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Robot-assisted conformal additive manufacturing for continuous fibre-
reinforced grid-stiffened shell structures
Guoquan Zhanga, Yaohui Wanga, Ziwen Chena, Xuguang Xua, Ke Dongb and Yi Xiong a

aSchool of System Design and Intelligent Manufacturing, Southern University of Science and Technology, Shenzhen, Guangdong, People’s
Republic of China; bDepartment of Industrial and Systems Engineering, The Hong Kong Polytechnic University, Kowloon, Hong Kong

ABSTRACT
The advents in continuous fibre-reinforced polymer additive manufacturing (CFRP-AM) present
unprecedented opportunities for the rapid development of next-generation high-performance
composites with selectively and spatially distributed reinforcement. However, the widely
adopted 3-degree-of-freedom motion configuration in current CFRP-AM systems hinders the
exploration of composite structures with non-planar fibre layouts. This work presents a novel
conformal CFRP-AM system to fabricate grid-stiffened shell structures leveraging its multi-DoF
motion to pattern spatial features. The system integrates a 6-axis robot with an optimally
designed co-extrusion module and operates through a design-to-manufacturing workflow. The
proposed workflow includes three steps: system calibration, conformal toolpath generation, and
process implementation. The conformal toolpath generation is a surface-mapping-based
method that allows a simultaneous exploration of various geometric designs and their
toolpaths. Experimental comparisons were made between parts fabricated by different
processes, i.e., planar and conformal based, with different toolpaths, i.e., shells filled with zigzag
and arc-offset patterns, and with various geometric designs, i.e., stiffener ribs with different
crossline angles. The results manifest that the proposed system can significantly improve the
compression strength and stiffness of grid-stiffened shell structures. Meanwhile, the additional
design freedom on process and structure opens up a new possibility to customise their
mechanical performance.
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1. Introduction

The shift of additive manufacturing (AM) from a proto-
typing technique towards a viable production option
calls for advancement in its ability to fabricate engineer-
ing structures with high-performance materials (Chen
et al. 2022; Suzuki, Fukushige, and Tsunori 2020; Alhijaily,
Kilic, and Paulo Bartolo 2023). In this context, recent
studies have focused on continuous fibre-reinforced
polymer additive manufacturing (CFRP-AM), featuring
its excellent ability in mechanical enhancement via
selectively and spatially distributed continuous fibre
reinforcement within the polymer matrix (Wang et al.
2022; Liu, Xiong, and Zhou 2021; Zhang et al. 2023;
Goh et al. 2022). The composite parts have much
higher specific strength and stiffness along the fibre
direction than parts made with polymers alone while
remaining lightweight (Sieberer et al. 2022; Bhatt et al.
2020; Hou et al. 2020). At present, various types of
CFRP-AM processes have been developed, such as

laser-assisted tape placement (LATP) (Parandoush et al.
2017), laminated object manufacturing (LOM) (Bhatt
et al. 2019), and material extrusion (MEX) (Matsuzaki
et al. 2016; Billah et al. 2020; Kubalak, Wicks, andWilliams
2018). In comparison, the MEX has gained the most
widespread attention due to its lower cost and better
controllability on fibre layouts (Dickson et al. 2017; van
de Werken et al. 2021). Current MEX-based CFRP-AM
systems are mainly developed by modifying the 3-
degree-of-freedom (DoF) fused deposition molding
(FDM) machine (Qiao, Li, and Li 2019; Naranjo-Lozada
et al. 2019). As shown in Figure 1(a), the polymer
filaments are fed into a melting chamber together with
dry or pre-impregnated continuous fibres and then co-
extruded onto a planar-built platform or deposited
layers (Zhang et al. 2022). Within another widely used
process, continuous fibres pre-impregnated with ther-
moplastic matrix material are heated through a
melting chamber and extruded. However, the types of
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fibre-reinforced composites that can be produced are
limited, typically to Nylon. In contrast, the co-extrusion
process allows the use of multiple polymer matrix
materials (Zhang et al. 2022; Goh et al. 2018). In addition,
the parts fabricated by the two processes exhibit close
mechanical properties (Parker et al. 2022). Therefore,
this study focuses on the co-extrusion process.

However, these 3-DoF motion configuration-based
CFRP-AM machines are unsuitable for fabricating
composite structures with non-planar fibre layouts.
One example is the grid-stiffened shell structure, as
illustrated in Figure 1(b), which is a class of advanced
engineering structures widely used in maritime, aero-
space, and architecture industries due to their high
load-bearing capacity and lightweight design (Nuh
et al. 2022; Vasiliev, Barynin, and Razin 2012). This
structure consists of a thin-walled shell and stiffened
ribs, in which the shell is often developable surface-
based (Cui et al. 2017; Jiang et al. 2020); meanwhile,
the ribs distributed on the shell surfaces have a
grid-based layout (Nuh et al. 2022; Totaro et al.
2021). As depicted in Figure 1(b), the 3-DoF-based
CFRP-AM workflow slices these non-planar shells and
ribs into discrete planar layers, making it impossible
to lay fibres along curved surfaces. As a result, the
potential to use CFRP for enhancing interlayer mech-
anical properties is not realised yet (Xu et al. 2019;

Zeng et al. 2021; van de Werken et al. 2020). The
weak interlayer strength of parts fabricated by 3-
DoF-based machines greatly hinders the efforts to
transfer CFRP-AM into a viable production option
(Zhao and Guo 2020).

