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for Fabricating Conformal
Features on Curved Surfaces
In engineering systems, features such as textures or patterns on curved surfaces are com-
mon. In addition, such features, in many cases, are required to have shapes that are con-
formal to the underlying surfaces. To address the fabrication challenge in building such
conformal features on curved surfaces, a newly developed additive manufacturing (AM)
process named computer numerically controlled (CNC) accumulation is investigated by
integrating multiple tools and multiple axis motions. Based on a fiber optical cable and a
light source, a CNC accumulation tool can have multi-axis motion, which is beneficial in
building conformal features on curved surfaces. To address high resolution requirement,
the use of multiple accumulation tools with different curing sizes, powers, and shapes is
explored. The tool path planning methods for given cylindrical and spherical surfaces
are discussed. Multiple test cases have been performed based on a developed prototype
system. The experimental results illustrate the capability of the newly developed AM pro-
cess and its potential use in fabricating conformal features on given curved surfaces.
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1 Introduction

AM, also known as layer manufacturing or solid freeform fabri-
cation, is the process of joining materials to fabricate parts
directly from computer-aided design (CAD) models. During the
last 20 years, many novel AM processes such as stereolithography
(SLA), selective laser sintering, and fused deposition modeling
(FDM) have been successfully commercialized. Recent advances
in material, process and machine development have enabled AM
processes evolving from prototyping usage (Rapid Prototyping) to
product manufacturing (Rapid Manufacturing) [1].

Most current AM processes are layer-based by utilizing layer
by layer deposition or lamination. While the uniform layers make
the algorithm development, software coding, and hardware imple-
mentation simpler, it is usually accompanied by lowered surface
quality. In addition, a built feature will have different material
property depending on its building orientation, especially for
small features whose sizes are close to the layer thickness.
Figure 1(a) shows an example of a curved surface and conformal
features on the surface. The given shape is first sliced into a set of
two-dimensional (2D) layers. Accordingly a physical object is
fabricated by stacking all the sliced 2D layers together. The fabri-
cated features on the curved surface will have inconsistent size
and shape, which may affect the desired material property. In
addition, issues such as layer overcuring in the Z axis will pose
severe limitations on the accuracy of the fabricated features.

Various approaches have been presented to address the afore-
mentioned problems. Techniques including controlled cure depth
[2,3], postprocessing [4,5] and meniscus methods [6,7] were pro-
posed to improve the surface finish of layer-based fabricated parts.

Research on model shape modification [8,9] and hybrid process
development [10,11] were conducted in order to enhance the fab-
rication capability of AM processes. To address inconsistent
bond-quality that limits applications for higher strength parts [12],
studies of optimizing process parameters to provide better me-
chanical property of fabricated parts were also performed [13].
However, all the approaches can only address one or a few of the
drawbacks associated with the layer-based fabrication approach.

Recently the development of nonlayer-based methods has been
identified as an important research direction for future AM devel-
opment [1]. A few attempts have been made including laser-aided
direct metal deposition [14–17], directed light fabrication [18],
and laser direct casting [10]. Those techniques can deposit molten
metal powders in an arbitrary direction with the assistance of
5-axis motions. Consequently such AM processes can be used to
repair and rebuild worn or damaged metal components. Less
research on multidirectional building techniques for plastics were
found. A 5-axis fusion deposition modeling process was reported
in Ref. [5]. However, the surface finish of fabricated parts is lim-
ited due to the use of filaments in the FDM process. In the paper a
nonlayer-based additive manufacturing process named CNC accu-
mulation is presented. For the fabrication of a curved surface and
related features on the surface, the CNC accumulation tool path
can be planned based on the given geometry. Figure 1(b) illus-
trates the CNC accumulation process for the given model as
shown in Fig. 1(a). Since both the building orientation and layer
thickness can be planned based on the given curved surface, the
model can be fabricated with better surface finish, more consistent
material property, and in a shorter fabrication time for the
geometry.

1.1 Principle of the CNC Accumulation Process. The CNC
accumulation process [19] is based on selectively curing photoc-
urable resin, which is similar to the laser- or DMD-based SLA
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process [20]. However, different from the SLA process, the curing
tool in the CNC accumulation process is submerged under the
resin. Hence, the tool can cure resin in various orientations with-
out concerning material feeding. A critical problem to be
addressed in the CNC accumulation process is how to ensure the
newly cured resin will attach to the base or previously built part
instead of the accumulation tool since the tool will be in direct
contact with resin.

In our previous work [19], the relations between the cured
shapes related to the input light energy were studied. The experi-
mental results showed that the curing depth Cd is proportional to
the logarithm of the exposure energy. The attaching forces in the
CNC accumulation process were also studied. Based on curing
equations and designed experiments, the attaching forces related
to a set of process parameters were modeled. In order to ensure
the cured resin can be safely detached from the tool, the relations
between the attaching force and different types of surfaces includ-
ing fiber optical, plastic film, Teflon film and cured resin were
studied. Among them, the best detaching performance is achieved
based on:

(1) Applying a coating of Teflon film on the tip of the curing
tool such that the attaching force between the resin and the
tool can be reduced.

(2) Ensuring adequate resin overcure such that the attaching
force between the newly cured resin and the base or the pre-
viously built part can be sufficiently large.

An integrated CNC accumulation system with an embedded
three-dimensional (3D) scanner has been developed for automatic
building-around-inserts [21]. Figure 2 shows a test example to
demonstrate the feature modification of a given plastic part. In the
test, the laser-based SLA process is first used to build the CAD
model as shown in Fig. 2(a). The fabricated part was positioned in
a tank, which is scanned and then filled with resin. Using an accu-
mulation tool by following the tool path as shown in Fig. 2(b),

a modified part with the added feature can be fabricated (refer to
Fig. 2(c)).

