/s, reaching a maximum displacement of 5 mm.
Figure 4(e) presents the displacements of the three actuators
during the experiment, as determined by the program settings and
pulse values. The membrane is prepared by mixing platinum-
catalyzed silicone (Ecoflex 00-30, Smooth-On, Macungie, PA)
with 3 wt% of white silicone pigments (Silc Pig, Smooth-On,
Macungie, PA) inside a mold and curing at room temperature for
4h.

Platinum-catalyzed silicone (Ecoflex 00-30, Smooth-On,
Macungie, PA) with a viscosity of 3000 cps is used as the base
material for the ink. A thixotropic agent (THI-VEX, Smooth-On,
Macungie, PA) with 3 wt% is added to increase the ink viscosity.
A brown silicone pigment (Silc Pig, Smooth-On, Macungie, PA)
with 3 wt% is added for better visualization. The mixture is thor-
oughly mixed in a planetary centrifugal mixer (Thinky ARE-310,
Laguna Hills, CA) for 30 s and deposited within Ecoflex 00-30’s
pot life (45 min) using a pneumatic fluid dispenser (Ultimus II,
Nordson EFD, Westlake, OH) through a printing syringe with a

(a) (b)

| le

Fig. 6

fluid dispensing precision tip (Nordson EFD, Westlake, OH; inner
diameter: 0.01 in). The syringe is mounted at 45 deg angle with
respect to the LDS, at which angle it does not cause a collision
with the surface.

4 Approach

To realize conformal printing on a deformable, non-planar
surface using the manipulator, we first perform the TCP calibration
as described in Sec. 4.1. During the TCP calibration, we obtain the
relative position of the tooltip and the laser point projected from the
LDS. Section 4.2 describes how to identify the coordinates (with
respect to the base coordinate system) of the tooltip starting point
for the deposition. In Sec. 4.3, we explain how to compensate for
the gap between the tooltip and the deformable surface in real-time
to reduce gap errors.

First, we drive the manipulator to the preparation bench to install
the experimental tools. The manipulator is then moved to the
desired position, where the gap between the tooltip and the
surface of the preparation bench is small enough to just allow ink
extrusion. The relative position of the laser point and the tooltip
is recorded by the camera detector (Fig. 6(a)). This process is
referred to as the preparation step.

4.1 Tool Center Point Calibration. The tooltip is set as the
TCP. To calibrate the TCP, we localize the relative position of
the printing tip and the laser point with respect to the robot base
frame. The robot base frame is located on the base link of the manip-
ulator, while the base link is mounted to the ground. This calibration
is enabled by using a camera positioned on the LDS (Fig. 4). In the
setup, the LDS is approximately placed at the center of the flange
and perpendicular to it. Therefore, it can be approximated that the
laser point is at the center of the flange. The tooltip is simulta-
neously monitored in this camera. We calibrate the TCP using the
following steps:

(1) The image taken in the preparation step needs to be pro-
cessed to find the position of the laser point and the tooltip,
based on which we can calculate the distance to determine
whether to change the position and plan the subsequent path.

(2) For the laser point position determination, it is necessary to
adjust the brightness of the spot image and perform denoising
preprocessing first. The image is then thresholded and con-
verted to a binary image (Fig. 6(b)). The pixel intensity of
the binary image can be approximated by a two-dimensional
Gaussian function (Fig. 6(c))

2 2
f(x,y)=Aexp(—(x_x”) b ya)) 0

2 2
202 20,

where A is the peak intensity of the Gaussian distribution, x,,
and y, are the central coordinates in the x and y directions,
respectively, o, and o, are the standard deviations in the x
and y directions, respectively. Since the spot image has

(d)

Image processing for the laser spot detection: (a) original image, (b) binary image, (c) image after applying a two-

dimensional Gaussian function, and (d) image with the laser spot outline using a Pratt circle fitting method (Color version online.)
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Fig. 7 Image processing for the tooltip: (a) image processed
into a simple binary graph and (b) edge extraction for the tip
position

large noises, we then use the non-iterative fast center fitting
method proposed by Pratt for center fitting [39] as shown
in Fig. 6(d). This method is essentially a least square
center fitting method with the general equation of a circle
as the objective function.