The emergence of multi-axis AM has shed light on the
above challenge. As shown in Figure 1(d), the conformal
CFRP-AM process can directly pattern non-planar fea-
tures of the grid-stiffened shell structure using multi-
DoF motion. Recently, such systems have been reported
by several research groups (Fang et al. 2020; Nault, Fer-
guson, and Nardi 2021; Jiang, Xu, and Stringer 2019) and
machine manufacturers, e.g. Ansioprint. However, most
of these studies are limited to proof-of-concept demon-
stration and have only addressed hardware integration-
related challenges, such as extrusion speed matching
(Gibson et al. 2022; Badarinath and Prabhu 2021). The
performance improvement of fabricated parts by the
conformal CFRP-AM process is rarely reported. More-
over, the multi-DoF motion allows the toolpaths to be
set along any desired direction rather than being
limited to two dimensions to strengthen the model
(Pedersen et al. 2016; Kubalak, Wicks, and Williams
2018). Therefore, generating desired conformal tool-
paths becomes another great challenge for the develop-
ment of CFRP-AM. Several related studies, although not
for CFRP, have been conducted for generating freeform

Figure 1. The CFRP-AM process for grid-stiffened shell structure: (a) the fibre-polymer co-extrusion nozzle; (b) a typical grid-stiffened
shell structure; (c) 3-DoF CFRP-AM; and (d) conformal CFRP-AM.
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surface toolpaths, including two main categories. Some
methods aim at projecting two-dimensional (2D) hatch-
ing patterns onto three-dimensional (3D) surfaces
(Alkadi et al. 2020; Shembekar et al. 2019). The 2D hatch-
ing patterns are usually iso-parametric, with equal dis-
tances between multi-beads. However, the geodesic
distance between multiple beads at different locations
is variable after projection onto 3D surfaces. This vari-
ation of bead-to-bead distance is incompatible with
the existing constant bead width-based AM process
which can lead to printing defects such as gaps and
material buildup (Bi, Xie, and Tang 2021; Tan et al.
2020). Varying single bead width requires symmetrical
variation about both sides of the path and is usually
inefficient (Xiong et al. 2019; Zolfagharian et al. 2020).
In addition, other studies (Liang, Kang, and Fang 2020;
Xu et al. 2019) utilise level-set methods to generate equi-
distant 3D toolpaths based on the surface geodesic dis-
tance. However, this method has downsides: the
generated path type is limited to contour offset types,
and the computational cost is expensive. In summary,
there is a lack of systematic exploration of the design-
to-manufacturing workflow for the conformal CFRP-AM
system. In particular, there is a lack of conformal tool-
path generation methods in the workflow that can
meet multi requirements simultaneously.

This work aims to advance the robot-assisted confor-
mal CFRP-AM process for fabricating grid-stiffened shell
structures. The main contributions are threefold, includ-
ing manufacturing system development, conformal tool-
path planning, and performance testing. First, a 6-axis
robot was retrofitted with a co-extrusion module to
serve as a conformal CFRP-AM system and operated
through a design-to-manufacturing workflow consisting
of three steps: system calibration, conformal toolpath
generation, and process implementation. Second, a
surface mapping-based toolpath generation method is
proposed for conformal CFRP-AM processes targeting
developable surfaces. This method allows a simul-
taneous exploration of various geometric designs
(shells and ribs) and their toolpaths. The end-to-end
workflow directly outputs converted machine code.
Third, grid-stiffened conical shell structures with
different conformal toolpaths were fabricated to verify
the effectiveness of the proposed system and
workflow. The compression experiments show that the
mechanical properties of conformally fabricated parts
were significantly improved and could be adjusted by
different toolpath designs.

The rest of this paper is structured as follows. Section
2 provides an overview of the workflow of the robotic
conformal AM system of CFRP and details the proposed
conformal toolpath generation method, which is the

major technology contribution of our study. Section 3
shows the application of the built AM system in a grid-
stiffened conical shell structure of CFRP. Finally, con-
clusions are drawn in the last section.

