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Abstract—This paper introduces the design, modeling, manu-
facturing, and testing of a Gripping Aerial Topology Optimized
Robot (GATOR). The airframe of this unmanned aerial vehicle
(UAV) is designed to be lightweight, structurally stiff, modu-
lar, and multi-functional. A Level-Set Topology Optimization
(LSTO) method defines the external geometry of the frame,
while the frame infill is controlled using a variable thickness
latticing technique based on Finite Element Analysis (FEA)
results. The UAV incorporates a soft robotic gripper, allowing
the vehicle to collect delicate samples from the environment
and perch for low-power use for extended periods. The bio-
inspired design and fabrication of a mountable soft robotic
gripper are presented and the associated kinematics are derived
for controls. To further decrease the weight of the designs
a novel volume-changing material was introduced following
careful characterization through Scanning Electron Microscopy
(SEM) and tensile testing. The resulting platform leverages
additive manufacturing using material extrusion technology and
can be swiftly instrumented with propulsion and flight control
systems. The presented modular design methodology can be
applied to the rapid prototyping of a broad range of aerial
platforms and lightweight structures.
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1. INTRODUCTION

In recent years the small unmanned aerial systems (SUAS),
as a subcategory of unmanned aerial vehicles (UAV), have
been widely deployed to provide sensor support or perform
aerial manipulation in many tasks. Their applications as pilot-
controlled or fully automated sensor platforms include eco-
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logical monitoring [1], aerial imaging [2, 3], structural health
monitoring [4, 5], and cultural heritage protection [6—8]. In
some other tasks, the SUAS are required to physically interact
with the environment with one or more robotic arms or end-
effectors, which is generally categorized as aerial manipu-
lation [9]. These tasks include grasping objects [10, 11],
actively collecting samples from the field [12-14], and even
extraterrestrial exploration [15, 16].

In order to realize certain objectives that enable the UAV to
better serve the tasks, a number of design optimizations have
been formulated and studied. For multirotor UAVs, airframe-
related optimizations have been conducted to provide better
flight maneuverability or dynamic performance. Strawson et
al. [17, 18] studied the optimization of the rotor orientation
of a fully-actuated hexrotor in order to generate the desired
aerodynamic wrench profile. Magnussen et al. [19] presented
a multirotor design optimization process to select optimal
combinations of hardware under 4, 6 and 8-motor configu-
rations. Additionally, topology optimization (TO) has been
implemented for UAV airframe design. Martinez Leon et al.
[20] implemented a structural-mechanical optimization for a
composite quadrotor airframe using a generative design algo-
rithm. Yap et al. [21] first characterized Nylon-12 filament for
fabricating 3D printed quad-rotor airframe and then produced
a topology-optimized airframe structure followed by finite
element analysis (FEA) and loading tests. However, most TO
methods used for multirotor design, e.g. those in [20, 21],
are density-based methods available in commercial software.
Such methods are known to render unmanufacturable struc-
tures and generally requires post-processing which can cost
the optimality of the original solutions [22].

For the sUAS designed to perform aerial manipulation or
perching, soft grippers have become an emerging design
topic being frequently studied. Garcia Rubiales et al. [23]
designed a soft gripper equipped on a hexrotor to perch on
and crawl along a pipe for contact inspection. Ramon-Soria
et al. [24] also presented a gripper hexrotor design to perch
on and inspect the target pipe. However, both designs have
a relatively heavy payload (346 g in [24]) or gross take-off
weight (GTOW, 3.25 kg in [23]), which requires 6 or more
rotors to provide enough lift for the system to stay airborne
but can shorten the flight time and lower its energy efficiency.
Fishman et al. [25] built a quadrotor platform with a soft
gripper consisting of 4 lightweight silicone rubber fingers to



perform dynamic grasping. This gripper design, however,
involves both injection molded fingers and 3D printed base
plate and winch requiring extra time and effort for fabrication.

This paper presents a 3D printable lightweight quadrotor
design with grasping capabilities to propose a solution to
aforementioned issues in peers’ work. The primary contribu-
tions of this paper are as follows: first, we performed both mi-
croscopic investigation using SEM and macroscopic testing
via tensile experiments to characterize and select 3D printable
materials for fabrication. Second, we developed a kinemati-
cally optimized lightweight compliant gripper design (148 g
with a servo motor) which can be easily manufactured via
3D printing. Third, we invented a workflow of stress-based
latticing techniques using a level-set method (LSM) to pro-
duce lightweight, stiff and manufacturable modular airframe
components. Last but not least, we validated this design
via FEA structural analyses, tensile tests, and experimental
flights with grasping tasks.