(3) For the tooltip position determination, the image still needs to
be processed into a simple binary graph first (Fig. 7(a)). Then
we can extract the edge of the image to find the tip position
(Fig. 7(b)). The tooltip position plays an important role in
determining the manipulator path and ensuring that the
LDS reading reflects the surface status, which is discussed
in Sec. 5.

(4) In the final step, the distance between the laser point and the
tooltip can be calculated based on the processed image and
the relative position can be determined. For better results,
the distance should be less than 1 mm so that the position
of the tooltip can be approximated to be one of the laser
points when performing the compensation in Sec. 4.3.

The position of the tooltip relative to the laser point is known by
the TCP calibration. Thus, the tip trajectory is first defined by using
the relative positions and the flange trajectory can be calculated
based on the relative position.

4.2 Initial Point Coordinate Estimation. The initial point is
defined as the point at which printing starts. To determine the
initial point coordinates, we detect the size of the laser point in
the camera at different positions. The area of the spot in Fig. 6(d)
is first calculated based on the circle fitted using the Pratt method,
referred to as A;. Under the same conditions, the size of the object
in the image is related to the distance from which the image was
captured, hence the location can be determined by comparing the
sizes of the images. Before the estimation, the manipulator is
driven over the test bed and an image is taken for comparison
with A; for every millimeter it moves down until the image size is
within the range of (A; + 50) pixels. The Z coordinate size of the
manipulator at this position is recorded and set as the Z coordinate

Input the initial Get the

path coordinate current laser

line by line value

N Calculate
) compensation

Yes

Renew z

Print
value

Fig. 9 Flowchart indicating the steps in the gap compensation
process

of the initial point. At the same time, the X and Y coordinates are
recorded and used as the starting point to calculate the two-
dimensional model coordinates of the pattern to be printed.

4.3 Real-Time Gap Compensation. After the TCP calibra-
tion and the initial point coordinate determination, we try to drive
the manipulator to deposit ink materials. Since the surface is set
to be deforming in real-time, the gap between the tooltip and the
substrate surface needs to be compensated to avoid the tooltip
hitting the surface and to ensure continuous ink deposition. It is
assumed that the X and Y coordinates of the manipulator have
been calculated by MATLAB according to the graphic features to be
printed, and only the vertical motion along the Z-axis needs to be
compensated. We can perform compensation based on the real-time
Z coordinate instead of acquiring the 3D point cloud coordinates of
the plane. In this section, we propose a method for real-time gap
compensation using an LDS mounted near the tooltip. Figure 9
illustrates the flowchart of the gap compensation process.

In Fig. 5, Point I is the intersection of the LDS’s laser beam and
the extension line of the tooltip’s axis. The vertical distance between
the end of the tooltip and the substrate is /, which is the gap that
needs to be maintained. To compensate for the gap variation
during printing, the LDS is utilized to scan the surface. The value
obtained by the laser sensor is the distance in the Z-axis direction,
recorded as h;, and the laser value detected in the preparation step
is recorded as hy. The compensation is calculated as the difference
between h; and h. The positive or negative value of the result rep-
resents whether the manipulator is going straight up or down. Based
on the result calculated in real-time, the manipulator is driven to
fine-tune the tooltip’s position.

