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ABSTRACT
Six Degrees of Freedom (DOF) robotic manipulators can use
non-planar layers to deposit materials in additive manufactur-
ing. Conformal material deposition requires accurately position-
ing and orienting the deposition tool on non-planar surfaces.
Using industrial manipulators to move the deposition tool en-
ables 6 DOF motion and avoids collision between the tool and
the pre-existing substrate. Regular articulated industrial robots
have high repeatability but do not exhibit high accuracy. There-
fore, performing printing that involves small features becomes
challenging. In this paper, we present advances in non-planar
surface registration with respect to the robot frame, deposition
tool calibration, and gap compensation scheme to enable accu-
rate positioning of the tool tip with respect to the non-planar sub-
strate. This enables us to maintain an accurately controlled gap
between the tool tip and the underlying surface to allow printing
of mesoscale features on curved surfaces. We test the efficacy
of the proposed approach by printing a single layer of ink pat-
terns with approximately 130 um line width on spherical (radius
< I cm), cylindrical, and planar substrates. We also demon-
strate the capability of changing tool orientation enabled by the
6 DOF robotic manipulator and show that adjusting tool orien-
tation is critical in enabling conformal printing on highly curved
surfaces. Finally, the gap variation is characterized and accu-
rate control of the gap is demonstrated.

Keywords:  robotic manipulator, conformal printing,
mesoscale printing, workpiece registration, TCP estimation, gap
compensation.
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1 Introduction

Material deposition is a fundamental capability behind many of
the popular additive manufacturing processes [1]. In conven-
tional additive manufacturing, material deposition is performed
on planar horizontal surfaces. Creating a conformal geometry re-
quires stacking multiple planar layers to approximate the desired
geometry. This restricts the types of devices that can be real-
ized and also limits their performance due to poor shape approx-
imation and inferior mechanical properties at layer interfaces.
There are various applications where conformal deposition with
mesoscale features is expected to be useful. Examples include
printing of interconnects for flexible electronics, wearable de-
vices, microfluidic devices, robotic skins, and sensors (Figure
1) [2-7]. Conformal deposition enables direct printing on three-
dimensional (3D) surfaces without requiring planar approxima-
tion [8]. Conformal printing capability also enables printing
over prefabricated components that have been inserted during the
printing process [9].

In principle, conformal deposition can be performed using
a 3 DOF gantry-based system. This approach enables accurate
positioning of deposition tools. However, tool orientation cannot
be changed by a 3 DOF positioning system. Material deposition
on complex surfaces may require tool orientation to be changed
based on the local direction normal and curvature to make sure
that material is transferred from the deposition tool to the sur-
faces at the desired rate and pressure. When the surface is geo-
metrically complex, avoiding tool and surface collision may also
require tool orientation to be changed [10, 11]. These require-
ments mean that we need to consider a 6 DOF motion for the
deposition tool so that both its position and orientation can be
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FIGURE 1: Conformal 3D printing on non-planar surfaces: (a) 3D printed antenna on a hemispherical surface [5]; (b) 3D printed inductive coil on a
human hand [6]; (c) 3D printed microfluidic channels on a spherical surface [7].

controlled.

Robotic manipulators can be used to control the position and
orientation of deposition tools during conformal material depo-
sition and avoid collision between the tool and the pre-existing
substrate [12]. Conformal deposition requires accurately posi-
tioning the deposition tool on non-planar surfaces. Traditional
articulated industrial robots have high repeatability but do not
exhibit high accuracy due to execution errors [13, 14]. There-
fore, performing material deposition that involves features with
small size becomes very challenging.

