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Abstract

In this paper, a novel concept of robotic manipulator is developed for direct additive manufacturing on non-planar surfaces.
The application scenario is the metal coating of the internal surface of radome systems, using frequency selective surface
patterns. The manipulator is presented from the design, modeling, and control point of view. It is developed following an
application-driven approach, meaning that the requirements from the application and the additive manufacturing technology
are translated into the design specifications of the robotic system. Simulation results demonstrate that the proposed control
strategy based on a decentralized architecture is satisfactory to accurately control the motion of the robotic mechanisms
along the trajectory foresees by the direct additive manufacturing task.

Keywords Additive manufacturing - Aerosol jet printing - Design method - Virtual prototyping - Robot control

1 Introduction

Direct writing technologies refer to additive manufacturing
processes which can create two— or three— dimensional
functional structures directly on flat or conformal surfaces
in complex shapes, without any tooling or masks [1]. The
peculiarity of these novel technologies is their ability to
build freeform structures with feature resolution in one or
more dimensions below 50um [2], which is particularly
appealing in the context of micromanufacturing [3, 4]. As
a matter of fact, the possibility to build homogeneous,
compact, accurate and freeform patterns makes this class of
technologies attractive for metal coating of complex non—
planar objects, to enhance the electromechanical properties
of the substrate. However, specific industrial applications
might require the coating of surfaces which are difficult
to reach. This is pushing technologists and roboticists
towards the design of custom and application—oriented
robotics systems able to enable the development of such
additive manufacturing technologies in hazardous industrial
domains.
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In this paper, we present the design, modeling, and
control of a five degrees—of—freedom (DoF) robotic manip-
ulator for direct additive manufacturing on a specific curved
surface. The industrial scenario behind this work is the
metal coating of the internal surface of a double-curvature
object, namely the radome, a structural and weatherproof
enclosure that protects a microwave (e.g., radar) antenna
in aircrafts and missile systems. The radome is constructed
of material that minimally attenuates the electromagnetic
signals transmitted or received by the antenna. The motiva-
tion which leverages this work is the enhancement of the
transmission of radio signals made possible by coating the
internal surface of the radome using appropriate metallic
patterns. To this end, frequency selective surfaces (FSS) [5]
are built to improve the band-pass filtering properties of the
aerospace components carrying antennas. Typical require-
ments of FSS for aerospace applications are: thicknesses
between 10 and 50 um and accuracy below 1 pm. This work
is part of a broader project, focused on manufacturing of
radome and radar antenna systems [6—8].

Many manufacturing coating technologies exist for
guarantee the FSS requirements, as thermal spray [9, 10] or
physical and chemical vapor deposition [11, 12]. However,
the majority of these technologies deposits a full layer
of material, usually on planar surfaces. The problems in
our context are (i) the FSS pattern is usually complex,
meaning that the radome substrate will have coated and
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non-coated regions; (ii) the FSS pattern must be built on
non-planar surfaces. Thus, adopting one of the classical
manufacturing technologies requires masking the internal
surface of the radome. Moreover, these technologies are
difficult to implement with ad-hoc robotic systems, which
eventually might be used to coat only selected regions of the
mechanical component.

For these reasons, our idea is to use additive manufac-
turing technologies to build FSS patterns. In particular, we
select the aerosol jet printing (AJP) technology, for the
mechanical and electrical properties of the resulting coating
that it is able to guarantee [13]. Aerosol jet printing is able
to built free—form metal patterns with thicknesses between 1
pm to mm (multi-layers). Furthermore, it is a non-contact
technology which allows depositing a large set of materials
on a large set of substrates (also non—planar), without the
need of masking.

Since the overall internal surface of the radome is
difficult—to-reach with standard robotic machines, we
develop a novel concept of robotic manipulator with 5 DoF.
The robotic manipulator is designed from the mechanical
and control point of view. The design parameters are
selected from the requirements needed to implement AJP.
The kinematics and dynamics models of the manipulator
are developed for simulation purposes. An independent joint
control scheme is proposed as possible solution for the
motion control of the manipulator. The results, in terms
of position errors along the trajectories which allow to
build a test FSS pattern, are promising towards an hardware
implementation of the simulated controlled system.