When generating the compensated path by independently
varying the tooltip’s position along the tooltip’s axis over the
path, the final Z coordinate can be calculated based on the Z coor-
dinate of the previous point, and the compensation calculated
using Eq. (2)

zi = zi—1 — (hi — ho) 2)

where i is a positive integer, representing the order of the points; z;_;
and z; denote the Z coordinates of the previous and current points,

(@) (b)

Gap = 34 um Gap =57 pm

(e

Gap = 89 um

791 pm,

b | 519 pm
721 pmt A

‘ 737 pm

619 um 862 um
& wds

Fig.8 Angled-view images of different gaps between the tooltip and the deformable surface, and the corresponding printed lines
(insets). The gaps in (a), (b), and (c) are 34 um, 57 um, and 89 um, respectively.
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Fig. 10 Gap variations along paths for printing a circle on the
test bed

respectively. zo is the coordinate of the initial point calculated in
Sec. 4.2. After obtaining the final Z coordinate of the current
point, we update this value to the input file of the manipulator to
complete the compensation and printing of the point (Fig. 9). On
average, the compensation calculation takes around 80 ms, while
the manipulator is programmed to move every 0.5 s based on the
ink extrusion rate. Consequently, the wait time for compensation
calculation can be considered negligible.

To prevent instability the following two conditions should be
enforced:

(1) hyAty < Ah. Here iy is the rate at which the surface can
move up or down, At is the time for LDS to take the mea-
surement and respond, and A is the difference between low-
ermost and uppermost nozzle positions for successful
printing. This condition ensures that the surface does not
move too fast to get the nozzle out of printing range before
nozzle repositioning.

(2) hs < hy,. Here I is the rate at which the surface can move up
or down and /i, is the rate at which the nozzle can move. This
condition ensures that the nozzle can move at a high enough
speed to perform repositioning.

During the experiment, the sample rate of LDS is set to be 5 ms
and the response time is 5 ms. The manipulator rate of change is
approximately 0.7 mm/s. Thus, even under extreme conditions,
when the actuator is moved to its maximum displacement, the
system is fast enough to detect and react to avoid collision. In addi-
tion, we restrict the substrate’s deformation range to not go beyond
the manipulator’s range of motion. In future work, we plan to
explore methods to improve printing quality across varying
surface distortions.

Although we have determined the Z-axis coordinates of the initial
point in Sec. 4.2, the results may not be the optimal solution due to
the limited resolution of the camera and the inaccuracy of the laser
point size calculation. Therefore, we first perform initial compensa-
tion for the initial point in this section. In this process, the manipu-
lator moves vertically in the Z-axis to find a suitable position
without printing and then starts printing after the compensation is
made. Figure 10 shows that after performing initial compensation,
the gap’s variations are decreased from approximately 521 ym to
276 ym when tracing circles and similar trends are observed on
other geometries. Since the state of the test bed is random in each
printing step, the trend of the gap can be different each time. It
should be noted that the result of gap variation is the difference
between the value detected by the LDS and the value we obtained
during the initial point coordinate estimation. Therefore, the
average of the gap variation is not zero. This also applies to the cal-
culated results in Sec. 6.

011008-6 / Vol. 146, JANUARY 2024

Fig. 11 Optical image of the deformable surface: the solid lines
represent the current positions of the ball-shaped support and
the dashed lines represent the initial flat positions of the support

5 Experimental Results

Two sets of experiments are performed in this paper: (1) testing
the influence of the gap between the tooltip and the substrate; and
(2) testing the efficacy of the proposed approach under different
conditions.

We first test the influence of the gap, defined as the vertical dis-
tance between the end of the tooltip and the substrate, on the print-
ing quality. This gap is found to be a key parameter for successful
printing. In this experiment, the tool has an angle of 45 deg to the
normal direction of the test bed. In this configuration, a relatively
small gap (e.g., 34 um) can cause discontinuous extrusion of ink
(Fig. 8(a)). Due to the viscosity of the ink, a relatively large gap
(e.g., 89 um) can lead to the generation of ink droplets (Fig. 8(c)),
and the laser point is easily illuminated on the surface of the
droplet and reflected. In such a situation, the laser reading is the dis-
tance between the LDS and the ink droplet, which is almost a fixed
value. This prevents correct calculation of the compensation using
the sensor data. Based on a series of experiments, the appropriate
gap is found to be approximately between 40+5um to 70+
5 pm for continuous printing with line widths within the 730 ym
to 800 pym range (Fig. 8(b)). Given the repeatability error of the
manipulator, this sets the gap variation requirement. To test the
effectiveness of the method, we print three different types of pat-
terns, namely circles, squares, and spirals, on both static surfaces
with different curvatures and deformable surfaces with gaps
within the appropriate range determined by the above tests.