Successful material deposition requires maintaining an ap-
propriate gap between the tool tip and the surface. Excessive
gap may lead to poor material placement accuracy. On the other
hand, if the gap is too small, the material cannot be extruded out
of the tool, which may clog the tool. In this paper, we present
advances in non-planar surface registration with respect to the
robot frame, robot calibration, deposition tool calibration, and
gap compensation scheme to enable accurate positioning of the
tool tip with respect to non-planar substrates. This enables us to
maintain an appropriate gap between the tool tip and the under-
lying surface and enables the printing of small features. We test
the efficacy of the proposed approach by printing several differ-
ent types of patterns with small line width on spherical, cylin-
drical, and planar substrates. We also demonstrate the capability
and advantages of using the 6 DOF robotic manipulator to ad-
just the tool orientation for printing mesoscale features on highly
curved surfaces, as compared to printing with constant tool ori-
entation. Finally, we characterize the gap variation to evaluate
the proposed approach.

2 Related Work

Material extrusion-based mesoscale conformal printing has pri-
marily relied on three-axis gantry motion systems on which de-
position tools (e.g., nozzles) are mounted. Cohen et al. reported
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one of the early works in this area in which they utilized a three-
axis motion system to deposit hydrogels on the femur for the
in-situ repair of osteochondral defects with relatively large line
widths (approximately 0.8 mm) [15]. Using a similar motion
system with microscale nozzles (100 gm and 30 um diameters),
Adam et al. fabricated 3D antennas by direct ink writing of con-
ductive epoxy on convex and concave surfaces of a glass hemi-
sphere [5]. Silver serpentine patterns with a line width as small as
150-200 pum were printed on the hemisphere, which contributes
to improved antenna bandwidth over planar designs. One sig-
nificant limitation of their system is that the nozzle needs to be
manually bent at an angle to facilitate printing for small nozzles
due to the incapability of adjusting the nozzle orientation with
respect to curved surfaces. Other works using three-axis gantry
motion systems include the fabrication of polymer photodetec-
tors [16] and wireless ion sensors [17] printed on hemispherical
surfaces, with typical line widths in the range of hundreds of mi-
crons.

More recently, low DOF robotic systems such as delta robots
have been used for conformal mesoscale printing. Zhu et al.
used an adaptive 3D printing platform consisting of a delta robot,
monitor cameras, and tracking cameras for localization of the
target surface. They demonstrated the printing of functional and
biological materials on moving freeform surfaces such as human
hands and the mouse [6]. A closed-loop feedback system enables
the corrections of printing errors introduced by the movement of
freeform surfaces. The same research group also demonstrated
3D printed self-supporting elastomeric microfluidic structures on
spherical glass [7].

Finally, research has been done on using 6 DOF articulated
industrial manipulators to perform millimeter-scale conformal
3D printing [18]. Bhatt ef al. have used a 6 DOF manipulator
to build multi-resolution 3D printed parts with conformal lay-
ers [8, 12]. Shembekar et al. have explored the tool-path gener-
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ation for performing 3D printing on non-planar substrates using
6 DOF manipulator [19]. Alsharhan ef al. have improved the
mechanical properties of the part using 6 DOF manipulators to
3D print it [20]. Zhao et al. have developed non-planar slicing
techniques to build conformal 3D printed parts using manipula-
tors [21]. Kralji¢ ef al. have studied the trajectory planning prob-
lem to 3D print conformal layers [22]. Many other older works
on robotic conformal 3D printing appear in these reports [23-25].

As research efforts in this area were largely focused on print-
ing functional materials and devices, there has been a lack of
quantitative investigation on the printing accuracy, for instance,
the precise control of the gap between the tool tip and the tar-
get surface and geometric accuracy of printed patterns. Also, to
the best of our knowledge, there have been no reports on using 6
DOF articulated manipulators for mesoscale conformal 3D print-
ing on non-planar surfaces.

3 Experimental Setup

Figure 2 shows the experimental setup used in this study.
The robotic manipulator used is 6 DOF Yaskawa Motoman GP8
manipulator. The Motoman GP8 is an articulated industrial ma-
nipulator with a payload of 8 kg, 727 mm reach, and rated re-
peatability of 0.02 mm. Its applications in the industry include
handling, assembly, pick and place, and quality testing [26]. We
select this manipulator due to its high repeatability and large
workspace. Also, the 6 DOF of the manipulator offers desired
flexibility to perform conformal printing. The Yaskawa manipu-
lator is controlled using the YRC 1000 microcontroller.