This paper is organized as follows. In the rest of this
section, we provide an overview of additive manufacturing
technologies which can be used for metal coating of non—
planar surfaces, focusing on AJP, and we show the main
contributions of the current work. In Section 2, the method-
ology used in the paper is presented. Section 3 relates
with the mechanical description of the manipulator, whose
kinematic and dynamic models are presented in Section 4.
The control system design is addressed in Section 3,
while simulations are presented in Section 6. Section 7
concludes the paper and discusses future developments.

1.1 Direct additive manufacturing

Additive manufacturing technologies refer to processes
which allow to create freeform geometrical structures
through adding material layer by layer [14-16]. These
technologies can be grouped in: photopolymerization
processes, extrusion-based systems, powder bed fusion
processes, material and binder jetting, sheet lamination
processes and direct write technologies (or direct additive
manufacturing) [2]. Among these processes, the latter have
been selected as the most promising for the metal coating
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of FSS patterns, on existing non-planar surfaces [17]. As
a matter of fact, direct additive manufacturing technologies
are able to build freeform structures on substrates using an
appropriate deposition tool. The most diffuse approach to
direct writing involves the use of liquid inks suspended as an
aerosol mist [18]. These inks are deposited on a surface and
contain the basic materials which will eventually become
the desired structure. The commercialized and patented
version of this approach is the AJP process developed
by Optomec [13, 19]. The AJP process begins with the
atomization of the liquid ink material so that a dense
aerosol flow of tiny droplets 1-5 pum in size is created.
The generated aerosol is delivered to the deposition head
using a carrier gas, usually nitrogen. Within the deposition
head, the aerosol is focused through a coaxial sheat air flow,
and the resulting high-velocity steam exits the chamber
through an orifice directed towards the substrate. The
beam width depends on the ratio between sheat gas and
aerosol flow as well as on the distance nozzle—substrate:
the flux results more collimated as the sheat gas increases
and the distance decreases. A schematic illustration of
the AJP process is shown in Fig. 1. One benefit of a
collimated aerosol spraying process is its high stand—off
distance and large working distance from the substrate.
Indeed, a good adhesion of the particles is achieved if the
deposition head is positioned between 1 to 5 mm from the
substrate, with an angle between its axis and the tangent
to the non—planar surface of the substrate between +60
degrees [18]. This feature mostly motivates the use of
AJP for the metal coating of the internal surface of the
radome. An improvement to this technology can be found
in the recent patent on the use of a convergent—divergent—
convergent nozzle, instead of a classical convergent nozzle,
for obtaining a more collimated and high velocity beam
[20]. This process is referred to as collimated aerosol
beam direct write (CAB-DW). The enhanced AJP allows
reducing the length of the deposition line of 62% on planar
surfaces and of 67% on discontinuous surfaces, as surfaces
presenting a curvature change [18].
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Fig.1 Aerosol jet printing process (image adapted from [13])
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To date, AJP has been mainly used for electronic
applications [21-23]. Our idea is to bring the advantages
of this technology to enable the metal coating of the
internal surface of the radome, which is an high challenge
application required by our aerospace industrial partner.
However, the first step in enabling it relates to studies and
developments of concepts which might be eventually used
as deposition head in this context. This represents the major
topic of this paper.

1.2 Main contributions

The main contributions of the current work are listed as
follows:

1. Aerosol Jet Printing used as additive manufacturing tech-
nology for building FSS pattern on radome systems.

2. Application—driven methodology for design and simulation
of robotic systems, including mechanical design, kine-
matic and dynamic modeling, control system strategy.

3. Design of a compact 2-DoF wrist mechanism for
orientation purposes in confined spaces.

4. Indipendent Joint Control architecture to ensure the
position accuracy required in metal coating applications
through additive manufacturing.