The paper is organized as follows: the material characteriza-
tion is presented in 2 and the design of the soft gripper and
its kinematics are discussed in 3. The optimization of the
airframe and the level-set topology optimization method are
presented in 4. The flight tests and validation of the design
are shown in 5. Finally, conclusions are drawn in 6.

2. MATERIAL SELECTION AND
CHARACTERIZATION

Introduction to foaming PLA and TPU

Since the advent of stereolithography (SLA) in the 1980s,
Additive manufacturing has expanded into a wide array of
techniques including Fused Filament Fabrication (FFF), Se-
lective Laser Melting/Sintering, Polyjet, Direct Ink Writing,
Powder Bed Fusion, and more [26]. Each technology pos-
sesses its own strengths and weaknesses, such as resolution
and speed. In all techniques, a form of energy (light, laser,
thermal) cures, melts, or sinters material in a layer-by-layer
fashion to construct the final geometry. Benefits over tradi-
tional subtractive manufacturing include the possibility for
more intricate internal geometry, ingratiating multiple parts,
and the potential for less wasted material.

Within each printing methodology, the available materials
range from very stiff, to elastomer-like properties. Metals,
ceramics, and polymers can all be processed through additive
manufacturing. There have been cases where multiple mate-
rial classes are combined into a single print. Often additives
are included in the material to impart further functionality.
For example, silver nanoparticles and carbon nanotubes have
been added to polymer filaments to create conductive 3D
printed elastic strain sensors [27]. Recently the ability to
create lower density parts through generating porosity across
length scales has become an active research area [28-31].
This project will explore the impact of a blowing agent in
polylactic acid (PLA) and thermoplastic polyurthane (TPU)
on factors like print quality and material properties. The
foaming filaments could be used to lower the density of the
printed parts, especially applicable to UAVs, where weight
drives key performance metrics like flight time.

For the average consumer, hobbyist, or engineering student,
FFF has the lowest barrier to entry. In this method, the
thermoplastic filament is fed into a heated extruder attached
to a CNC control axis that lays a plastic bead layer-by-layer
to construct the geometry. Armed with modeling and slicing

Process Parameter Unactivated Activated

Layer Height [mm)] 0.2 0.4
Hot End Temperature [°C] 200 240
Nozzle Speed [mm/s] 30 30
Extrusion Multiplier [%] 100 60

Table 1: Print parameters for specimen fabrication

software, a spool of filament, and a printer, the user can go
from a design idea to a physical product in minutes. This
allows for both rapid prototyping and fabrication of final
parts.

Tensile Tests

One of the known drawbacks of the FFF technique is the
large dependence of mechanical properties on the process
parameters used to fabricate the part [32]. To validate
the filaments used in this project, tensile tests following
ASTM D638 were carried out to determine three parameters:
Young’s modulus, yield strength, and elongation at break.
The direction of the infill within the coupon was controlled
with the slicing software Simplify3D. 0° and 90° correspond
with filament running parallel and perpendicular to the gauge
length respectively. The print parameters are shown in Table
1. Note in the activated parts the extrusion multiplier is
decreased to 60%. Without the foaming behavior this setting
would result in a under-extruded failed print.

The uniaxial tensile experiments were conducted using an In-
stron machine (5965 Dual Column Testing System, Instron).
The dogbone geometry followed Type IV in ASTM D638
printed on the Raise3D Pro2 printer. The tensile tests were
performed with a crosshead speed of Smm/min. The tensile
results are shown in Fig. 1. The error bars indicate one
standard deviation in each direction, i.e., the size of each error
bar is twice the standard deviation of the associated quantity.

The Young’s Modulus as well as the yield strength decreased
when the micro-spheres are activated at a temperature of
240 °C. In addition, the elongation at break is significantly
increased and the density of the activated material is roughly
half of the density of the non-activated LW-PLA.

Scanning Electron Microscopy

After tensile testing this material, We wanted to observe the
microstructure of the activated prints. The porosity created
with the expansion of the micro-spheres could explain the
differences in the mechanical properties. The fracture sur-
faces were observed using SEM and the images are presented
in Fig. 2. In the 200 °C-0° specimen, small spheres of
15 um were measured with Imagel. In the expanded state
the pores have a diameter of approximately 100 ym. In the
240 °C-0° specimen, the gap between layers is visible. The
concentration of these large defects could contribute to the
variation in elongation at break of this sample variety. A large
void generates a stress concentration within the gauge length
of the tensile specimen that could lead to fracture.