There are three types of sensors used in the experimental
setup. The first sensor is the Hexagon Absolute ROMER arm
with an integrated laser scanner. It has a volumetric accuracy of
4 0.051 mm. It is used for workpiece registration described in
Section 4.1. The second type of sensor is the RGB camera. Two
cameras (FLIR) with Computar MLH-10X macro zoom lens (13
- 130 mm) are used. These two cameras are used for the Tool
Center Point (TCP) estimation described in Section 4.2. The
third type of sensor used in the experimental setup is the Laser
Displacement Sensor (LDS; Optex CD33-30N-422) with a mea-
surement range of 30 mm + 4 mm and repeatability of 2 yum.
This LDS is used for the gap compensation described in Section
4.3.

For the demonstration of conformal printing, a water-soluble
gel ink material (Cellink Start) is deposited using a pneumatic
fluid dispenser (Ultimus II, Nordson EFD) through a syringe
with a ceramic tip (inner diameter: 50 pum). The syringe is
mounted at 45° angle with respect to the LDS. Silicone elastomer
(Dragon Skin, Smooth-On) is used for creating non-planar sub-
strates through a molding process. The silicone elastomer sub-
strates are treated with oxygen plasma before printing to enhance
the wettability of the gel ink on the substrates. The approach us-
ing this experimental setup is described in Section 4.

Laser
displacement
sensor

% /T

Material
deposition
tool

FIGURE 2: Experimental setup for mesoscale robotic conformal 3D

printing.
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FIGURE 3: Scanned and filtered point clouds of the robot flanges for
different robot configurations. Orange circle: flange; red line: x axis of
the flange; green line: y axis of the flange; blue line: z axis of the flange.

7.5+
— T4
€
E
N

6.5 +

64 -120
-120.5
484.5 .
84 e -121 5121
¥ (mm) : ' X (mm)

FIGURE 4: Illustration of the m orientations with which the manip-
ulator tool tip can reach a target point in the view frames of both the
cameras. Orange arrow: x axis of the tip; green arrow: y axis of the tip;
blue arrow: z axis of the tip.

4 Approach

To realize conformal printing of mesoscale features using the ma-
nipulator, we first perform the workpiece registration in Section
4.1 to obtain the relative position of the robot base frame and the
substrate. Then the accurate TCP estimation in Section 4.2 is uti-
lized to identify the tool tip’s position relative to the robot flange
frame, followed by compensating the gap between the tool tip
and the surface of the pre-existing non-planar substrate in Sec-
tion 4.3 to reduce gap errors. The robot base frame {B} is lo-
cated on the base link of the manipulator, which is mounted to
the ground. The robot flange frame {F} is located on the last
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FIGURE 5: Schematic illustration of the placement of the laser dis-
placement sensor for gap compensation. Red solid line: laser beam.

link of the manipulator. The tool is mounted to the flange. The
tool tip’s frame {¢} is located on the tip of the tool.

4.1 Workpiece Registration

Workpiece registration is necessary to localize the substrate in
the robot base frame. We use the data generated using the
Hexagon laser scanner and the following steps to realize it.

1. In the first step, we drive the manipulator to n different con-
figurations and record the joint angle vectors of the ma-
nipulator 6 for each configuration. Using the Equation 1,
the transformation matrix from the robot base frame to the
flange frame {F} represented as T# is calculated for each
configuration.

TE = FK(6) (M

Here FK(-) represents the Forward Kinematics function to
obtain the transformation matrix from the robot base frame
to the robot flange frame using the joint angles [27].