2 Methodology

The application-driven methodology used in this paper is
summarized in Fig. 2. The requirements on the properties
of the coating and the FSS pattern motivates the use of
AJP as additive manufacturing technology. The mechanical
design of the robotic manipulator takes into account the
confined environment on which it will work and the design

substrate with an angle of £60 degrees; accuracy below 1
um for the FSS pattern). Then, the mechanical design is
validated through the dynamic and control simulations. The
kinematic model of the manipulator and a classic motion
profile are used to generate the inverse kinematic mapping,
and thus the joint trajectories. The joint torques are obtained
solving the inverse dynamics of the manipulator. This
analysis is used to size the actuators needed for generate the
motion required from the FSS pattern. The parameters of
the controllers are tuned such that the controlled system is
stable and the errors along the reference trajectory are small.
The tuning process is iterated until the tracking error of the
manipulator along the reference trajectory, as the difference
between the desired and the actual trajectory is below 1073.

3 Mechanics

The mechanical design of the robotic manipulator has been
driven by the considered application, i.e., the metal coating
of the internal surface of the radome, using the aerosol-jet
printing as direct additive manufacturing technology. In the
design phase, we consider the coating of the worst—case
radome, which has an high / of 500 mm and a base diameter
2r equal to 200 mm (see, e.g., Fig. 4). The control system
should:

1. Ensure the motion and the correct positioning of the
nozzle inside the radome. The optimal deposition is
achieved when the distance between the nozzle and the
radome surface is from /; =1 mm to [, =5mm with
an angle « in the range +60° between the tangent at
the coating application point and the direction of the
aerosol jet. Figure 3 shows the optimal workspace for
aerosol jet operations on the internal surface of the

requirements from the technology (1 to 5 mm from the radome.
( N
CAD temporal dynamic
coating radome profiles model
requirement ]
joint trajectories
A > IK ID
design
requirements v .
AM Mechanical | [ joint
technology | — > Design '\ ) torques
AN PID drive trajectories
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FSS pattern
13C actuator
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J

Fig. 2 The application-driven methodology for developing mechatronic systems used in the paper. Starting from the left: AM = additive
manufacturing; /K = inverse kinematics; ID = inverse dynamics; A = actuator; C = control; IJC = indipendent joint control
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Fig. 3 Planar optimal workspace for aerosol jet printing operations
on the internal surface of the radome. This workspace is obtained by
cutting the radome with one of the member of the bundle of planes
obtained from the vertical axis of the radome and orthogonal to the
base of the radome itself. The red region is the optimal workspace
wherein the nozzle should be located during the operations

2. Guarantee high accuracy in the nozzle positioning, with
a tracking errors along the reference trajectory below
1073

From these requirements, the following design specifica-
tions for the robotic system have been obtained.

1. Five degrees-of-freedom (DoF) kinematic mechanism.
Telescopic joint with 600 mm stroke along the vertical
axis of the radome, from now on referred to as z axis.

3. Two prismatic joints with 300 mm stroke along two
planar axis perpendicular to z axis, such that they
constitute a laevogyrate reference frame, from now on
referred as x and y axes.

4. One revolute joint to allow the rotation of the nozzle
about the z axis. From now on, we will refer to the
nozzle also as end-effector.

5. One revolute joint to allow the rotation about the y axis
of the end-effector.

@ Springer
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Fig.4 Conceptual placement of the manipulator axes (three prismatic,
red and two revolute, green joints) in the internal surface of the radome
and example of FSS pattern in the plane y’z’

Figure 4 shows the conceptual placement of the joints
for a suitable 5-DoF mechanism and the axis nomenclature.
It is important to notice the importance of a fixture system
for the radome, able to guarantee a stable alignment of
the vertical axis of the radome with the z axis of the
robotic manipulator. In the following we present the final
concepts of robotic manipulator and fixture system, as
selected through a group decision making session [24, 25]
which involved the three authors of the current work.

3.1 Robotic manipulator

The robotic manipulator has a 5-DoF mechanical structure,
which allows to locate the nozzle in the workspace. Three
translational axis allow to position the nozzle, whose
orientation is ensured by a compact 2—DoF mechanism. The
motion along x and y axis is obtained using a classical
planar cartesian mechanical structure. In particular, the
motion along the z axis is generated using a linear—motion
telescopic mechanism [26]. This mechanism includes a
plurality of block members which can elongate and contract,
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Fig. 5 The 2-DoF mechanism for the orientation of the nozzle (end—
effector) inside the radome

and a toothed belt to increase the stiffness of the elongated
structure. The compact 2-DoF orientation mechanism is
designed using an epicyclic gear train transmission, made up
of three identical gears A, B, and C, as illustrated in Fig. 5.
The mechanism allows two rotations around two orthogonal
axis, z and y, thanks to the motion provided by two electric
actuators M4 and Mp, which move synchronized. This
solution has been chosen for its simplicity, solidity as well
as its stiffness, dexterity and ability to transport heavy
payloads.