1.2 Contributions. The feasibility of the CNC accumulation
process has been demonstrated in our previous work [19,21]. The
focus of this paper is to investigate the use of the CNC accumula-
tion process in fabricating conformal features on curved surfaces.
Although the layer-based AM processes can fabricate various
complex shapes, the fabrication of conformal features on curved
surfaces could be problematic due to the aforementioned defects
such as inconsistent material properties, coarse surface quality,
and low fabrication efficiency. In this paper a multitool and multi-
axis CNC accumulation process is presented, and its use in fabri-
cating conformal features on curved surfaces is investigated. The
technical challenges and related solutions in developing such a
process are discussed. Multiple test cases have been performed to
illustrate the capability of the newly developed AM process. It is
demonstrated that highly flexible tool motions are critical for
building conformal features on curved surfaces. The developed
CNC accumulation system can also be used in applications such
as build-around-inserts and multimaterial fabrication.

2 Overview of the Multitool and Multi-Axis CNC

Accumulation Process

The CNC accumulation process is a nonlayer-based AM pro-
cess that directly uses tools to selectively cure liquid resin. Two main
advantages of such an AM process include: (1) The allowable
motions between the tool and the work piece are significantly
increased and (2) the feeding of liquid resin is straightforward since
the tool is submerged under the resin. In order to fabricate conformal
features on curved surfaces, the use of multiple tools and multi-axis
motions are investigated in the CNC accumulation process:

(1) Multiple tools. A single accumulation tool was used in our pre-
vious work [19]. The light spot size of the tool is �1.57 mm.

Fig. 1 A comparison of the fabrication processes for a curved surface and related features. (a) The uniform-layer-based AM
process and (b) the CNC accumulation process based on adaptive tool paths.

Fig. 2 A test example of building-around-inserts using the CNC accumulation process
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Such a resolution is usually insufficient for fabricating fine
features on curved surfaces. Motivated by the commonly
used multitool stations in CNC machines [22–24], alterna-
tive accumulation tools with higher resolution and in vari-
ous shapes are investigated in this paper. Accordingly a
CNC accumulation system with multiple tools has been
developed. The tool path planning based on multiple accu-
mulation tools are also discussed for building features with
varying resolutions in a single component.

(2) Multi-axis tool motion: In addition to translational
motions in the X, Y, and Z axes that are commonly used in
the layer-based AM processes, the tools in the CNC accu-
mulation process can have multiple rotational motions as
well. Inspired by the multi-axis CNC machining process,
the tool path planning for building features on curved surfa-
ces such as cylindrical and spherical surfaces is investi-
gated. The desired tool motion is required to consider both
built features and the underlying surface in order to achieve
desired shapes.

Figure 3 shows a schematic illustration of a multitool and
multi-axis CNC accumulation system. A photo of the developed
prototype system is shown in Fig. 4. In the system, two sets of ac-
cumulative tools are used to demonstrate the multitool station
concept. The ultraviolet (UV) light-emitting diode (LED) of the
larger tool is from Nichia (NCSU033A). A sapphire ball lenses
(NT43-831 from Edmunds Optics) is used to focus light on a
quartz fiber optic light guide (NT38-954 from Edmunds Optics).
The spot size of the provided UV light has a similar size to the
core size of the optical fiber, which is 1.57 mm. The UV–LED
used in the smaller tool is from Mightex System (FCS-0365-000).

The optical fiber is also from Mightex System (FPC-0200-22-
02SMA). The core size of the optical fiber is much smaller (�0.3
mm or 300 lm). A Teflon film is applied on the tip of both tools.
A 5-axis motion system is designed to allow the accumulation
tools to be able to provide UV light in various orientations. The 5-
axis motion includes the X, Y, Z translations and the A, C rota-
tions. The X, Y, and C motions are applied to the workpiece while
the other two are applied to the tool. Using the setup, multiple test
cases have been performed to illustrate the capability of the CNC
accumulation process in fabricating conformal features on curved
surfaces.

The remainder of the paper is organized as follows. Section 3
presents the curing properties of the accumulation tools. Section 4
presents the process settings that are identified for the accumula-
tion tools. Section 5 discusses the multi-axis tool path planning
for curved surfaces. Section 6 discusses the multitool selection for
curved surfaces. Section 7 presents four test cases and related
experimental results. Finally, conclusions are drawn with future
work in Sec. 8.

3 Curing Performance of CNC Accumulation Tools

Similar to the CNC machining process, it is desired to have a
wide variety of accumulation tools in the CNC accumulation pro-
cess that may have different shapes, sizes, light intensities, and
resolutions (refer to Fig. 5). In addition, a tool changing station
may be developed to enable the dynamic change of the accumula-
tion tools during the building process. Hence, an appropriate tool
can be used in fabricating a given geometric shape.

In the CNC accumulation process, sufficient energy has to be
provided to initiate the polymerization process. As extensively
studied in the SLA process, a critical energy exposure threshold
can be found for a given type of liquid resin. According to our
previous study of the gap between the tool and the built part, a
specific gap as well as the curing depth can be identified based on
the critical energy [19]. For fixed curing depth and penetration
depth, the curing width is proportional to the spot diameter
(Lw ¼ B

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cd=2Dp

p
). Thus, a highly focused UV spot can cure a

feature with high resolution while a tool with a much larger spot
can cure a large area with an increased building speed. A single
tool with a spot diameter around 2 mm was used in our previous
work [19]. In this study, a second tool is added with a spot diame-
ter of 0.3 mm. In the paper, they are named large tool and small
tool, respectively. By integrating the two accumulation tools in
the system, a good balance between the building resolution and
fabrication speed can be achieved.