2. In the next step, the Hexagon laser scanner is used to scan
the robot flange for the n configurations. The scanned robot
flanges after filtering the noise by clustering are shown in
Figure 3. Using the flange point clouds we can get the trans-
formation matrix from the laser scanner base frame {L} to
the robot flange frame, i.e. Tt. This is realized by assign-
ing the transformation location as the center of each flange
point cloud and the transformation z axis as the normal to
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FIGURE 6: Flowchart indicating the steps in the gap compensation process.
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FIGURE 7: Gap variations along paths for printing a circle on a hemi-
spherical surface.

the plane containing the point cloud. The x and y axes of the
transformation matrix are placed perpendicular to the z axis.

3. In the final step, the transformation matrix T} from the laser
scanner base frame to the robot base frame is calculated
numerically by applying the least square method using the
Equations 2-3.

T} = THTE) 2
0= X 2 ()i = (g)) 3)

Here Vv =< x,y,z, f X § > is a vector encoding the transfor-
mation matrix T/, g is the vector containing the quaternions
of the transformation matrix, and < x,y,z > are the trans-
lation vector of of the transformation matrix. f is a weight
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FIGURE 8: Gap variations along paths for printing a circle on a cylin-
drical surface.

multiplication factor.

The position of the substrate in the laser scanner base frame
is known by scanning the substrate. Thus, by using the relative
positions of the robot base frame and the substrate in the laser
scanner base frame we can register the workpiece, i.e, the sub-
strate in the robot base frame.

4.2 Accurate TCP Estimation

The tip of the conical tool is set as the TCP which needs to be
estimated accurately. To determine the TCP, we estimate the tool
tip location in the robot flange frame as the location of the robot
flange frame with respect to the robot base frame can be obtained
by the Equation 1. This estimation is enabled using two cam-
eras (see Figure 2). In the setup, the cameras are approximately
placed parallel to the horizontal plane, and perpendicular to each
other. The tool tip is simultaneously monitored in these two cam-
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FIGURE 9: Gap variations along different paths for printing a circle on

a planar surface.

eras. We estimate the TCP using the following steps.

1. In the first step, we select a target point which is visible in
both cameras. Then, m different poses for the tool tip reach-
ing the target point (see Figure 4) are calculated using an
initial, approximate value of the TCP.

2. In the second step, the manipulator is driven to the m poses.
The tool tip is detected by processing the images captured
by the cameras. Due to the approximation of the initial TCP
value, the TCP has different camera pixel values for all the
m poses. The pixel error is calculated and the manipulator is
servo-controlled in real time to match the tool tip pixel for
the m poses. The joint values of the manipulator 6, for all the
matched pixel configurations are recorded. By substituting
6 into the Equation 1, we can obtain T}? .

3. In the final step, the least square method, is used to accu-
rately estimate the location of the TCP in the robot flange
frame by using the Equations 4-6.

10 Ox,
010y
F _ t
" =loo1z @
0001
P =171 ®)
0= X7 Ty (V)i — (V7)) 6)

Here T,F' denotes the transformation matrix from the robot
flange frame to the tool tip’s frame. We assign the tool tip’s
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frame to have the same orientation as the robot flange frame.
Therefore, only the translation in the transformation matrix
< X1,y1,2 > needs to be recognized here. T8 denotes the
transformation matrix from the robot base frame to the tool
tip’s frame.

4.3 Gap Compensation

After the workpiece registration and the accurate TCP estima-
tion, there are still gap errors existing between the tool tip and
the surface of the substrate when we try to drive the manipulator
to deposit materials on the non-planar substrate. The gap errors
originate from multiple sources, including the laser scanner’s ac-
curacy, the operating errors, the image processing errors, the cal-
culation errors, and DH parameters’ errors. To avoid the tool tip
bumping into the substrate surface and to ensure the continuity
of ink deposited, a gap compensation is needed.