3. DESIGN OF THE SOFT GRIPPER
Details on design

One of the first design choices that needed to be made re-
garded the powertrain of the soft gripper. Pneumatic systems
commonly power soft grippers but require an air source,
plumbing, and valves. The weight of these components adds
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Figure 1: Results from tensile tests

up quickly, decreasing the potential flight time of the UAV.
Rough order of magnitude calculations put this system in
the range of 400g. Alternatively, the simplicity and low
weight of a cable-driven design with one central servo motor
drove the decision to pursue this configuration. A quality
youtube video https://youtu.be/8F8gctNCGyYE was
used as inspiration for the first iteration of this design. The
geometry of the gripper had many opportunities for creative
design. Interesting features of the gripper include the use of
the golden ratio in the digit length determination, texturing of
the gripper surface, and creating a double curvature to allow
for the gripper to act as landing gear. In an attempt to integrate
bioinspiration into the design the golden ratio defined the
digit lengths. This ratio manifests itself in countless patterns
in nature such as the length of the digits on a human hand,
nautilus shells, bighorn sheep horns, and spiraling galaxies
[33]. When it tightens the gripper will form a logarithmic
spiral, enabling a similar grip to a hand. The digit length was
modeled in SolidWorks with equations to allow the user to
tune the length to the desired dimensions.

One of the compelling features of the software package
nTopology is the ability to easily apply texture to a surface

and unite it with the original body. Texturing the grippe%
surface of a soft robotic gripper has been done frequently in
the soft robotic field. The Bioinspired Robotics and Design
Lab at UCSD commonly applies texture to their grippers
[34,35]. The pattern depends on the target environment of the
gripper, i.e. aquatic vs dry. To increase the friction between
the gripper and its target object, a Voronoi surface texture was
applied to the gripping surfaces using the software nTopol-

ogy.

Another interesting aspect of the design was using a double
curvature in the gripper leg to allow for the gripper to support
weight when loaded from the bottom. The cable acts as
a tendon creating tension and allowing the geometry to be
self-supported. The thermally activated foaming TPU was
used for printing the soft gripper. The extrusion mulitiplier
was set to 80% for the TPU. To get a successful print with
unactivated TPU, the multiplier needed to be set to 120%.
This corresponds to a 33g weight difference between the
activated and unactivated designs.

Figure 3: Planar Soft gripper design

Kinematics of the soft gripper

A kinematic study of linkage systems and the use of nonlinear
optimization in MATLAB garner a better understanding of
the shape the gripper will take given digit lengths and joint
stiffness. Both of these parameters are easily modified within
the CAD model. Before the nonlinear optimization can be
run, the geometry of the system must be modeled, as shown
in Fig. 4a. The red dots represent the guide holes, the
green dotted line represents the cable and the solid blue lines
represent the digit lengths. The vector 7 is defined as the
distance between two guide holes.

The optimization function will be to minimize the strain
energy of the system subject to the conservation of tendon

line length. Where Ly is the initial cable length and § is the
change in cable length. This formulation is shown in Eqn 1.

1 1 1 1
minimize fk‘lef + —k29§ + fk‘39§ + fk492
z 2 2 2 2
subject to 0= [|ug]| + |27 || + [|93]| + W3]l — Lo + 6
(1
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Figure 4: Kinematic study of soft gripper



The MATLAB function fimincon was used to calculate the
angles of each joint. This implementation of fmincon finds
the minimum of a constrained nonlinear multivariable func-
tion, subject to a nonlinear constraint. Fig 4b shows a plot
generated for joint stiffnesses that decrease along the length
of the finger. A possible use of this solver would be to tune
the joint stiffnesses to achieve the desired deformed shape.
In the 3D model, an increase in joint stiffness is related to an
increase in the cross-sectional area of the joint. The geometry
of the gripper could be modified if the goal payload was 2 cm
vs 10 cm in diameter.