The curing performances of the two accumulation tools based
on the aforementioned UV LEDs and fiber cables are measured
and compared. For a photocurable resin (Accura 60 from 3D Sys-
tems), a set of experiments have been conducted to model the cur-
ing performance of the accumulation tools.

Figure 6 shows the relation between curing depth and curing
time for the point curing case (i.e., the curing tool is moving in

Fig. 3 A schematic illustration of the multitool and multi-axis CNC accumulation
process

Fig. 4 The hardware setup of a multitool and multi-axis CNC
accumulation system
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the curing direction [19]). As shown in the figure, the fitted curves
are close to the polymerization equations for both tools. In addi-
tion, for the same exposure time, the small tool will always cure
deeper than the large tool. Results also indicate that the cured
shape by using the small tool has a smaller size than the large
tool.

Figure 7 shows the relation between curing width and curing
speed for the line curing case (i.e., the curing tool is moving in a
direction that is orthogonal to the curing direction [19]). As shown
in the figure, the large tool has much larger curing width than the
small tool for the same motion speed. When the curing speed is
fast (>0.75 mm/s), nothing will be cured by using the large tool
while the small tool can still cure lines with a high resolution.
Based on our experiments, the minimum line width (i.e., lateral
resolution) that can be achieved by the small and big tools is
around 0.2 mm and 1.5 mm, respectively.

4 Process Settings of Multitool CNC

Accumulation System

The process settings of the large tool have been studied based
on trial-and-errors in Ref. [19]. However, the resolution of the
large tool is much lower than that of the small tool. As shown in
Figs. 6 and 7, the small tool has a higher motion velocity, a bigger
curing depth and a smaller line width. To identify the optimal cur-
ing speed of the small tool under different parameters settings

such as curing gap, UV power, base material, and curing strategy,
a statistical methodology based on the design of experiments
(DOE) is performed. As shown in similar studies for the machin-
ing and AM processes [25–28], the statistical study based on DOE
has a good capability in identifying appropriate manufacturing
process settings.

4.1 Design of Experiments. The relation between the curing
speed and other processing parameters is to be established. One
critical accumulation process setting in the accumulation process
is tool velocity. If a tool moves too fast, the accumulation process
may fail because the newly cured resin may not be able to attach
to the base or previous cured parts. On the contrary, a slow tool
velocity will lead to longer building time and lower resolutions.
Other important process parameters that may affect the optimal
curing speed include curing gap, UV light intensity, base material,
resin temperature, and curing strategy. For the two major types of
curing motions in the CNC accumulation process (line curing and
point curing), experiments are designed to identify the fastest cur-
ing speed, at which the desired building resolution and feature
attachment can be achieved.

4.1.1 Response. The response of the statistical study is the
curing speed V. The highest speed Vmax in our hardware setup is
3.556 mm/s. To simplify the recording and calculating process, a
coefficient value ðV=VmaxÞ is used to represent a curing speed V.

Fig. 6 The relation between curing depth and exposure time
for the accumulation tools

Fig. 7 The relation between curing width and motion speed for
the accumulation tools

Fig. 5 An illustration of multitool stations of a CNC machine and a CNC accumula-
tion system
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4.1.2 Factors. Four factors including UV power, gap dis-
tance, curing strategy, and base type, are chosen in the study. (a)
UV power: Based on the availability of the light intensity settings
given by the UV LED system, this factor has two levels: 0.495 W
denoted as þ1, and 0.231 W denoted as �1. (b) Gap distance:
The thickness of the cured portion is equal to the distance between
the tool head and the base. According to our previous experience,
this factor has two levels: 1.27 mm denoted as þ1, and 0.762 mm
denoted as �1. (c) Base type: Two types of material bases are
tested including a plastic film and a cured resin surface. The for-
mer one is set as þ1 and the latter �1. (d) Curing strategy: Two
curing strategies are tested including (i) the tool head is above the
resin surface; and (ii) the tool head is submerged in the liquid
resin. In both cases a Teflon coating is applied on the tool head.
The former one is set to be the first level (denoted as þ1), and the

latter one is denoted as �1. The factor settings are summarized in
Table 1.

4.1.3 Experiment Design. In the line curing experiments there
are four factors in the line curing study. A 2(4-1) fractional facto-
rial design is planned to study the defining relationship of
I¼ABCD. In the point curing experiments, there are three factors
in the point curing study since the curing strategy (D) must be in
resin. A 23 full factorial design experiment is designed for the
three factors (A, B, and C). Three replicates are carried out for
each designed setting to analyze the dispersion.

4.1.4 Experiment Procedure. For the line curing study, a 2D
line on a planar base is fabricated by moving the tool head hori-
zontally. For the point curing study, a 3D rod on a planar base is
fabricated by moving the tool head along the normal of the base
surface. For each given parameter setting, experiments are per-
formed by slightly varying the curing speed V. For each tested
speed, ten replicated experiments are performed. The maximum
speed is identified such that the related curing line resolution is
less than 0.3 mm and the success rate is larger than 80% (i.e.,
eight or more results satisfy the given requirements).