In this section, we present a means for the gap compensation
by using the LDS installed near the tool tip. In Figure 5, Point /
is the intersection of the LSD’s laser beam and the extension line
of the tool tip’s axis. The distance between the point / and the
end of the tool tip is /. The value of / is the gap that needs to be
maintained, which can be calculated by the Equation 7.

I =hcos(a) @)

Here « is the installation angle between the syringe and the LDS.
h can be measured by the LDS.

To compensate for the gap before printing, we utilize the
LDS to scan the substrate surface by executing the printing path
without depositing the ink material. The gap between the tool tip
and the substrate surface is calculated by the Equation 7 and the
compensation is calculated. The compensated path generated by
independently varying the tool tip’s position along the tool tip’s
axis over the path is executed again without depositing the ink.
If the point / is maintained on the substrate surface along the
compensated path, (i.e., the distances between the tool tip and
the substrate surface are constant as /y which can be measured
by using one of the two cameras in Figure 2), printing can be
performed by moving the tool tip around /p —40 ym down along
the axis of the tool tip along the compensated path. Otherwise,
the compensation process is repeated (see Figure 6).

Figure 7 - Figure 9 show that after performing compensation
twice, the gap’s variations are decreased from 692 pum to within
40.7 pm, from 201 pum to within 25 pm, and from 87 um to
within 22 um, respectively, when tracing circles. We observed
similar trends in other geometries.

5 Experimental Results
Three sets of experiments are performed in this paper: testing
the influence of the gap between the tool tip and the substrate;
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FIGURE 10: Side-view images of different gaps between the tool tip and a flat surface and the corresponding printed lines (insets). The gaps in (a),

(b) and (c) are 18 pum, 48 pum, and 90 um, respectively.

testing the efficacy of the proposed approach; and demonstrating
the advantages of using the 6 DOF robotic manipulator to deposit
materials on curved surfaces by changing the tool orientation.

We first test the influence of the gap (defined as the distance
between the middle point of the tool tip and the substrate) on the
printing quality. This gap is found to be a critical parameter for
successful printing. In this experiment, the tool is parallel to a flat
substrate’s normal direction. In this configuration, a relatively
small gap (e.g. 18 um) can cause discontinuous extrusion of ink
(Figure 10 a), while a relatively large gap (e.g. 90 um) leads
to the generation of ink droplets (Figure 10 c). The appropriate
gap is experimentally found to be approximately between 25 £
5 umto 75 £ 5 um for successful printing with line widths to be
within the 100 um to 160 um range (Figure 10 b). This sets the
requirements for the gap variation given the repeatability errors
of the manipulator.

To test the efficacy of the proposed approach, we print three
different types of patterns (i.e. circle, spiral and serpentine lines)
on planar, cylindrical, and hemispherical substrates with the gap
in the appropriate range determined from the tests above.

To print these patterns in Figure 11-13, we first ortho project
a circle, a spiral, or a serpentine pattern on the horizontal plane
to the non-planar surfaces (or a planar surface) to obtain the new
print pattern. Then, the printing path of the manipulator is calcu-
lated based on the newly obtained pattern, the registration of the
workpiece and the result of the TCP estimation, followed by the
gap compensation. Finally, the gap between the tool tip and the
target surfaces is within the appropriate range.

As shown in Figure 11 and Figure 12, gap compensation is
necessary for successful printing of the complete patterns. Af-
ter the 1st gap compensation, the printing quality is improved.
Finally, after the 2nd compensation, we are able to successfully
print the complete patterns on the cylindrical (30 mm radius) and
hemispherical (30 mm radius) surfaces.
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The line widths of the circular, spiral and serpentine pat-
terns printed on planar surfaces are measured using an optical
microscope (Figure 13). Except for the beginning and end points
(likely due to partial dewetting of ink on the substrate ), the line
widths typically range from 100 ym to 160 um.