4. TOPOLOGY OPTIMIZATION OF THE
AIRFRAME

Level-set method

Level-set topology optimization (LSTO) is a popular
gradient-based optimization method. It aims at optimizing
the material layout in a design domain for a specific set
of load cases, objectives, and constraints. However, unlike
density-based methods which are also popular gradient-based
optimization methods that are usually found in commercial
solutions, e.g., in Abaqus or nTopology, the level-set method
does not require additional filtering techniques. Indeed, at
any time, the boundary is implicitly defined and topological
changes are handled naturally. The clear definition of the
boundaries is appealing for design-dependent pressure loads
as described in [36]. The level-set method was originally
developed to track interfaces in the context of front propa-
gation using a Hamilton-Jacobi equation [37]. Thus, level-set
topology optimization is sometimes classified as a boundary-
based method where the boundary of the structure is defined
as the zero level-set of an implicit function ¢ such that:

¢(x) >0,z € Q
p(x) =0,z €T )
(r) <0,z ¢ Q

where () is the structure domain and I' is the boundary. A
signed-distance function is classically used to initialize ¢
[38]. The topology of the structure is optimized by iteratively
solving the following Hamilton-Jacobi type of equation, so-
called the level-set advection equation:

9¢(x)
ot

+ [Vo(@)|[Va(z) = 0 A3)

where t is a fictitious time domain and V/, is the normal ve-
locity. The discretized form of this Hamilton-Jacobi equation
is usually expressed as:

Pit = of — AtVFIVE, 4)

where k is the iteration number, ¢ is a point in the domain,
At is the time step, and V;, ; is the normal velocity at the
grid point % in the domain. The velocities are computed as
a linear combination of the sensitivities of the objectives and
constraints. In our approach, the sensitivities are computed
using the discrete adjoint method via a local perturbation
scheme. For more information regarding the discrete adjoint
method, the reader is referred to [39]. In addition, the level-
set method is described in details in [38] and [40]. The

method is implemented using the framework presented in
[41] where the optimization relies on in-house C++ code and
uses FEniCS as a finite element solver [42,43].

Problem setup

The airframe is composed of a flight deck and four arms.
Each arm links a rotor to the flight deck. The arms only
are optimized since the flight deck composed of the power
supply and electronic components is bought off the shelf
from ModalAl. For more information regarding ModalAl,
please see https://www.modalai.com/. One arm
is optimized and considered for the design domain. The
optimized design will then be used for the four arms. The
objective for the optimization of each arm is to minimize
structural compliance to obtain a stiff structure. In addition,
the volume should be constrained to obtain a lightweight arm.
The problem is formulated as follows:

1
minimize 7/ o:edf)
: 2Ja 5)
subject to V' <0.06 x Vg
KU =F

where o and € are the stress and strain tensors respectively,
V' is the volume of the structure, and V/, is the volume of the
design domain. K is the structural stiffness matrix, U is the
vector of nodal displacements, and F' is the vector of external
forces. Note that linear elasticity was assumed. The volume
fraction was chosen to be 0.06 to obtain a mass of less than
45g per arm.

The force induced by the rotors was applied on one side of
the initial domain where the motor will be mounted. The
magnitude of the force has been determined to be 10 N
with thrust tests and is applied in an upward direction. The
other side of the initial design is fixed using a homogeneous
Dirichlet boundary condition. A 3D finite element mesh
comprised of 53 x 33 x 13 cubic elements in the horizontal,
vertical, and thickness direction respectively is used for the
analysis. The initial design and boundary conditions are
presented in Fig. 5.

Applied load of 10 N
\

.

1

/.

99 mm

>
159 mm 39 mm

K

Figure 5: Arm optimization: initial design and boundary
conditions

Proposed workflow and Lattice structure

The external geometry of the arm is obtained using the LSTO.
Latticing techniques are used to control the interior geometry
of the arm which will be the infill of the additively manu-
factured arm. The outer geometry from the LSTO results is
preserved. The gyroid shape was chosen to be the unit cell for
the lattice and the thickness of the gyroid walls is based on a
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Finite Element Analysis (FEA). Indeed, the LSTO results are
imported in nTopology where a first FEA is carried out. Then,
a linear relationship between the von Mises stress distribution
obtained from the FEA and the wall thickness of the unit cell
is established. Where the stress is minimal, the thickness
is minimal, i.e., 0.4 mm, and where the stress is maximal,
the thickness is maximal, i.e., 0.8 mm. The thickness of
the walls defining the external geometry is kept constant at
0.8 mm. Finally, before printing the geometry, another FEA
is carried out to ensure that the maximum von Mises stress
is less than the measured Yield stress of the material. The
proposed workflow is presented in Fig. 6.

Level Set Optimization\

Define design domain

Define boundary conditions

Define objectives/constraints

Mesh the domain

| W N S

Set up LSM parameters

Run the optimization

v

nTopology

FEA of LSM results

Lattice interior volume

FEA for validation

ehvdnnnnE
S| S|SPANS

Figure 6: Proposed optimization workflow

The optimized arm is shown in Fig. 7. Note that the
motor mount and the flight deck mount were added using
Boolean union operations in nTopology after the part has
been optimized. It is also possible to smooth the part by either
using a finer mesh or by using post-processing software, e.g.,
MeshMixer.