4.2 Experimental Result and Analysis—Line Curing. The
experimental result of the line curing case is shown as in Table 2.
As discussed before, the defining relation is I¼ABCD, where A is
UV light power, B is gap distance, C is base type, and D is curing
strategy. The aliasing relationships are: A¼BCD; B¼ACD;
C¼ABD; D¼ABC; AB¼CD; AC¼BD; AD¼BC. All the four
main effects are clear. According to the hierarchical ordering prin-
ciple, the main factors A, B, C and D are likely to be more signifi-
cant than the three way interaction factors BCD, ACD, ABD, and
ABC. In addition, two-way interaction effect AB, AC, and BC are
more significant than other two-way interaction effects. The facto-
rial effects can be obtained as shown in Table 3.

The half-normal plots (refer to Fig. 8) were used to analyze the
significant effects. It is indicated that main effects D and A are sig-
nificant to location, while B and D are significant to dispersion.
The regression equations for location and dispersion, respectively,
are

ŷ ¼ 0:44707þ 0:14011xD þ 0:12489xA (4.1)

ẑ ¼ ln ŝ2 ¼ �8:7694� 1:0649xB þ 0:9487xD�0:5165xC (4.2)

where ŷ is the expectation of the curing speed and ẑ is the var-
iance. Since the critical point of the optimal speed is identified as
the largest feasible speed, it can be considered as a larger-the-bet-
ter problem. Consequently both þ1 levels for A and D are chosen
to maximize the average expected optimal velocity E(y), and B
and C are set to þ1 as well to minimize the variance of optimal
velocity Var(y). Thus, the optimal setting for the line curing case
should be (þ,þ,þ,þ), which means that light power is 495 mW,

Table 1 Factors and their settings in the curing experiment

Factor Low level (�) High level (þ)

A—UV light power 231 mW 495 mW
B—gap distance 0.762 mm 1.27 mm
C—base type Cured resin Clean plastic film
D—curing strategy In the resin Above the resin

Table 2 Curing experimental result for the line curing case

A B C D Y �y S2 ln s2

þ þ þ þ 0.65 0.638 0.638 0.642 5.20� 10�5 �9.863
� þ � þ 0.375 0.4 0.4 0.392 2.08� 10�4 �8.476
þ � � þ 0.65 0.775 0.785 0.737 5.66� 10�3 �5.175
� � þ þ 0.591 0.591 0.555 0.579 4.22� 10�4 �7.770
þ þ � � 0.188 0.2 0.2 0.196 5.21� 10�5 �9.863
� þ þ � 0.113 0.12 0.115 0.116 1.46� 10�5 �11.136
þ � þ � 0.7 0.73 0.711 0.714 2.30� 10�4 �8.376
� � � � 0.193 0.208 0.208 0.203 7.50� 10�5 �9.498

Table 3 Factorial effects in curing experiment for the line
curing case

Effect �y ln s2

A 0.2498 0.9009
B �0.2216 �2.1298
C 0.1308 �1.0330
D 0.2802 1.8973
AB �0.0848 �0.9575
AC 0.0806 �0.5677
BC �0.0458 �0.2966

Fig. 8 Half-normal plots of the curing experiment for the line curing case
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gap size is the big level 1.27 mm, the base material is a plastic
film, and the tool is above the liquid resin surface. The corre-
sponding curing speed is 2.53 mm/s.

4.3 Experimental Results and Analysis—Point Curing.
The experimental result of the point curing case is shown in
Table 4. The factorial effects and related half-normal plots are
shown in Table 5 and Fig. 9, respectively.

It is shown that A and AB are significant location effects, and C
and A are significant dispersion effects. The regression equations
for location and dispersion are given as follows:

ŷ ¼ 0:112312þ0:032521xA þ 0:012187xAB (4.3)

ẑ ¼ ln ŝ2 ¼ �10:39674þ 1:26144xC þ 1:01340xA (4.4)

Thus, the optimal setting for the point curing case should be
(þ,þ,-), which means that light power is 495 mW, gap size is the
big level 1.27 mm, and the base material is cured resin. The corre-
sponding curing speed is 0.56 mm/s.

4.4 Verification Experiments and Results. Two test cases
based on a dragon pattern and some characters are performed to

verify the identified process settings and to compare the resolution
difference of the two accumulation tools.

The shape and related tool paths of the dragon pattern are shown
in Fig. 10(a). The bounding box size of the dragon pattern is
25.4� 12.7 mm. Figure 10(b) shows the cured dragon pattern using
the large tool. Figure 10(c) shows the cured dragon pattern using
the small tool with the settings of (þ,�,þ,þ), in which the gap
size is 0.762 mm (B¼�1). In comparison, Fig. 10(d) shows the
cured dragon pattern using the small tool with the optimal setting
identified in the statistical study (þ,þ,þ,þ). The testing results
verified that using the small tool with the optimal setting identified
in the statistical study can lead to a building resolution that is less
than 300 lm. The shape and related tool paths of the characters
are also shown in Fig. 10(a). Figure 11(a) shows the cured charac-
ters using the large tool. In comparison, Fig. 11(b) shows the
cured pattern using the small tool from the same tool paths. The
results demonstrate that the small tool can achieve a much clearer
outline than the large tool.