To print these patterns, we first project a circle, a square, or a spiral
pattern orthogonally onto a horizontal plane. Then the printed trajec-
tory of the manipulator is calculated based on the obtained graph, the
TCP calibration, and the estimation of the initial point coordinates.
Finally, the gap between the tooltip and the target surface is within
the appropriate range. As shown in Fig. 12, both TCP calibration
and gap compensation are necessary for the successful printing of
complete patterns. The calibration process ensures that the position
of the tooltip is near the laser point and can be approximated at the
laser point so that the LDS reading used for the compensation calcu-
lation is based on the position of the tooltip. After the initial point
estimation, the printing quality is improved. Finally, after the initial
compensation for the initial point, we are able to successfully print
complete patterns on deformable surfaces. The line widths of the pat-
terns (circular, square, and spiral) printed on surfaces are measured
using an optical microscope (Fig. 14). The line widths typically
range from 900 ym to 1000 gm. As shown in Figs. 15 and 16, the
same patterns can be created successfully on static surfaces with dif-
ferent curvatures. This method can be applied to both static and
dynamic surfaces.

To assess the repeatability of our method, we first use basic lines
as the reference geometry to examine the print continuity and line
width on a static, flat surface. Lines are drawn on a stationary
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Fig.12 Optical images of the printed patterns on the deformable surface: (a)—(d) circle, (e)-(h) square, (i)—(/) spiral. (a)-(c), (e)—(9),
and (i)—(k) are top-down view directly and (d), (h), (/) are angled view of the printed patterns. All the images are taken directly from
the test bed. (a), (e), (i) are prints without both calibration and initial compensation; (b), (f), (j) are prints after calibration but without
initial compensation; and (c), (g), (k) are prints after applying both processes.

2 mm

2 mm

2 mm

Fig. 13 Optical images illustrate the repeatability of the method
with pressure increasing from top to bottom. Images (a)-(c) are
the original captures of lines printed on a static, flat surface;
images (d)—(e) show the processed images highlighting printing
quality. Images (a) and (d) represent the initial prints conducted
under identical experimental conditions; (b) and (e) were taken
5 min post the initial prints; (c) and (f) were captured 10 min fol-
lowing the initial prints.
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plane at the start of the experiment, 5 min after the first test, and
10 min after the first test, under different air pressure conditions
(Fig. 13). The results show that under the same experimental condi-
tions, the widths of the lines show minimal variation at similar time
points, approximately 779.76 ym, 881.64 um, 903.99 ym, and
928.08 um, respectively. Different shapes under a deterministic
motion pattern are printed several times to test the printing consis-
tency. Circle, spiral, and square are used as reference geometries to
print five times respectively and the deformation conditions are all
the same as shown in Fig. 4(e). In each trial, five points are selected
randomly to evaluate the line width of the printed shapes. The
results show that under a deterministic motion pattern, the line
widths do not show much variation for all the shapes (see Table 1
for details).

6 Characterizing the Factors Affecting Gap Variation

6.1 Effect of Laser Point Position on Gap Variation. In pre-
vious work, we have characterized the effect of inaccuracy in the
robot kinematic model on gap variation. In this paper, due to the
small distance between the tooltip and the laser point, the compen-
sation calculation is performed by scanning and detecting the area

JANUARY 2024, Vol. 146 / 011008-7
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Fig. 15 Optical images of the printed patterns on a flat surface:
(a) circle, (b) square, and (c) spiral

near the tooltip. In this process, the selection of regions may be one
of the sources contributing to the variations in the gap.