2. Materials and methods

The robot-assisted conformal CFRP-AM system devel-
oped has a modular architecture, which facilitates
system retrofitting and upgrading. The system is
divided into four main modules: the host computer,
robot-based multi-DoF motion module, fibre-polymer
co-extrusion module, and the pre-fabricated substrate,
as shown in Figure 2. The host computer is used for
process planning and motion control. The multi-DoF
device is based on a 6-axis robot. Although only five
degrees of freedom are needed to position and orient
the co-extrusion nozzle to points of an arbitrary
surface. The additional DoF of the robot improves the
smoothness of the toolpath by avoiding collisions and
singularities. This robot arm (UR10e collaborative
robot, Universal Robots LLC) is mounted on a vibration
isolation platform, and it has a spherical working
volume with a radius of 1300 mm and a payload capacity
of 10 kg. Additionally, the robot has a position repeat-
ability of 0.05 mm and a maximum TCP (Tool Center
Point) velocity of 1000 mm/s. The co-extrusion module
is attached to the robot end and includes a fibre extru-
der, polymer extruder, fibre cutting device, co-extrusion
nozzle, and temperature control device. This in-house
developed module has been optimised for processing
CFRP. The nozzle exit has a diameter of 1 mm and is
rounded to avoid fibre scraping. Also, the maximum
heating temperature of the nozzle is 300 °C, above the
melting point of most engineering thermoplastics. The
freeform substrate is used for extruded composite
adhesion to achieve high printing quality, and it
should not be mounted too close to the edge of the
robot workspace, as this increases the chances of reach-
ing the joint limits. Moreover, the substrate can be made
with various processes and reused.

The system works with three main steps: system cali-
bration, conformal toolpath generation, and process
implementation. As shown in Figure 3, the system
starts with the system calibration in which the co-extru-
sion module and substrate are precisely calibrated to
ensure high print quality. This step only needs to be
run if any module is being replaced. Then to initiate a
job, the workflow begins with a conformal toolpath gen-
eration method. Within the method, a proposed surface
mapping-based path planning method was applied to
generate the conformal paths of the shell and ribs first.
The substrate has been precisely calibrated with

VIRTUAL AND PHYSICAL PROTOTYPING 3



respect to the robot during the system calibration step.
Therefore, the generated paths can be described with
respect to the robot base frame and thus converted
into machine code, which includes robot trajectories

and composite co-extrusion rates. Within the method,
key design parameters are adjustable, allowing their
impact on print quality. These parameters include
hatching patterns, layer thickness, single bead width,

Figure 2. The setup of the robot-assisted CFRP-AM system.

Figure 3. The robot-assisted conformal CFRP-AM system architecture.
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and printing speed. Finally, the generated machine
code was distributed to the robot and co-extrusion con-
trollers for parts fabrication. More technical details are
described below.

2.1 System calibration

During the printing process, a significant factor affecting
the printing quality is the gap between the nozzle tip
and the previous layer. Thus, the poses of the substrate
and nozzle tip with respect to the robot must be cali-
brated to ensure the gap is precise and uniform across
the entire work surface. In other words, the calibration
process is to establish the mathematical description of
the pose relationship between the substrate frame (SF)
and tool centre frame (TCF) with respect to the base
frame (BF). In addition to these three frames, an end
frame (EF) built into the robot system is introduced to
assist the calibration process, and the system frame
setup is shown in Figure 4. The steps of the calibration
process are as follows.

Step One: TCF calibration. The TCF is fixed at the co-
extrusion nozzle tip, and its poses relative to the BF
describe the position and posture of the nozzle with
respect to the robot. Moreover, the data is represented

using the transformation matrix T = R P
000 1

[ ]
, where

R and P are the rotation matrix and translation vector,
respectively. So, the transformation matrix B

TT of TCF
with respect to BF can be obtained as follow:

B
TT = B

ET∗ETT =
B
ER∗ETR B

ER∗EPT + BPE
0 0 0 1

[ ]
, (1)

where B
ET consists of the rotation matrix B

ER and position

vector BPE , which denotes the pose of EF with respect to

BF, and E
TT consists of B

ER and EPT , which denotes the

pose of TCF with respect to EF. Matrix B
ET could be calcu-

lated by the robot kinematic model which has been built
into the robot controller. To calculate the transformation
matrix E

TT , a cone tip was fixed at an appropriate location
in the robot workspace first. The robot was moved to
make the nozzle tip centre coincide with the fixed
cone tip at least 4 times in different postures. As
shown in Figure 5(a), which illustrates the acquisition
of two data points and the actual calibration process.
The position vector remains the same due to the fixed
cone tip remaining the same, as shown below:

BPTi = B
ERi∗EPT + BPEi, (2)

where i denotes the ith data point. The position vector
EPT = (x, y, z) of the TCF with respect to the EF also
remains the same as the nozzle is fixed at the robot
end. Therefore, the linear equation system A∗EPT = B
can be obtained by subtracting any two data points,
i.e. Eq (2), and then associating them. By using the
linear least square method, the best fit of the position
vector of TCF with respect to EF can be acquired, as:

EPT = (ATA)−1ATB, (2)

As for the posture data of TCF with respect to the EF, the
rotation matrix E

TR is usually obtained directly from the
mechanical design model.

Step Two: SF calibration. For getting the transform-
ation matrix B

ST of SF with respect to BF, the calibrated
TCF is used in this step. As shown in Figure 5(b), there
are usually three feature points defined on the substrate
for calibration, usually the origin point P0 of SF, the offset
point P1 on the x-axis, and a point P2 on the XY plane.
The position vectors of these points with respect to
the BF are measured by moving the nozzle tip in
contact with them. With the known correspondence
between the features points, the transformation matrix

can be easily constructed as follows: BST = X
0
Y
0
Z
0
Po
1

[ ]
,

where the X , Y, and Z are the vectors of X-axis, Y-axis,
and Z-axis described in BF respectively, Po is the calcu-
lated origin coordinates of SF described in BF. Moreover,
each feature point position should be measured mul-
tiple times to minimise errors.