5 Motion Planning for Building Features

on Curved Surfaces

Extensive work has been done on tool path planning for CNC
machining (e.g., Ref. [29]). In comparison, few attempts have
been made on multi-axis tool path planning for additive manufac-
turing processes. In a work done by Sundaram and Choi [30], a
direct slicing procedure for the 5-axis laser-aided metal deposition
process is presented. A neutral exchange format IGES was used as
the slicing format. The SURFCAM system developed for 3- to
5-axis milling process was customized for the material deposition
operation. An adaptive slicing method for the multi-axis laser-
aided manufacturing process was investigated in Refs. [11,31].
A software system was developed using Visual Cþþ and
OpenGL and integrated with their hardware system. The slicing
direction can change with the surface curvature of the part. The
layer thickness can also be changed to make the overhang of all
adjacent layers be within the maximum overhang range. Thus, the
sliced part can be built without any support structure. The afore-
mentioned multi-axis tool path planning methods are all designed
for the metal-based AM processes. In addition, only a single tool
was considered in the studies. For the purpose of building confor-
mal features on curved surfaces, the tool motion, and building
process of the multitool and multi-axis CNC accumulative process
are discussed as follows.

5.1 Tool motion for Different Curved Surfaces. In order to
achieve a better lateral resolution and accuracy, it is generally
desired to plan the circular path by using rotation motion instead
of the interpolation of X-Y translations as illustrated in the 5-axis
CNC machining process [32,33]. For a given curved surface
especially cylindrical and spherical surfaces, a five-axis motion

Table 4 Curing experiment for the point curing case

A B C Y �y s2 ln s2

þ þ þ 0.145 0.18 0.18 0.168 4.08� 10�4 �7.803
þ þ � 0.132 0.127 0.125 0.128 1.36� 10�5 �11.207
� þ þ 0.05 0.053 0.056 0.053 7.58� 10�6 �11.790
� þ � 0.065 0.06 0.069 0.065 1.83� 10�5 �10.911
þ � þ 0.15 0.18 0.15 0.160 3.00� 10�4 �8.112
þ � � 0.12 0.130 0.12 0.123 3.01� 10�5 �10.412
� � þ 0.114 0.1 0.09 0.101 1.45� 10�4 �8.837
� � � 0.102 0.1 0.1 0.101 7.50� 10�7 �14.103

Table 5 Factorial effects in curing experiment for the point
curing case

Effect �y ln s2

A 0.0650 2.0268
B �0.0179 �0.0620
C 0.0166 2.5229
AB 0.0243 �0.1814
AC 0.0220 0.3286
BC �0.0022 �1.2604
ABC 0.0040 1.8121

Fig. 9 Half-normal plots of the curing experiment for the point curing case
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including three translations along the X, Y, Z axis and two rota-
tions A and C around the X and Z axes can be utilized.

Figure 12(a) shows the 5-axis motion configuration incorpo-
rated in our CNC accumulation system. In addition to the X, Y, Z
translations, the rotations C is used for controlling the tools to
scan around spherical or cylindrical surface; and the rotation A is

used to position the tool to the normal direction of a curved sur-
face. Consequently, a desired surface quality and material consis-
tency can be achieved by such a 5-axis CNC accumulation
process. To simplify the tool path planning problem, a coordinate
system is constructed with three constraints including: (i) the rota-
tion centers O1 and O2 are aligned on the same height along the Z
axis; (ii) the tool is aligned to be parallel to the Z axis; and (iii)
the tool is pointing to the rotation center O1.

As shown in Fig. 12(b), an arbitrary curved surface could be
described by two radiuses of curvatures at a given point, R1 and
R2. In this paper, three types of surfaces (flat, cylindrical, and
spherical surfaces) are considered.

(1) Flat surface: When R1 and R2 are both infinite, the surface
is flat. Figure 12(c) presents an illustration of fabricating
features on a flat surface. In the figure, the blue color lines
represent the cured resin on a base surface; and a gray block
denotes the tool head. Accordingly, the material curing
path direction is denoted as T2, which is an interpolation of
the X and Y axis motions. The material accumulation direc-
tion is denoted as T1, which can be achieved by the Z axis
motion. Thus, the tool path planning for the flat surface
case is the same as conventional AM processes based on
the translations along the X, Y and Z axes.

(2) Cylindrical surface: When one of the curvatures is infinite
and another one is finite, the curved surface is a cylindrical
surface. Two different types of cylindrical surfaces are
shown in Figs. 12(d) and 12(e). To fabricate conformal fea-
tures on such surfaces, multiple axis movements including
rotations are required. In both cases, the tool needs to be
tilted by h degree using the rotation A such that it can be
aligned to the normal direction of the cylindrical surface.

Fig. 10 Comparison between different tools for a 2D dragon pattern. (a) Planned tool paths; (b) curing results using the large
tool; (c) curing results using the small tool with a gap distance of 0.762 mm (B 5 21); and (d) curing results using the small tool
with a gap distance of 1.27 mm (B 5 11).

Fig. 11 Comparison between different tools for given charac-
ters. (a) Curing results of the characters using the large tool
and (b) curing results of the characters using the small tool.
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Thus, the material accumulation process can be facilitated
either along the accumulation direction T1, or along the cur-
ing directions T2 and T3. For the cylindrical surface as
shown in Fig. 12(d), the Y and Z translations are combined
to define T1 and T2. In addition, the C rotation is used for
curing around the cylindrical surface. For the cylindrical
surface as shown in Fig. 12(e), the Y, Z translations are
combined to define T1. The X translation is used to define
the curing path T2 along the cylindrical surface.

(3) Spherical surface: When both curvatures R1 and R2 are
finite and equivalent, the surface is a spherical surface.
For fabricating features on a spherical surface, the
rotation A is used to position the tool in the normal direc-
tion of the spherical surface. As shown in Fig. 12(f), the
accumulation direction T1 and the curing directions T2 can
be defined by combining the A, C rotations with the Y, Z
translations.

5.2 Building Process for Features on a Spherical Surface.
As a cylindrical surface can be viewed as a special case of a
spherical surface by setting one dimensional curvature as infinite,
its tool path planning can be derived from the more general case
of a spherical surface. The building of features on a spherical sur-
face is discussed as follows.