3.2 Fixture system

The fixture system for the radome has the objective of
aligning its vertical axis with the vertical axis of the
manipulator. Figure 6 shows the schematic and rendered
views of the designed fixture. The system comprises four
perpendicular ball screws which move four slides each one
with a soft anchoring system, and a soft basis for the
end—point of the radome. Each ball screw mounts a gear
wheel in such a way that the rotation of one ball screws
results into the rotation of all ball screws, with the same
angle. The motion is generated from an external torque
applied on a crank. Hence, by applying a torque on the
crank, the four ball screws move each slide towards the
radome, which results constrained in its vertical position.

o]

(a) Schematic view

(b) Rendered view

Fig.6 The fixture system for the radome

4 Modeling

In this section, we report the inverse kinematics of the
manipulator for mapping the reference trajectory given
in the cartesian space (i.e., the FSS pattern) to the joint
trajectories, since the control will be designed in the
joint space. After, we compute the inverse dynamics for
calculating the torques necessary to move the joints along
the given trajectories.

4.1 Inverse kinematics

The prismatic joints of the manipulators have the objective
to position the end effector in a point P of the workspace.
Since the three translational axis are orthogonal, there is a
1:1 mapping between the 3D location of the point in the
cartesian space and the stroke on the prismatic joints to get
that point. However, as we can see from Fig. 3, we need to
get that point with a particular orientation: indeed, the best
deposition on a generic point P on the radome requires that
the vertical axis of the nozzle is orthogonal to the tangent
at point P. Algorithm 1 illustrates the inverse kinematics
algorithm that we used for computing the orientation of the
robotic system, namely the angle 6, and 6, for the 2-DoF
compact wrist mechanisms.
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Algorithm 1 Inverse kinematics computation

Require: P;=[x;; yi; zi],
Pi1=[xi+1; yit1s zit1]
0, < atan(y;, x;)
X « Rgz(i, 1) . Pl‘
Y < Ry (:,2)- P;
41 < computeHalfplane(Y)
0« zi—1,zi+1
0 < yi—1, Yi+1
for all P; do
Zi—1,Zi+1 < Zrad(l —_ 1), Zrad(z)
Vi—1, y[+1 < Yrad(l — l), Yrad(l)
end for
m1 < computeAngularCoefficient(z;_1, z;, Yi—1, ¥i)
my < computeReciprocAngularCoefficient(m)
0y < computeSecAngle(Halfplane, m3)

P _i1=[xi—1; yi-1; zi-1],

4.2 Inverse dynamics

The dynamic analysis was performed using SimScape
Multibody, a MATLAB/Simulink toolbox used to simulate
the motion of rigid multibody systems. In this work, we
do not consider flexibility effects [27, 28]. The SimScape
solver constructs a system of differential algebraic equations
(DAE) of motion where the bodies are modeled as rigid
elements and the joints as algebraic constraints. The
inverse dynamics of the non—controlled system consists
of determining the joint torques (and forces) t(¢) which
are needed to generate the motion specified by the joint
accelerations ¢ (¢), velocities ¢(f), and positions ¢(t),
obtained from the inverse kinematics computation. The
mass and inertial parameters of the rigid bodies have been
estimated from the CAD models of the manipulator. This
analysis allows to size the parameters of the electric drives
for the actuation of the joints.

4.3 Actuation

The actuation system for the considered scenario should
have: (1) low inertia; (2) wide range of speed; (3) high
positioning accuracy; (4) low torque ripple, so that also
continuous rotations at low speeds are guaranteed.