S. VALIDATION AND FLIGHT TESTS
Validation of the arm with FEA and experiments

In this section, we compare the deflection predicted with FEA
to experiments. An experimental rig was designed to measure
the displacement of the tip of the arm when a load is applied
using a dial gauge indicator. The design of the rig for testing
the arm is presented in Fig. 8 where the typical design of an
arm is shown in black. Masses up to 1.5kg were positioned on

Figure 7: Optimization results

Figure 8: Experimental setup for testing the arm

the motor mount location and the displacement was recorded.

The part was analyzed using Intact.Simulation which uses a
geometry moments-based technology. This method is espe-
cially appropriate for fine features such as a lattice infill and
is the reason why it has been chosen. For more information,
please refer to https://www.intact-solutions.
com. The finite element results for a load of 10 N are
presented in Fig. 9a. The maximum deflection obtained
from the finite element analysis is compared to the experi-
mental measurements in Fig. 9b. The discrepancies between
the experiment and simulation might be explained by the
isotropic and linear elasticity assumptions in the simulation.
In addition, manufacturing variability is not considered in
the FEA. However, the arm was able to consistently carry
a load of ~ 1.5 times its nominal load without any damage.
Additional investigation and refinement of the finite element
model are needed to explain these discrepancies and are
beyond the scope of the current work.

Results from flights

A CAD rendering of the final assembly is presented in Fig.
10. The ModalAI m500 airframe was modified to integrate
the optimized arms and soft gripper. M2.5 heat-set inserts
were installed into the optimized arms to increase the ro-
bustness of attachment to the airframe. A Spektrum DXS
RC controller was paired and configured to the drone using
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Figure 9: Finite element analysis of the arm

QGround Control and the VOXL flight deck. One of the aux-
iliary channels on the PWM breakout board on the m500 was
connected to the servomotor signal wire. The servo received
power from a 16V to 5V regulator. The three flight modes in
this UAV system are called manual, position, and offboard.
The latter two flight modes use visual-inertial odometry data
from the VOXL to control position. Three cameras and
an inertial measurement unit on the controller make this
possible. In position flight mode the UAV maintains a steady
position until it receives commands from the RC controller, In
offboard flight mode the drone flies in a Figure-8 pattern. All
three of these flight modes were successfully tested with the
UAV. Additionally, the gripping capability of the drone was
successfully tested with objects of varying sizes and shapes.
Fig. 10c shows the grasping sequence of the GATOR drone.
The example payload in this demonstration was 74g.

6. CONCLUSIONS

Unmanned aerial vehicles have become an essential tool for
remote exploration and data acquisition. In particular, UAV
with soft gripping capabilities allow for the manipulation of
fragile targets in difficult to reach areas. In this work, we
presented the design, modeling, manufacturing, and testing
of a gripping aerial topology optimized robot (GATOR) for
such missions.

The conclusions of this research project are as follows. First,
foaming PLA and TPU filaments for 3D-printing are intro-
duced and adopted to save weight for the UAV. Through SEM
and tensile tests, their material properties were studied with
prints under different manufacturing conditions. Second,
we presented the design of the soft gripper and the derived
kinematics to control the rotation angles of each digit. This
gripper was manufactured via a single print using TPU. Third,
the level-set method was introduced and used to optimize the
UAV frame. We proposed a reusable sequential optimization
workflow based on topology optimization for rapid prototyp-
ing and deployment where finite element analysis, specifi-
cally the stress distribution, is utilized to control the infill of
the additively manufactured part. Finally, displacements were
measured to test the airframe’s stiffness with an experimental
setup. We tested GATOR in experimental flights and success-
fully performed gripping tasks for a payload of 74g. The UAV
proved effective in gripping and carrying different objects.
This analysis-driven design process including the validation
is presented with the intent of inspiring our fellow researchers
on novel UAV designs.

In addition, we believe that this study can be extended and
future work will include:

o Multiscale topology optimization where the micro-scale,
i.e. print porosity, meso-scale, i.e. lattice infill and the macro-
scale, i.e. external geometry, are optimized simultaneously

o Multi-material topology optimization enabled by dual ex-
trusion additive manufacturing

o Further characterization the relationship between micro-
structure and bulk properties of the foaming materials

o Application of the level-set method to optimize the soft-
gripper

o Improvement and further investigation of the finite element
model of the airframe

« Consideration of impact scenarios
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