Figure 13 shows an example in which a set of rods are fabri-
cated on a spherical surface. In the multitool CNC accumulation
process, the large tool is first used in building the base spherical
surface. After the base surface has been built, the small tool can
then be used in building the rods on the surface. A description of
the building process based on both tools is given as follows:

(1) Initialize the position for the large tool and the motion for
5 axes.

(2) Rotate the tool (Rotation A) by h to point the tool in the
normal direction of the spherical surface.

(3) Turn on the UV LED of the large tool.

Fig. 12 A schematic illustration of the 5-axis motion configuration for curved surfaces. (a) 5-axis motion configuration; (b) a
surface with curvatures R1 and R2 in the X and Y axes; (c) feature fabrication on a flat surface with the X, Y, and Z translations;
(d) feature fabrication on a cylindrical surface with the Y, Z, A, and C motions; (e) feature fabrication on a cylindrical surface
with the X, Y, Z, and A motions; and (f) feature fabrication on a spherical surface with the Y, Z, A, and C motions.

Fig. 13 An example of building features on a spherical surface
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(4) Rotate the platform (Rotation C) by one full round.
(5) Turn off the UV LED of the large tool.
(6) Go to 2 if the base surface is not finished, otherwise go to

7.
(7) Initialize the position for the small tool.
(8) Control the motion back to the home position.
(9) Rotate the small tool (Rotation A) by h to point the tool in

the normal direction of the spherical surface.
(10) Rotate the platform (Rotation C) by b, which is deter-

mined by the adjacent rods at the height related to d.
(11) Turn on the UV LED of the small tool.
(12) Move the small tool in the normal direction of the spheri-

cal surface (using the Y-Z translations),
(13) Turn off the UV LED of the small tool if the rod is

finished.
(14) Go to 10 if not all the rods in the same Z level are finished,

otherwise go to 9 if not all of the rods are finished.
(15) Stop the building process when all the rods have been

built.

For a given test case and the related CNC accumulative process,
the design and manufacturing parameters and their constraints can
be identified as follows:

(1) Identifying design parameters:
h: the A rotation angle between two neighboring rods
d: the distance between two neighboring rods
hi: the A rotation angle between the bottom with the rods
in the ith round
bi: the C rotation angle between two neighboring rods in
the ith round
N: the number of rounds

(2) Identifying manufacturing parameters:
D: diameter of the tool head
R: radius of the spherical base
a: diameter of the rod
l: height of the rod
W: the maximum rotation angle that the tool can achieve

(3) Parameter constraints: Some constraints may exist due to
the tool and part collision and the hardware setup. For
example, the tool head may collide the neighboring pillars
if h is too small. Hence, the minimum value of h can be
derived based on D, a, R, and l. As another example, sup-
pose W is the maximum angle that the tool head can be
rotated. Accordingly the maximum number of rounds (N)
will be limited by W. A list of such constraints on the afore-
mentioned parameters is given as follows:

(i) h� tan�1 a=2ðR�lÞð Þþsin�1 ð2D=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2þ4ðR�lÞ2Þ

q� �
;

(ii) hi ¼ i � h ¼ i � d=R
(iii) ni ¼ 2pR � sinðaiÞ=db c
(iv) bi ¼ 2p=ni; and (v) N � W=hb c

With some adjustments, the parameters and constraints can also
be applied to features on other curved surfaces. For example, to
fabricate a dragon pattern on a spherical surface, the pattern can
be decomposed into multiple layers on the surface. The parameter
a and h can vary in different layers and be combined with the Y, Z
motions to define a set of close loops. Note l would not be a con-
stant for each layer. Similarly, the building process can be
extended to fabricate other types of features on a spherical or a cy-
lindrical surface.

6 Tool Selection for Building Features

on a Curved Surface

6.1 Selection of a Straight Accumulation Tool. For an accu-
mulation tool that has a cylindrical shape with a diameter dt, two
types of collision may exist in the fabrication process. In the first
case (refer to Fig. 14(a)), a tool may be too big to reach a curing
depth cd in a curved surface with a curvature rs (i.e.,
ðdt=2Þ � P0P1j j). In the second case (refer to Fig. 14(b)), a tool
may be too big for a rotating angle h related to a curved surface
(i.e., OP2j j � OP3j j).

The tool size based on the related constraints can be derived as

dt � 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cdð2� rs � cdÞ

p
; and (6.1)

dt � 2ðrs � cdÞ � sin h (6.2)

where dt is the diameter of the tool, rs is the smallest surface cur-
vatures in all dimensions, and cd is the curing depth. Therefore,
for fabricating features on a given cylindrical and spherical sur-
face with given surface curvature, the tool size dt can be selected
by setting the related rs in the equations.

6.2 Test of an Angled Tool for Fabricating Features on a
Vertical Surface. Materials can be accumulated in a variety of
directions with the aid of tool rotations. However, the feasible
rotation angle hmax is limited for a straight tool as shown in Sec.
6.1. In order to build features on a surface that requires a large
rotation angle (e.g., a vertical surface), a nonstraight accumulation
tool can be used in the fabrication process. As shown in Fig.
15(a), an angled accumulative tool was made for testing in our
multitool and multi-axis CNC accumulation system. Similar to the
straight tools as discussed before, the angled accumulation tool is
also made of a fiber optics guide with a Teflon film coating. The
only difference is that the tool head is bent by a certain angle
(e.g., 45 deg).