We use basic lines as the reference geometry during this analysis.
We have made shifts in the flange positions and orientation. Then
we estimate the gap between the tooltip and the deformable
surface. We evaluate the effect of different positions of laser
point by the uniformity and thickness of the lines printed in the
pattern and the numerical changes detected by the LDS. The
results show that when the position of the laser point is always
located at the next point on the trajectory of the current point of
the tooltip (Fig. 17(d)), the variance of the gap variation is the
smallest (approximately 104 ym) while the changes of gap variation

in other positions are all approximately 260 ym (Fig. 18). This is
reflected in the similar printing results shown in Fig. 17.

We did not change the orientation of the flange to improve the
gap variation in the current work. The main reason is that the
tooltip is not used as the center of the flange, though we can use
the pattern to be printed, which is the trajectory of the tooltip, to
inversely deduce the trajectory of the flange. However, this
process is complicated. Through previous analysis, we found that
the influence of the position of points detected by the laser point
on gap variation is limited. In addition, the deformation of the
surface is limited given the relatively small displacement and
the speed of linear actuators. Despite successful deposition, the
quality of the pattern on a surface of larger curvature is lower
than that on a surface of smaller curvature due to the non-ideal
fitting of the tooltip to the surface (Fig. 16(g)). In the future, we
envision that a new algorithm can be developed to directly obtain
the position of the flange, thereby allowing the direction and orien-
tation of the tooltip to be changed in real-time during printing to
further improve the quality of the patterns applicable to surfaces
of different curvatures.

6.2 Effect of Target Surface Color on Gap Variation. Since
the LDS is used to measure distances using the reflected laser beam,

(b)

4

Not fitting well to the surface

Fig. 16 Optical images of printed patterns on a static hemispherical surface: (a), (d) circle, (b), (e) square, and (c), (f) spiral. (a)—(c)
are top-down view and (d)—(f) are angled view of the printed patterns, and (g) is the comparison of fitting to surfaces with different

curvatures

011008-8 / Vol. 146, JANUARY 2024

Transactions of the ASME



Table 1 Line widths for different shapes under a deterministic motion pattern

Circle Square Spiral
Sample Average (um) Standard deviation (um) Average (um) Standard deviation (um) Average (ym) Standard deviation (um)
1 933.56 37.93 953.14 43.96 953.66 25.70
2 953.90 28.60 936.84 27.18 930.44 11.44
3 958.10 36.33 907.70 29.15 979.08 9.98
4 933.54 25.25 950.98 43.35 971.82 34.67
5 984.42 57.26 955.14 31.53 980.44 17.55
(a) (b) (c) (d)
1 2 3
o o o 1 2 3 i 2 3 ;I 3 3
---0-9-» - 00000 -- - --o-» --0000-00)
1 2 3 1 2 B8 ve b 1 2 3
1 2 3
(e) (f) 1250 (9
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Fig. 17 Effect of laser point position on the printing results: (a)—(d) schematic illustrations of the relative position between the
laser point and the tooltip. The black and red dots represent the tooltip and laser point, respectively. The numbers represent the
order of the points, and (e)—(h) corresponding printing results for (a)—(d). (Color version online.)

the color of the target surface influences the accuracy of the mea-
sured lengths.

Circle, spiral, and square are used as the reference geometries for
this analysis. We choose white, pink, and black colors by adding the
corresponding dyes (Silc Pig, Smooth-On) as the membrane surface
color. Then the gap between the tooltip and the surface is estimated.
We evaluate the effect of different membrane surface colors using
the numerical changes detected by the LDS (Fig. 19). The results
show that the black color has a larger standard deviation value

1500

—— Position 1
—— Position 2
—— Position 3
—— Position 4

1000 |

500 -

Gap variation (um)
o

-500

-1000

_1500 1 1 i ! 1 1 1 1 1
0
Number of points
Fig. 18 Gap variations along paths for printing lines with differ-
ent orientations on the test bed. Position number 1-4 corre-

sponds to position number (a)-(d) in Fig. 17, respectively
(Color version online.).
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(approximately 427 ym) than the other two colors (approximately
350 ym for both pink and white). Although the error is within the
acceptable range, brighter surfaces lead to higher accuracy during
the experiment.