2.2 Surface conformal toolpath generation
method

In this study, a surface mapping-based algorithm was
developed to design and generate conformal paths for
the grid-stiffened shell structures of CFRP. These confor-
mal paths were then translated into machine code forFigure 4. The system frames setup.
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machine motion control, including robot trajectories
and material feed rates.

2.2.1 Surface mapping-based conformal path
planning
The main challenge of conformal path planning is the Z
value varies dynamically with the X-Y value within the
same layer according to the shape of the free-form
surface. To solve this challenge, the surfaces are
mapped to 2D planes to simplify calculations. The
workflow of this method is shown in Figure 6. Different
from conventional slicing software, this method starts
with the input of user-defined key structural parameters,
such as the surface model of the calibrated substrate
and structural thickness. In addition, the conformal
CFRP-AM process is also layer-by-layer, a series of
working surfaces need to be constructed by offsetting
the developable surface for path planning first. These
working surfaces will then be mapped to the 2D plane,
and the shell-layer surfaces are mapped differently
from the rib-layer surfaces. In the next step, various
hatching patterns will be generated on these 2D
planes, such as zigzag, contour, and cellular. These gen-
erated infill patterns will then be converted to 3D paths
through the inverse mapping relationship. Finally, the
generated 3D paths in all layers are combined and

stored as a series of ordered discrete points. Moreover,
the surface normal vector corresponding to each point
should also be calculated for subsequent robot trajec-
tory. More details about the path planning method are
provided below.

Step One: input the user-defined structural par-
ameters. The input parameters include the designed
shell surface, the normal thickness of shells (Hs) and
ribs (Hr), and the layer thickness (h). The input surface
is a developable surface that can be unfolded on a
plane without any lap fold or break (Nelson et al. 2019;
Bo et al. 2019). This feature ensures the feasibility of
the surface unfolding in subsequent steps. Moreover,
the developable surface discussed can be expressed by
Eq. (4):

r(u, v) = a(u)+ vb(u), (4)

where the trajectory curve a(u) is called directrix, and
b(u) is the vector of the straight line which is called gen-
eratrix, u and v are the orthogonal curvilinear coordinate
system in the parametric space. During the conformal
CFRP-AM process, the slicing layers are obtained by
offsetting the input surface model. Therefore, the
normal thickness of shells and ribs and layer thickness
were input to determine the offset distance of each
sliced layer.

Figure 5. System frames calibration: (a) TCF calibration and (b) SF calibration.
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Step Two: construct the working surfaces. In this
study, each working surface was generated by
normal offsetting the input surface with an amount H,
where H = layer thickness× layer number, as shown in
Figure 7(a). This normal offset vector can also be pro-
jected horizontally or vertically and corrected by a
factor to ensure that the normal thickness remains con-
stant. This normal offset was applied to maintain a con-
stant layer thickness for better printing quality. In
addition, each working surface is divided into a shell
surface or a rib surface, depending on the location of
the working surface.

Step Three: mapping each working surface to the
2D plane. Within the step, different mapping func-
tions are used to meet different infill requirements
of the shell surface and rib surface. Specifically, iso-
metric mapping is used for the shell surface, while
conformal mapping is used for the rib surface. First
considering the shell surface, two surfaces associated
with an isometric mapping can be fit to each other
by continuous deformation despite their different
shapes, and any corresponding curves on them
have the same length. Thus, without changing the
single bead width, the fully filled hatching patterns

Figure 6. The workflow of the surface mapping-based conformal path planning method.
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on the plane can also be served on the 3D surface.
Moreover, all working surfaces are developable,
which ensures that isometric mapping is available
for these surfaces. The stiffened ribs distributed on
the shell have a grid-based layout which is usually
characterised by regular shapes defined as rectangu-
lar. These rectangles are often difficult to fill with the
shape into the complex polygons generated by the
isometric mapping. Thus, conformal mapping was
used to map the rib surface to the 2D Euclidean
plane, and it is a relaxation of the isometric
mapping (Choi and Lui 2015). The theoretical basis
for the conformal mapping is that, according to the
uniformization theorem (Jin et al. 2022), the universal
covering space of any surface with its uniformization
conformal metric in R3 can be isometrically
embedded onto one of the three canonical surfaces:
sphere, plane, or hyperbolic space. Moreover, confor-
mal mapping is angle-preserving, i.e. it maintains the
local shape over the geometry. This helps to maintain
the structural physical properties, such as the ribs
angle which has a significant impact on the mechan-
ical properties (Ehsani and Dalir 2019; Maes, Pavlov,
and Simonian 2019).