Fig. 14 An illustration of the relationship between tool size and surface curvatures: (a) Tool
size dt constrained by curvature rs and (b) tool size dt constrained by curvature rs and rotation
angle h
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A test case of repairing a slot on a vertical surface is performed
to illustrate the capability of the CNC accumulation process on
building features along the Y axis. Such accumulation process
would be impossible for a straight tool as shown in Fig. 4. In the
test, a physical model is first built by a commercial SLA machine
(refer to Fig. 15(b)). The built cube has four slots on one side.
Suppose the bottom one needs to be enclosed. The planned tool

path based on the X and Y axis motions is shown in Fig. 15(c).
The built physical model is shown in Fig. 15(d). Hence, angled
accumulation tools can enable building features on curved surfa-
ces that are vertical or even facing downward.

6.3 Test of Accumulation Tools With Mask Patterns. In
addition to different bending angles, an accumulation tool used in
the CNC Accumulation process can have different mask patterns
for curing various shapes. A simple test to illustrate the idea is
shown in Fig. 16(a). A heart-shape physical mask applied on the
end of the angled tool is shown in Fig. 16(b). By switching the
physical mask with different shapes, the light pattern can easily be
changed. Four physical masks with the shapes of star, square,
heart and disk, were tested. Figure 16(d) shows the added textures
on a vertical wall based on the angled tool with the four different
masks. The thickness of the textures can be controlled by moving
the tool with desired distances.

7 Experimental Results and Discussions

Four test cases have been performed to verify the capability of
the CNC accumulation process in building features on various
curved surfaces. The tool paths of the small and large tools that
are used in the tests are denoted in the figures.

7.1 Test 1: A Spiral Curve on a Flat Surface. A 2D spiral
curve on a flat surface was first tested. In this test case, only the
small tool was used in building the curve. The process only
involves the X-Y translations. The planned tool path is shown in
Fig. 17(a). Accordingly, the built physical object is shown in
Fig. 17(b). In the test, different moving speeds were used due to
the different lengths of the spiral ring. Based on our previous

Fig. 16 Adding textures on a vertical plane using tools with
different mask patterns. (a) A curing tool and a test part; (b) tool
head applied with a heart-shape mask; (c) planned tool paths
and related mask patterns; and (d) a built object with desired
textures added on a vertical surface.

Fig. 15 Test of an angled tool on repairing a feature on a vertical wall. (a) Tool head with coating; (b) physical model before
repair; (c) planned tool path; and (d) physical model after repair.

Fig. 17 A spiral curve pattern built by the small tool. (a) Planned tool paths and (b) built object.
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experiments, a speed of 1.8 mm/s was used in building the outer-
most ring, and a speed of 1.3 mm/s was used in building the inner-
most ring. Based on the built result, the speed of the outside ring
seems to be too large, which lead to some defects as shown in the
figure.

7.2 Test 2: An Inverse Conic Cup. An inverse conical cup
as shown in Fig. 18(a) was built to verify the capability of the pro-
cess in building 3D cylindrical surfaces. The thickness of the cup
wall is 2.3 mm. In the test, only the large tool was used in build-
ing the part. The planned tool paths are shown in Fig. 18(b). In
order for the cup wall to achieve better surface quality, the tool
was inclined by an angle h as defined in the conical cup. During
the building process, the rotation A is used to define the tool incli-
nation; the rotation C is used for the tool to cure a whole layer in
the same height; and the translation Z move the tool to a desired
height. As shown in Fig. 18(b), the base surface is built first by
combining the rotation C and the translation X. In the test, a dent
was also added on the cup wall. Its sizes are 1 mm in height and
2.3 mm in width. Accordingly, the layer thickness in the building
process is set at 1 mm, except for the first layer. As shown in
Fig. 18(c), the first layer of the cup wall is nonuniform due to its
connection to the bottom surface. For achieving the wall thickness
of 2.3 mm, a moving speed of 0.4 mm/s was applied based on the
test results as discussed in Sec. 4. The built physical object is
shown in Fig. 18(d). Note that the surface finish of the cup wall is
smooth even for such a large tool size and layer thickness (1 mm
was used in the test. In comparison, the layer thickness of the
SLA process is �0.1 mm). This is mainly due to the tool orienta-
tion that was used in the fabrication process.

7.3 Test 3: Fluidic Channels on a Cylindrical Surface. A
test case of building fluidic channels on a cylindrical surface was
performed to illustrate the tool path planning based on multiple
tools. As shown in Fig. 19(a), several fluidic chambers and chan-
nels are designed on a cylindrical surface. The main purpose of

the fluidic channel design is to transport liquid from two chambers
A and B into a mixing chamber C.

Since the cylindrical base is used for supporting the fluid chan-
nels, its uniform thickness is important while its lateral resolution
is not. In comparison, the chambers and channels will define how
liquid flows on the cylindrical surface. Consequently their resolu-
tion will determine the complexity of the fluidic system that can
be achieved. In the test, the wall thickness is set at 0.5 mm (or
500 lm), and the smallest gap of the channels is set at 1.0 mm.
Accordingly, the large tool is selected in building the base surface
while the small tool is used in building the fluidic chambers and
channels. The planned tool paths are shown in Fig. 19(b), in which
the paths of the large and small tools are shown with related
notations.