Fig.7 The proposed system for

controlling the motion of each r 4d + e

F'SS spiral pattern
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Fig. 8 FSS spiral pattern used in the simulations. See Fig. 4 for the
position of the plane y’z’ with respect to the radome reference frame
Oxyz

The drive systems which guarantee the requirements are
the electric DC brushless. The brushless DC servomotor
consists of a rotating coil (rotor) which generates the
magnetic flux, a stationary armature (stator) made by a
polyphase winding and a static commutator that generates
the feed sequence of the armature winding phases as a
function of the rotor motion. From a modeling point of
view, it can be described by a first—order transfer function
between the armature voltage and current [29]. Indeed, in
the domain of the complex variable s, the electric balance
of the armature is described by the equations

{ Va = (Rq +SLa)Ia+Vg (D
Vg =keq 2

where V,, and I, denote the armature voltage and current, R,
and L, denote the armature resistance and inductance, V,
denotes the back electromotive force which is proportional
to the angular velocity ¢ of the joint through the electric
constant k.. The driving torque 7 is obtained through the
linear relashionship t = k, I,, where k;, is the mechanical
constant which is numerically equal to k. in the SI unit
system for a compensated motor.

, ()
joint of the manipulator /-

1, T q
1 . .
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5 Control

The control system was designed in the joint space
using a multivariable decentralized control structure. Each
joint of the robot is controlled independently using
a proportional—integral-derivative (PID) controller. This
choice is motivated from the design of the mechanism,
since the joints are kinematically uncoupled. Figure 7
shows all the components of the controlled mecha-
nical system: the reference trajectory r corresponding to
the FSS pattern that we want to achieve at the end—
point of the manipulator, the inverse kinematics (IK)
algorithm to map the reference trajectory given in the
cartesian space to the desired positions g, in the joint
space, the PID controller, the mathematical model of
the actuators previously described and the mechanical
system. The input for each joint of the mechanical system
is a torque T, while the output is the position ¢ of the joint
itself.

6 Simulation

In this section, we describe the simulation of the motion
control of the robotic manipulator along the joint trajectories
which allow the nozzle to perform an additive manufactur-
ing task inside the radome. The objective of the simulation
is to show if the independent joint control architecture is
able to guarantee the position accuracy required for the
metal coating application. The robotic system should reach
every point of the internal surface of many radome systems,

according to the requirements from our industrial partner.
To show the robustness of the design solution with respect
to the many radome systems, we show the motion control
of the robot in the worst case scenario, i.e., the internal sur-
face of the radome with the smaller value of radius r and
higher value of height & (see, e.g., Fig. 4). About the tra-
jectory in the cartesian space, we consider the end—point
of the nozzle following a spiral path. This trajectory was
chosen to permit the direct writing of a spiral FSS pat-
tern on the internal surface of the radome (see, e.g., Figs. 8
and 4). This particular pattern was chosen as illustrative
example: indeed, the real FSS patterns are the sole property
of our aerospace industrial partner. It is assumed that the
tickness uniformity on the curved surface is ensured by the
continuous flow of the aerosol through the nozzle. The
selection of the flow velocity goes beyond the scope of the
paper, and thus it is assumed to be optimal.

6.1 Trajectory

The trajectories in the cartesian space were mapped in the
joint trajectories through the geometric inverse kinematics
algorithm presented in Algorithm 1. This step allows to
enstabilish the joint positions that the robotic manipulator
has to follow to describe the spiral path. The resulting
joint trajectories articulates in three phases: (i) mechanism
reaching the central point of the spiral in 5s; (ii) spiral path
in 20s; (iii) mechanism reaching the initial condition in Ss.
The overall trajectory lasts 30s. Notice that phases (i) and
(iii) follow a trapezoidal velocity profile, which has been
already used in the context of AJP [30].

q e
oy -/)—<{2 PID(s)

q e
oy H3 PID(s)

q 94
O—{PID(s)

mechanical system ‘

Fig.9 A snapshot of the controlled system in MATLAB/Simulink. Starting from the left: ¢;4 = desired joint trajectory; e; = errors; t; = computed

torques for each joint; g; = actual joint position; v; = actual joint velocity
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Table 1 Electric drive parameters for the actuators of the 5-DoF
manipulator. P = prismatic joint; R = rotational joint

R, [2] L, [107H] km [Nm/A] ke [rad/sV]
P 0.07 6 0.029 0.029
R 1.34 18 0.004 0.004