The specific mapping theory is based on compu-
tational conformal geometry (Gu, Luo, and Yau 2010;
Zhou, Gao, and Li 2022). Suppose S1 and S2 are two
Riemann surfaces which are represented as r1(x1, x2)
and r2(x1, x2), and r1, r2:R

2 � R3 are the vector-valued
functions. In this study, S1 is the working surface, and
S2 is the mapped 2D plane. The first fundamental

forms of S1 and S2 are respectively defined by:

ds21 =
∑
i,j

gijdxidxj , i, j = 1, 2, (5)

ds22 =
∑
m,n

�gmndxmdxn , m, n = 1, 2, (6)

where gij = ∂r1
∂xi

· ∂r1
∂xj

and �gmn =
∂r2
∂xm

· ∂r2
∂xn

, specifically for

the developable surface discussed in this study, x1 and
x2 respectively denote the parameters u and v, as
shown in Eq (2). The mapping function f :S1 � S2
between two surfaces can be represented as

f :R2 � R2, f = ( f 1(x1, x2), f 2(x1, x2)). The pull-back
metric f ∗ds22 is induced by f and ds22 , which is further

expressed as an analytic formula (Gu et al. 2004):

f ∗ds22 =
∑
mn

∑
ij

�gij( f (x
1, x2))

∂fm

∂xi
∂f n

∂xj

( )
dxmdxn . (7)

It is always possible to find a coefficient function l(x1, x2)
such that Eq. (8) holds:

f ∗ds22 = l(x1, x2)ds21 , (8)

and the function λ is called the conformal factor. When
the conformal factor l = 1, the mapping function f is
an isometric mapping, and if the conformal factor is
always positive, then f is a conformal mapping (Khamay-
seh and Wayne Mastin 1996; Konaković et al. 2016). The
parametrization process of the developable surface is
shown in Figure 8. Moreover, the derivation of the

Figure 7. Generating the layer-by-layer surfaces by offsetting the surface: (a) along the normal vector, (b) along the horizontal vector
or the vertical vector.
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mapping function with the conical surfaces as an
example is shown in Appendix A.

Step Four: generate various hatching patterns
within the 2D plane. In this step, various planar-layer-
based infill algorithms are used to generate the hatch-
ing patterns in the mapped 2D plane. As shown in
Figures 9 and 10, zigzag, arc offset-based, and
contour offset-based hatching patterns are generated
for fully filling the shell surface. Moreover, the filling
parameters such as the single bead width and fibre
filling angle for the zigzag pattern can be adjusted
within a certain range.

The 2D sparse hatching patterns are filled within the
conformally mapped rectangle to generate the
stiffened ribs configuration distributed on the shell,
while the pattern is also the toolpath. The hatching pat-
terns are formed by straight lines with different angles

that are evenly spaced along the parametric axes (u and
v) and cross each other, as shown in Figure 10(a–c).
During this process, the angle and number of straight
lines can be adjusted to produce various cellular struc-
tures. In addition, more complex cellular patterns can
be generated by filling various basic cells, as shown in
Figure 10(d).

Step Five: mapping back the 2D hatching patterns to
the 3D surface. The mapping function f is homogeneous,
i.e. the mapping function is one-to-one (Gu et al. 2012).
Hence, for any surface in this study, this mapping
relationship can also be written by:

r(u, v) = r( f−1(u, v)), (9)

where f−1 represents an inverse mapping operator.
Thus, the orthogonal curvilinear coordinate system of
the shell or rib surface can be obtained by the
mapping parameterisation:

(x, y, z) = (r1( f−1(u, v)), r2( f−1(u, v)), r3( f−1(u, v))). (10)

The results of mapping back to the 3D surface via the
inverse mapping function f−1 was shown in Figures 9
and 10.

Step Six: store the generated conformal paths with
an ordered set of discrete points and their normal
vectors. The generated conformal paths would be
sorted layer by layer first. Then the conformal paths
are divided into segments within the allowed error
range and the endpoints of the segments are stored. It
is also necessary to calculate and store the normal
vector corresponding to each point for the next step
of robot trajectory calculation.

Figure 8. Surface mapping process, (a) isometric mapping, (b)
conformal mapping.

Figure 9. Various toolpaths generated by isometric mapping for fabricating the shell: (a) zigzag, (b) arc offset-based, and (c) contour
offset-based.
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2.2.2 Machine code generation
Step One: robot trajectory generation. To guide the
robot’s motion, the generated conformal paths need
to be converted into a series of ordered TCF poses
including tool positions and orientations, as shown in

Figure 11(a). The generated conformal paths above
were stored with discrete points and the corresponding
normal vectors (n) with respect to the SF. During the
printing process, the Zi-axis of TCF is forced to align
with the normal vector at each discrete waypoint of

Figure 10. Various configurations generated by conformal mapping for fabricating the stiffened ribs, (a) cross lines with ±30°, (b) cross
lines with ±45°, (c) cross lines with ±60°, and (d) rectangular units with ellipse fill.

Figure 11. Robot trajectory generation, (a) the nozzle poses (TCF) generation for waypoints along the conformal path, (b) the TCF
construction at a discrete waypoint.