While a vertical tool orientation can support printing on
curved surfaces with a relatively large radius of curvature as
demonstrated above, conformal printing on highly curved sur-
faces requires changing tool orientation with respect to the target
surface. Here, we demonstrate the necessity and capability of
changing the tool orientation for printing on surfaces with a ra-
dius of curvature smaller than 1 cm (a video of the demonstration
appears in [28]). The print patterns are obtained by ortho project-
ing circles on tangent planes to the spherical surface. A series of
circles are ortho projected and printed in Figure 14 and Figure 15
on a spherical surface with 9 mm in radius. When the axis of the
tool tip is kept vertical during the printing process, the printed
pattern becomes discontinuous starting approximately from the
point with the normal that is 17° from the vertical axis (Figure
14). When the axis of the tool tip is adjusted to align with the
normals of points on the spherical surface, a continuous circular
pattern can be printed on the spherical surface (Figure 15). This
comparison shows that adjusting the tool orientation with respect
to the target surface is critical in enabling continuous conformal
printing on highly curved surfaces. We reproject the printed cir-
cles and ideal circles on a perfect sphere to the horizontal plane,
and calculate and compare their aspect ratios. The mean error of
7 printed patterns is 3.0 % with the maximum error of 6.8 %. The
sources of error include the positioning error of the manipulator,
the sensitivity of the laser scanner and the LDS to the substrate,
the substrate’s imperfect spherical shape, the error in image pro-
cessing, the operation error of the laser scanner, the assemble
error of the tool tip and the LDS, and the calculation error of the
method proposed in this paper.
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FIGURE 11: Optical images of printed patterns on a cylindrical surface. (a)-(d): circle; (e)-(h): spiral; (i)-(1): serpentine lines. (a)-(c), (e)-(g) and
(1)-(k) are top-down view and (d)(h)(i) are side view of the printed patterns. (a)(e)(i) are prints without gap compensation; (b)(f)(j) are prints after the
1st gap compensation; (c)(g)(k) are prints after the 2nd gap compensation. Inset in (d) is an optical image of the cylindrical surface (3 cm in radius).

6 Characterizing the Effect of Inaccuracy in Robot
Kinematic Model on Gap Variation

The manipulator executed the computed path during the first trial
without any compensation. We now analyze variability in the
gap. We use circles as the reference geometry during this anal-
ysis. When the manipulator tries to trace a circle in the space,
the actual circle traced by the manipulator might be shifted in lo-
cation and orientation due to errors in the estimated robot kine-
matic model. We use the Denavit—Hartenberg (DH) parameters
to model robot kinematics. Figure 16 shows an example of such
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a shift. The shift based on the original circle center is Ax = —6.4
mm, Ay = 2.3 mm, Az = 4.4 mm and orientation error of 2.1°. If
the traced circle is shifted with its intended location, then the gap
measured by the laser in the manipulator will exhibit variability.
We have simulated shifts in the circle location and orientation
and estimated the gap between the tool tip and the hemispherical
substrate. Figure 17 shows the result based on the circle center
error corresponding to Ax =3 mm, Ay = 1.5 mm and orientation
error of 0.5°. This result matches our experimental observations.

Tracing a circle on a cylinder requires the circle to be dis-
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FIGURE 12: Optical images of printed patterns on a hemispherical surface. (a)-(d): circle; (€)-(h): spiral; (i)-(1): serpentine lines. (a)-(c), (e)-(g) and
(i)-(k) are top-down view and (d)(h)(i) are side view of the printed patterns. (a)(e)(i) are prints without gap compensation; (b)(f)(j) are prints after the
1st gap compensation; (c)(g)(k) are prints after the 2nd gap compensation. Inset in (d) is an optical image of the hemispherical surface (3 cm in radius).

torted and wrapped around the cylinder (See Figure 18). This
means that the geometry being traced exhibits significant out-of-
plane motion. Errors in DH parameter estimations now not only
introduce a shift in the circle center and its location but also cause
errors in the out-of-plane motion. This means that the circle does
not deform to perfectly wrap around the cylinder, therefore we
observe variations in the gap. We have simulated the shift in the
circle location and orientation and estimated the gap based be-
tween the tool tip and the cylindrical substrate. Figure 19 shows
the result based on the circle center error corresponding to Ax =0
mm, Ay = 0.1 mm, orientation error of 0.5°, and Z-discrepancy
of 76 um. This result matches our experimental observations.