6.2 Simulation setup

The simulation was performed using MATLAB/Simulink.
The gains of the PID controllers were tuned using the
control system tuner available in Simulink. The system
was numerically solved using a stiff second—order Runge—
Kutta time integration scheme (by means of the ode23s
function) with variable-step size. Figure 9 shows the
simulation framework implemented in MATLAB/Simulink.
From the left, we can notice the reference trajectories for
the five joints ¢;4, already mapped from the reference
trajectory described in the previous subsection, the five
errors ¢;, the five PID controllers, the five actuators, the
five input torques for the mechanical system and, finally,
the state of the manipulator, i.e., the actual joint positions
and velocities. Notice that under the subsystems servo
we can find an implementation of the actuation systems

according to Eqgs. 1-2. Table 1 reports the electric drive
parameters of the actuators computed for ensuring the
required prismatic and rotational motions. Indeed, under
the subsystem mechanical system we can find the CAD
models of the manipulator, directly imported as STL
files into the simulation framework, as well as the joint
connections between each component needed to generate
the kinematical structure. Some snapshots of the simulations
are illustrated in Fig. 10.

The simulation was performed on a Intel® Core™ i7-
4910MQ CPU (quad-core 2.50 GHz, Turbo 3.50 GHz),
32 Gb RAM 1600MHz DDR3L, NVIDIA ®Quadro
®K2100M w/2GB GDDRS5 VGA machine.

6.3 Results and discussion

We simulate the motion of the controlled system while
performing the reference trajectory in the operative space
given in Section 6.1, and we record the position errors
at the joint level given by the difference between the
reference joint position and the actual joint position
(see e.g. Fig. 7 or Fig. 9), for 35s. A video of the
simulation can be found here: https://www.youtube.com/
watch?v=4Z8suJhoMUs. Figure 11 shows the position
errors: all the controlled joints present an almost perfect

B

Fig. 10 Snapshots of the simulation. Views in the three planes and isometric view
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Fig. 11 Position errors of the five joints along the joint trajectories
which allows to positionate the mechanism inside the radome, print the
FSS spiral pattern in the plane y’z’, and returning to the initial position.
The vertical dotted lines separate the three parts of the trajectory.
Starting from the top: ey, ey, €3, e, €5

tracking. The errors are below the initial requirements of
1073, In these plots, we can notice the three phases of the
joint trajectories. The mechanism reaches the worst case
point of the internal surface of the radome in the first 5s.
From here, the nozzle follows the spiral path in the plane
tangent to the radome at that point (plane y’z’) till 25s, and
after the mechanism reaches again its home configuration
at the temporal instant 30s. Therefore, the independent
joint control architecture might be able to guarantee the
position accuracy requirements for robotic mechanisms in
aerosol jet printing manufacturing processes. However, the

implementation on real hardware might require, in addition
to the current strategy, a method to suppress undesired
vibrations [31] which can eventually arise at high frequency.

7 Conclusions

In this paper, we have presented a novel robotic mechanism
for metal coating applications on curved surfaces. Due to the
difficulty to coat a non-planar substrates, we have selected
the aerosol jet printing as direct additive manufacturing
technology for metal coating the internal surface of radome
systems with FSS patterns. This choice is the starting
point to design custom robotic solutions, since it provides
the design requirements and specifications for the robotic
system. In order to simplify the control of the device, we
developed the robotic system as simple as possible from the
mechanical point of view. Indeed, since the joints of the
mechanisms are naturally decoupled, we proposed to use an
independent joint control architecture where each joint is
controlled independently, using a PID controller acting on
the tracking error along the trajectory. This choice allowed
to obtain position errors for the five joints far below the
initial requirement of errors below 1073,

The design methodology adopted in this work is focused
on aerosol jet printing processes. However, due to its gen-
erality, it can be adopted to other manufacturing processes.
Indeed, the approach presented in this paper, which includes
the mechanical design, the dynamical analysis and the con-
trol system design in the same simulation framework, makes
it attractive in the development of complex mechatronic
systems for manufacturing applications.

Further studies of the authors will be focused on the
computer simulation of the aerosol jet beam impacting on
the radome substrate, while the robotic nozzle moves on the
three-dimensional space according to the controlled motion
used in this study. The current work will be used as starting
point for the future work of manufacturing the physical
proof-of-concept for printing the FSS pattern on the internal
surface of the radome system.
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