10 G. ZHANG ET AL.



the conformal path. Therefore, a series of TCF poses is
constructed with the discrete points as origins and the
unitised normal vector as the Zi-axis. As for the Xi and
Yi axes of the TCF, any two orthogonal vectors in the
Zi-axis normal plane can be selected. This is because
the nozzle tip is circular and its rotation around the Zi-
axis has little effect on the deposition of the single
bead. In this study, the projection vector of the SF X-
axis vector on the normal plane of the TCF Zi-axis
vector was unitised to create the TCF Xi-axis vector, as
shown in Figure 11(b). The Y1-axis vector was calculated
by the cross-product of the Zi and Xi axes’ vectors.
The TCF with respect to the SF was constructed with
the three calculated axis vectors and the discrete
point coordinates, which could be abbreviated as

S
LTi =

Xi
0
Yi
0
Zi
0
Pi
1

[ ]
, where the i denotes the ith point

data. Then the constructed TCF poses are translated to
the BF, and the transformation matrix was as follows:
B
TTi = B

ST∗SLTi. Finally, the transformation matrix is
usually converted to a more concise vector form
[x, y, z, rx , ry , rz], where [x, y, z] is the origin coordinate
and [rx , ry , rz] is rotation vector used for the UR robot.
Moreover, the motion control based on joints vector
u = [u1, u2, . . . , u6] can be calculated by inverse kin-
ematics for a given TCF pose. The inverse kinematic
problem can be solved using the analytical or numerical
iterative methods with the robot kinematic chain model,
i.e. D-H parameters.

Step Two: composite materials feed rates generation.
To produce high-quality parts, this system requires the
material extrusion rates to be precisely synchronised
with the robot’s conformal motion. More specifically,
the interaction between robot kinematics and depo-
sition process parameters along the conformal printing
paths needs to be modeled and well-controlled.
Hence, the section of a rectangular sample was observed
with the scanning electron microscope (SEM), as shown
in Figure 12(a). The deposited single bead could be rep-
resented as rounded rectangles with semi-wrapped fibre
bundles. In this study, the single layer thickness (h) and
the single bead width (w) were used to describe the
cross-sectional shape, as shown in Figure 12(b). Mean-
while, E1 and E2 donate the feed rates of fibre and
polymer filament fed into the printing head. For a
given printing speed (v), E1 has a significant effect on
fibre alignment and thus on the mechanical properties
of the printed part. Thus, a correction factor k1 is intro-
duced to adjust the fibre alignment, and it is usually
set to 0.95-1.0. Similarly, the E2 is also adjusted by a cor-
rection factor k2. As shown in Figure 12(b), there are gap
areas in the printed part in the standard model of the
multi-bead deposition model. Thus, k2 is usually set to

1.0-1.15 to reduce the voids in this study. The fewer
voids often contribute to improved mechanical proper-
ties. According to the volume conservation principle,
the relationship between the feed rates of materials
and printing speed is quantified as below:

E1 = k1v
E2 = 4k2vhw/(pd2p)

{
, (11)

where the printing speed v, the single-layer thickness h,
the single bead width w, the polymer filament diameter
dp, and the correction factors k1 and k2 are user-deter-
mined. Besides, the feed rates of materials need to be
translated into the control pulse frequencies to guide
the corresponding motor rotation.

2.3 Process implementation

In this step, the machine code is decoded and distribu-
ted to the corresponding module controller. Specifi-
cally, the temperature data is first sent via serial
communication to the co-extrusion controller. A built-
in PID control programme controls the heating of the
nozzle with a specified temperature. Then the control
commands for the robot’s motion are sent through
the Ethernet to the robot controller. Simultaneously,
the calculated composite feed rates are streamed to
the co-extruder controller. After each sub-path is
printed, the material feed is stopped, and a cutting
command is sent to drive the servo for fibre cutting.
Once all paths are printed, the host computer sends a
command to terminate nozzle heating and the robot
is moved to a safe position, then the user removes
the printed part.

Figure 12. (a) Deposition process modeling and SEM of the
deposited single bead, (b) multi-bead cross-section model.
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2.4 Case study

2.4.1 Grid-stiffened shell structure construction
The case study considers a typical grid-stiffened shell
structure, and its geometric parameters are shown in
Figure 13. The shell structure is based on a flat-topped
conical surface, which is a typically developed surface.
The diameter of the bottom circle of the basic conical
surface is 80 mm, the diameter of the top circle is 20
mm, and the height is 30 mm. The stiffened ribs are
designed based on cross lines at the ±θ, as shown in
Figure 10(a). The normal thickness of the shell and ribs
are set to 1.2 and 1.5 mm, respectively. For fairness of
comparison, as many printing parameters as possible
are consistent in both processes.

2.4.2 Materials and experiment setup
To illustrate the advantage of the conformal CFRP-AM
process, the designed grid-stiffened shell structure was
fabricated using both the proposed robotic and conven-
tional 3-axis CFRP-AM systems. The 3-axis platform used
was the Anisoprint Composer A4 printer (Anisoprint
LLC), which runs with the commercial slicing software
Aura (Anisoprint Aura 1.27, © 2020 Anisoprint LLC).
The fibre reinforcement utilised in this study is
reinforced with a carbon fibre (Anisoprint LLC) which is
pre-impregnated with thermosets, and it is 1.5k with
an effective diameter of 0.35 mm. The polymer matrix
is the PLA filaments (Polymaker LLC) that have an
effective diameter of 1.75 mm and have been dried at
60 °C for 10 h before printing.