V001T07A023-9

The gap variation now exhibits a double peak.

When we print a circle on a nominally planar surface, the
gap variations are expected to be significantly smaller for the
same level of errors in DH parameters. Our experimental data
shown in Figure 9 confirms this. Errors in the center location
and orientation of the non-ideal planar surface result in varia-
tions in the gap. The double-peak variation shown in Figure 9
can be caused by small curvature of the nominally planar sur-
face. The height variation is of the planar surface is measured to
be approximately 40 tm along a line in the middle of the surface.
This height variation leads to gap variations without compensa-
tion.
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FIGURE 13: Optical images of printed patterns after the 2nd gap compensation on a flat surface. (a): circle; (b): spiral; (c): serpentine lines. Insets

show the measured line widths.
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FIGURE 14: Optical images of printed circles (1 mm in radius) after the 2nd gap compensation on a small spherical surface (9 mm in radius) by
maintaining a vertical tool tip orientation. (a) is side view and (b) is top-down view of the printed circles.

We used the measured gap variation from the first run to
modify the manipulator path to reduce the gap variations in sub-
sequent runs. We did not use gap variability to improve the robot
kinematic model in the current work. Future work may include
using gap variability observed on the first run to update the robot
kinematic model and reduce the number of compensation steps
required to maintain the appropriote gap during conformal print-
ing.

7 Conclusions

We have demonstrated that industrial robotic manipulators can
be used to perform conformal deposition with mesoscale features
on non-planar surfaces. Here is a summary of the main results
presented in this paper:

1. Using a 6 DOF manipulator with multiple sensors, including

V001T07A023-10

the LDS and cameras, we realized printing different patterns
with line widths within 100-160 um;

. Leveraging the high repeatability of the manipulator and the

LDS, we demonstrated that the gap variation can be reduced
to approximately 40 um by using the proposed compensa-
tion scheme;

. By adjusting the tool tip’s axis to align with the normal di-

rection of the target surface along the printing path, the 6
DOF manipulator exhibits unique advantages in conformal
printing on highly curved surfaces as compared to printing
with constant tool orientation;

. Through simulations, we investigated the sources of gap

variations. This can be used in the future to improve the
kinematic model of the robot.

The approach presented in this study provides a means of
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FIGURE 15: Optical images of different sizes of printed circles after the 2nd gap compensation on a small spherical surface (9 mm in radius) by
adjusting the axis of the tool tip normal to each point on the substrate surface. (a)(b)(e): circles with 1 mm radius; (c)(d)(f): circles with 0.6 mm radius;
(a)(c)(e) and (f) are top-down view and (b)(d) are side view of the printed circles.

achieving conformal deposition with mesoscale features, which
may find applications in 3D functional electronics, optoelectron-
ics, sensors, and microfluidic devices on non-planar surfaces or
prefabricated components without planar approximation. Future
work includes further improvement on the manipulator’s posi-
tioning accuracy for high-resolution conformal printing. The ad-
justment of tool orientation in 3D space with respect to target
surfaces leveraging the 6 DOF robotic manipulators can signifi-

V001TO07A023-11

cantly increase the capability of printing on geometrically com-
plex 3D surfaces such as concave surfaces with a small radius of
curvature and irregular surfaces. The use of multiple print heads
with automatic switching may enable multi-material conformal
printing for functional devices on target surfaces.
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the sponsors.
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FIGURE 16: Simulation of the circle shifted by inducing offsets of
24 DH parameters (0.5 mm offset for the length and 0.5° offset for the
angle).
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FIGURE 17: Simulation of gap variations along the original path for
printing a circle on a hemispherical surface.
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