The building processes using the small and large tools on a
cylindrical surface are close to the ones as discussed in Secs. 5.1
and 5.2, respectively. The only difference is that the base surface
and features are built by a combination of X, Y, Z translations and
A rotation. An illustration of the cured layers in a cross-section
plane is shown in Fig. 19(c). The gray cylinders represent the
large and small tool heads. T1, T2, and T3 define the three moving
directions involved in the building process. The cured areas based
on the large and small tools are denoted in the figure. Accordingly
the built physical object is shown in Fig. 19(d). The fine features
of the walls and the coarse features of the base can be observed
from the object since they were built by the small and large tools,
respectively. All the fabricated features are conformed to the
given cylindrical surface.

7.4 Test 4: Rods on a Spherical Surface. A test case of
building rods on a spherical surface was performed to illustrate
the capability of the CNC accumulation process on building fea-
tures on a prefabricated surface. The CAD model of the test is
shown in Fig. 13(a). The building process is the same as the one
discussed in Sec. 5.2, except that the base surface is an existing
spherical shell that is fabricated by another manufacturing

Fig. 18 The building of an inverse conical cup. (a) CAD model; (b) planned tool paths based on
the large tool; (c) An illustration of the cured layers of the cup wall during the building process;
and (d) the built physical model.
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process. The rods were built by using the small tool. The planned
tool paths are shown in Fig. 20(a). The fabricated object is shown
in Fig. 20(b). The diameter of the fabricated rods is around
1.2 mm. The fabricated rods have a good surface finish mainly
because each rod is built by moving the tool along its axial direc-
tion continuously. No stair-stepping effect is observed (refer to
Fig. 21(b) for a microscopic image). As shown in Fig. 7, the diam-
eter of a rod can be controlled by moving the tool in different
speeds. Accordingly, nonuniform diameters along a rod can be
achieved by dynamically adjusting the tool’s moving speed,
which is also shown in the built physical object.

7.5 Comparison With Layer-Based Approaches. The sur-
face finish of a tilted rod using the multi-axis CNC accumulation
process is quantitatively compared with the same rod that is fabri-
cated by the SLA process. A tilted rod taken from the built object
and its microscopic image are shown in Fig. 21(b). A CAD model
of a tilted rod with the same design parameters is constructed as
shown in Fig. 21(a). Two setups, a research system [20] based on
the same resin and a commercial system (Ultra

TM

from Envison-
Tec, Inc.) based on a different resin (SI500 from EnvisonTec,

Inc.), were used in fabricating the designed CAD model. For a
layer thickness of 0.1 mm and 0.05 mm, the built physical objects
and their microscopic images are shown in Figs. 21(c) and 21(d),
respectively. Note that, in addition to the stair-stepping effect on
the up-facing surface, both parts have extra materials on the
bottom-facing surface due to the resin overcuring in the Z axis,
especially for a resin that is more translucent. Some support struc-
tures are also added in order for the part to be built in the SLA
process, which leave some marks on the bottom-facing surface.
All the aforementioned effects make the built rods have much
worse surface finish than the ones that are built by the multi-axis
CNC accumulation process. The surface roughness of the fabri-
cated up-facing surfaces is measured using a digital gauge
mounted on a XZ linear stage. The measured results are shown in
Fig. 22, in which the microscopic images of the measured surfaces
are also shown.

In addition to better surface quality, the CNC accumulation pro-
cess can build the tilted rod in a much shorter time as well. The
rod length in the CAD model as shown in Fig. 21(a) is 12 mm.
The fabrication time for the CNC accumulation process is 16 s
using the moving velocity of 0.75 mm/s. In comparison, the fabri-
cation time using the mask-projection-based SLA process as

Fig. 19 Fluid channels on a cylindrical surface. (a) CAD model; (b) planned tool paths; (c) An
illustration of cured layers using two accumulation tools; and (d) built physical object.

Fig. 20 Rods on a spherical surface. (a) Planned tool path and (b) built physical object.
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shown in Fig. 21(c) is 25 min by using a layer thickness of
0.1 mm and a curing time of 1.2 s per layer). The fabrication time
using the SLA process as shown in Fig. 21(d) is even much longer
(60 min) by using a layer thickness of 0.05 mm and a curing time
of 9 s per layer.

8 Conclusions

An additive manufacturing process based on multitool and
multi-axis CNC accumulation has been presented for the fabrica-
tion of conformal features on curved surfaces. Accumulation tools
with different sizes and shapes have been investigated with their
parameter settings. The accumulation tools can be used in

fabricating features with different resolution requirements. Similar
to the CNC machining process, the integration of multiple tools in
the CNC accumulation process can enable the process to achieve
a good balance between feature resolution and building speed. In
addition, the tools in the CNC accumulation process can have
multi-axis motions. Based on such capability, features on curved
surfaces can be fabricated with good surface finish and consistent
material property. Using a developed prototype system, the build-
ing processes for common types of curved surfaces including flat,
cylindrical and spherical surfaces have been tested. The experi-
mental results also illustrate that the multitool and multi-axis
CNC accumulation process can be beneficial for building confor-
mal features on curved surfaces.

Fig. 21 A tilted rod fabricated by the CNC accumulation and SLA Processes. (a) A
CAD model of a tilted rod; (b) microscopic image of the rod fabricated by the CNC
accumulation process; (c) microscopic image of the rod fabricated by the SLA
process using a translucent resin (the same as the one used in b); and (d) micro-
scopic image of a rod fabricated by the SLA process using an opaque resin.

Fig. 22 Surface roughness measurements of built surfaces by the SLA and CNC accumulation processes. (a) Measurement
results and (b) microscopic images of the measured up-facing surfaces.
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Considerable work remains to mature the newly developed AM
process. Some current work that are under investigation include
developing accurate shape and size control, exploring new types
of accumulation tools with higher resolution, and exploring new
applications that are enabled by the CNC accumulation process.
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