For fairness of comparison, as many printing par-
ameters as possible are consistent in both processes.
The default print parameters for all cases are set as
follows: nozzle temperature of 200 °C, and print speed
of 9 mm/s for the fibre-polymer co-extrusion nozzle.
The difference is that, due to the structure size, Aniso-
print can only fill the shell area with fibres, while the
rib area requires an additional pure polymer extrusion
head with a speed of 50 mm/s to print. In addition, the
default deposition parameters of Anisoprint are as

follows: 0.65 mm single bead width and 0.34 mm layer
thickness for the fibre-polymer co-extrusion head, and
0.4 mm single bead width and 0.17 mm layer thickness
for pure polymer extrusion head. The robot-assisted
system sets the single bead width at 2 mm and the
normal layer thickness at 0.3 mm. Moreover, the bed
temperature in the planar process is set to a default
value of 40 °C. Meanwhile, the conformal process fabri-
cates parts on a freeform substrate made of Nylon. The
temperature of the substrate is maintained at room
temperature, which is approximately 25 °C.

The performance of the parts fabricated with different
processes and toolpaths was illustrated by the compres-
sive strength and stiffness of the fabricated components.
For each design, three samples were fabricated and
characterised to illustrate the reproducibility of the con-
structed system. The structure compression properties
were characterised through the quasi-static com-
pression tests on a 20 kN universal material testing
machine (Z020, ZwickRoell, Germany) with a fixed
loading rate of 4 mm/min.

3. Results and discussion

3.1 Experimental results

The specimens for the compression test and their force-
displacement curves are shown in Figure 14. The test
structure consists of a flat-topped conical shell and
stiffened ribs designed based on cross lines at the
±45°. The shell and rib features were fabricated with
both planar and conformal processes for comparison.
Part 1-1 was sliced and fabricated by a commercial 3-
DoF CFRP-AM machine, where the shell can be filled
with one fibre per layer with a total fibre length of
14.5 m, while the non-planar stiffened ribs cannot be
filled with fibres. As for Part 1-2, the conical shell is fab-
ricated with the planar process, the stiffened ribs are
conformally fabricated by the robot-assisted system,
and the total fibre length of the ribs is 3.24 m. Compared
to Part 1-1, the conformally fabricated ribs increased the

Figure 13. Geometric parameters of the grid-stiffened conical shell structure: (a) oblique view and (b) cross-sectional view.
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compressive strength of the structure by 18.0% and the
compressive stiffness by 17.9%. Part 1–3 with shell and
ribs fabricated by the conformal process has the
highest compression strength and stiffness, which are
258.6% and 134.9% higher than Part 1-1, respectively.
In addition, the total fibre length of Part 1–3 is only
14.2 m.

The conformal CFRP-AM process allows for greater
flexibility in fibre orientation design. Due to the signifi-
cant anisotropy of CFRP, the parts with different tool-
paths also have different mechanical properties. Hence,
the parts with different toolpaths were fabricated and
tested to illustrate the effect of fibre orientation on struc-
tural properties. The effect of different toolpaths in the
conical shell was first verified by two cases, i.e. the arc
offset-based (2-1) and zigzag (2-2), as shown in Figure
9 and Figure 15. The stiffened ribs were based on the
±45° hatching grid pattern, as shown in Figure 10(b).
Part 2–1 with an arc offset-based hatching pattern has
higher compression strength and stiffness for 4565 and
2866 N/mm, respectively.

The effect of different rib configurations was then also
tested in three cases, as shown in Figure 16. The
stiffened ribs structures were designed based on cross

lines at different angles, respectively ±30°, ± 45°, and
±60°, as shown in Figure 10. The conical shell was fabri-
cated with the arc offset-based paths, as shown in Figure
9(b). The three components exhibit different properties
in terms of compressive strength and stiffness, with
Part 3–2 (±45°) having the highest compressive strength
of 4565 N and Part 3–3 (±60°) having the highest com-
pressive stiffness of 3883 N/mm, respectively.

3.2 Discussion

The above results manifest that the conformal CFRP-AM
process can effectively fabricate grid-stiffened shell
structures with greatly improved mechanical properties.
Comparing the two different processes, the key differ-
ence is that the conformal CFRP-AM process uses
multi-DoF motion to directly fabricate curved surface
layers. The conventional process confines the fibres
within a planar layer and does not enhance the structure
along the stacking direction. The curved slicing layers
allow continuous fibre distribution along the curved sur-
faces to overcome this disadvantage. As shown in Figure
14, the conformally fabricated part 1–3 has a 93.3%
increase in compression strength and a 71.3% increase

Figure 14. The fabricated samples with different processes and their compression performance: (a) the fabricated samples, (b) the
force-displacement curves, and (c) compressive strength and compressive stiffness.
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in stiffness. However, as shown in Figure 14(c), the mech-
anical properties of the samples fabricated by the robot-
assisted conformal CFRP-AM system fluctuate more. The
fabrication process shows that these performance
fluctuations may originate from the motion instability
of the print head, which is caused by the low structural
stiffness and highly nonlinear joint motion of the robot.
Therefore, further efforts will be made to improve the
stability of the system.