6.3 Effect of Laser Displacement Sensor Position on Gap
Variation. The orientation of the LDS also influences the sensor
reading on curved surfaces. In an initial experimental setup illustrated

2000
——— White
—— Pink
1000 L —— Black

Gap Variation (um)

_2000 1 1 1 1 1 1 1
0

50 100 150 200 250 300 350
Angle (°)

Fig. 19 Gap variations along paths for printing a circle on target
surfaces in different colors (Color version online.)
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Fig.20 Schematic illustration of the inaccuracy in LDS readings
in an initial experimental setup. The solid line and the dashed
line represent the actual laser beam and an imaginary laser
beam for accurate gap measurement, respectively.
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Fig. 21 Gap variations along paths for printing lines on a static

curved surface in two different printing setup designs

in Fig. 20, the material deposition tool is perpendicular to the target
surface and the LDS is at 45deg to the surface. The constant
flange orientation in this configuration can lead to inaccuracies in
the LDS readings. More specifically, the LDS reading reflects the
travel distance of the laser beam reflected from the curved surface
(represented by the red solid line in Fig. 20, which does not accurately
correspond to the distance between the tooltip and its vertical projec-
tion on the surface. This discrepancy likely contributes to the large
gap variations shown in Fig. 21, affecting the compensation results.
Consequently, this may lead to poor printing quality and potential
damage to the target surface due to collisions with the tooltip.

In an optimized experimental setup used in this study, the LDS is
perpendicular to the target surface and the material deposition
is at an angle to the surface (Fig. 4). The angle is set to avoid col-
lisions between any part of the tooltip and the surface during the
entire printing process. The vertical orientation of the LDS
ensures that changes in the LDS readings reflect the actual
changes in the gap between the tooltip and the surface. We evaluate
the influences of different experimental setups on the printing
quality by drawing straight lines on a static curved surface. The

011008-10 / Vol. 146, JANUARY 2024

optimized setup results in significantly reduced gap variations
(Fig. 21).

It is important to note that the ranges of data for the characteriza-
tion of gap variations due to the three factors in this section are dif-
ferent. This is due to the fact that the test beds used in Secs. 6.1 and
6.2 are real-time deformable surfaces, whereas Sec. 6.3 is a station-
ary curved plane.

7 Conclusions

Through the experiments above, we have demonstrated that
industrial robotic manipulators can be used to perform conformal
deposition on deformable surfaces through sensor-based planning
and control. The main research results of this paper are summarized
as follows:

(1) By using a 6-DOF manipulator with multiple sensors, includ-

ing the LDS and cameras, we realized printing different

patterns on a deformable surface with line widths within

800-1000 pm;

By exploiting the high repeatability of the manipulator and

the LDS, we demonstrated that the gap variation can be

reduced to approximately 200 um by using the proposed

compensation scheme;

(3) Through experiments, we investigated the sources of gap
variations. This can be used in the future to apply advanced
methods to further improve the printing quality.

2

~

The approach presented in this study provides a relatively simple
means of achieving conformal deposition on deformable surfaces
based on sensor planning and control. The results show the possibil-
ity of conformal printing on dynamically changing surfaces, which
may find applications in fabricating bioscaffolds for tissue regener-
ation, advanced sensors on complex surfaces, and patient-specific
wearable and implantable devices. Future work will focus on under-
standing how various parameters—including temperature, surface
deformation rate, ink extrusion rate, among others—impact the
quality of printing, as well as reducing printing errors by improving
the manipulator’s positioning accuracy, adjusting the tool orienta-
tion to be ahead of the tooltip, and applying Al to detect, adapt,
and predict the state of the printing environment.
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