The above results also illustrate that the same
structure fabricated using different toolpaths has a
diverse mechanical behaviour, which is caused by
the CFRP anisotropy. The conformal CFRP-AM
process leads to a more varied fibre orientation,
which implies a greater structural performance regu-
lation range. For example, with the same stiffened
ribs, the shell with the arc offset-based toolpath has
26.2% higher compression strength and 33.1%
higher compression stiffness than the shell with the

zigzag toolpath. This is because the deformation of
the conical shell transforms the compression stress
into tensile stress along the circumferential direction.
This transformation allows structures with the arc
offset-based toolpath to better utilise the excellent
axial mechanical properties of CFRP. Therefore, opti-
mising the toolpath considering the structural load
distribution has great potential to further improve
the mechanical performance of the structure, and
this will also be a subject of further exploration. In
addition to regulating structural strength and
stiffness, more diverse fibre orientation designs hold
great potential for creating structures with multiple
functionalities (Wang et al. 2022; Lingappan et al.
2022; Goh et al. 2021). For example, the energy-
absorbing and vibration-isolating structures based
on fibre paths, sensing devices using fibre conduc-
tivity and thermal conductivity, and shape morphing
devices based on fibre-matrix strain mismatch.

Figure 15. The fabricated samples with two shell toolpaths, i.e. (2-1) arc-offset pattern and (2-2) zigzag pattern, and their compression
performance: (a) the fabricated samples, (b) the force-displacement curves, and (c) compressive strength and compressive stiffness.
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Moreover, the conformal process can effectively
improvematerial utilisation andmanufacturingefficiency
due to the support-free feature and less discontinuous
toolpath. It also enhances the surface quality of the
part by reducing the step-stair effect. In summary, the
conformal process will effectively advance the trans-
formation of AM into a reliable production option.

4. Conclusions

This study presents a robot-assisted conformal CFRP-AM
system for grid-stiffened shell structures. The robotic
multi-DoF motion allows the system to perform rapid
exploration for selectively and spatially distributed
reinforcement, thus promoting the CFRP-AM process
as a viable production option. Each step of the system
workflow was detailed, and the major step, i.e. confor-
mal toolpath generation, was highlighted. The proposed
conformal toolpath generation method allows the sim-
ultaneous generation of various fully filled toolpaths
for developable shells and geometric designs for
stiffened ribs. Also, this method is based on surface
mapping with relatively low computational complexity.

Moreover, the compression experiments of components
fabricated by different processes (planar and conformal-
based) manifest that this conformal CFRP-AM system
and its workflow can significantly improve the com-
pression strength and stiffness of grid-stiffened shell
structures. Also, the experimental comparisons made
between parts fabricated with different toolpaths
(shells filled with zigzag and arc-offset patterns) and
various geometric designs (stiffener ribs with different
crossline angles) demonstrate the additional design
freedom of conformal CFRP-AM. This is another impor-
tant advantage of the conformal CFRP-AM process,
where the more diverse fibre orientation can be used
to meet more diverse customisation needs, such as
specific mechanical behaviour.

The following topics are suggested for further
research on the conformal CFRP-AM process. Firstly, con-
sidering the needs of complex structures in actual pro-
duction, the linkage of geometry-process-property and
optimised motion control methods should be advanced.
Secondly, the surface mapping-based conformal path
planning method needs to be further developed.
Within the method, due to the different scaling rates

Figure 16. The fabricated shells reinforced by cross-line stiffener ribs with three configurations, i.e. ± 30°, ± 45°, and ±60°, and their
compression performance: (a) the fabricated samples, (b) the force-displacement curves, and (c) compressive strength and compres-
sive stiffness.
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of each point, the conformal mapping function can only
ensure that the angle of the generated 3D hatching
pattern remains the same, but the length changes. To
overcome this limitation, a more advanced 2D filling
method utilising resizable cells that uses resizable cells
needs to be developed, allowing for the design of any
desired 3D hatching pattern. Thirdly, more advanced
conformal toolpath generation methods should be
further explored to incorporate more design constraints
for satisfying specific functional requirements such as
energy absorption and thermal insulation.
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Appendix A

The working conical surface and mapping plane are parame-
terised as:

S1 = (1− v)
r1cosu
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⎦, (A2)

where r1, r2, z1, and z2 are constants. The first fundamental
forms of the conical surface and plane are:

ds21 = ((1− v)r1 + vr2)
2du2 + ((r2 − r1)

2 + (z2 − z1)
2)dv2 , (A3)

ds22 = dx2 + dy2 . (A4)

The conformal mapping function f (u, v) is:
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The inverse operator of conformal mapping f−1(x, y, z) is:
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The isometric mapping function g(u, v) is:
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The inverse operator of conformal mapping g−1(x, y, z) is:
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