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ABSTRACT: This paper presents a lightweight and fully customized fabrication of a 3D printed 
microscale tilt-rotor tricopter for search and rescue missions in tight and uncertain environments 
where size, agility, cost, and manufacturing time could be of essence. Particularly, we utilize 
additive manufacturing for its advantages in low-cost customization of complex lightweight 
systems, and rapid on-demand printing and fabrication of parts to meet urgent mission 
requirements. Considering the mission requisites, the microscale tilt-rotor tricopter frame is 
designed and optimized in a computer-aided design software to compactly incorporate the 
electronics with minimal parts and weight. For the desired weight and durability, the parts are 
printed with acrylonitrile butadiene styrene in a desktop 3D printer. These methods produce a low-
cost and agile microscale tilt-rotor tricopter weighing 532g and sizing 168 (radius) × 98 (height) 
mm that can be fully printed in less than 10 hours. Furthermore, we also demonstrate its tracking 
control in an indoor motion capture system environment utilizing a nonlinear model predictive 
control framework, which is implemented on an on-board Raspberry Pi 3 embedded processor.  
 
KEYWORDS: 3D printing, unmanned aerial vehicle, microscale unmanned aerial vehicle, tilt-
rotor tricopter, nonlinear model predictive control 
 
1. INTRODUCTION 
 
Due to their ability to hover, multicopter unmanned aerial vehicles (UAVs) have been deployed 
for varied applications such as surveillance (Pinto, et al., 2017) and mapping (Remondino, et al., 
2011). These capabilities, coupled with their potential to safely access hostile areas, motivated 
commercial companies to develop multicopter UAVs for search and rescue (SAR) missions (Qi, et 
al., 2016). However, these commercial UAVs tend to be bigger and costlier as they contain 
multiple sensors and electronics to meet various consumer needs, limiting their potential to access 
tight and uncertain spaces, for instance, within collapsed buildings and structures. Hence, this 
paper develops a low-cost microscale multicopter UAV to enable flying without borders through 
tight and uncertain environments for SAR missions. 
 
Additive manufacturing, commonly termed as 3D printing, is the process of layering materials to 
form a model (Berman, 2012). Undeniably, additive manufacturing offers great potential in 
aerospace applications due to its low-cost rapid productization and customizability (Goh, et al., 
2017). For multicopters which comprise complex parts, it further allows one to consider more 
detailed cut-outs to reduce weight and improve flight performance (Ferro, et al., 2016). In fact, 
additive manufacturing has been successfully used to manufacture complex components for UAV 
applications (Goh, et al., 2017; Govdeli, et al., 2016). It has also been used to develop multicopter 
frames with customized functionalities (Mehndiratta, et al., 2018). Furthermore, credited to its 
rapid speed of productization, additive manufacturing facilitates print on-demand, replacements 
supplying and/or design modifications to support any urgent operational requirements (Govdeli, et 
al., 2016). In the context of this paper, any damages due to uncertainties could be repaired at a 
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lower manufacturing cost and time with additive manufacturing in comparison with traditional 
production methods (Goh, et al., 2017). As discussed, the enhancements provided by additive 
manufacturing will enable a low-cost and lightweight microscale multicopter UAV to be easily 
manufactured and readily deployed for its missions.  
 
With recent advancements in producing low-cost powerful processors, model predictive control 
(MPC) has become a popular choice amongst researchers for the control of UAVs (Mehndiratta & 
Kayacan, 2017; Mehndiratta, et al., 2018; Prach & Kayacan, 2018). This is on account of its ability 
to simultaneously handle constraints and optimize performance in a systematic and elegant manner 
via repetitive online optimization (Eren, et al., 2017). Hence, in this paper, we design a nonlinear 
MPC (NMPC)-based position controller for the trajectory tracking of the microscale multicopter 
UAV. The overall position tracking performance of the control is demonstrated for a square-
shaped trajectory which validates its applicability for tight indoor environments. 
 
This paper is organized as follows: Section 2 explains the system concept and design requisites. 
Next, Section 3 walks through the design process while Section 4 covers the fabrication phase. 
Subsequently, Section 5 briefs about the advanced autonomy in terms of trajectory tracking 
utilizing NMPC framework. Finally, we then conclude the paper in Section 6. 
 
2. SYSTEM CONCEPT 
 
Considering all multicopter configurations, a tilt-rotor tricopter is lighter as it requires one less 
rotor and electronic speed controller (ESC), as well as a smaller frame size (Agrawal & 
Shrivastav, 2015). Geometrically, it also offers the smallest blade area for a fixed propeller length. 
Furthermore, a tilt-rotor tricopter has higher endurance and offers a broader area of vision for a 
body-mounted camera (Prach & Kayacan, 2018), enhancing its surveillance capabilities in a search 
and rescue mission. With the additional tilt-able back rotor that balances yaw moment and 
provides direct yaw control, a tilt-rotor tricopter is also more agile than other multicopters such as 
quadrotors (Mehndiratta, et al., 2018). Moreover, recent developments in controls have addressed 
the nonlinearities and cross-couplings that might make its control a challenging task (Mehndiratta, 
et al., 2018). Thus, these features and developments incentivize the fabrication of a microscale tilt-
rotor tricopter for the mission. 
 
Based on pre-defined mission requirements, the design requisites are listed as such: the microscale 
tilt- -600g, (iii) hover with 40% 
input power, (iv) and contain the required electronics  3S battery, Pixfalcon (flight controller) and 
related components, Raspberry Pi, tilt-servo, radio receiver, three rotors and ESCs. Justifying the 
requisites, the microscale tilt-rotor tricopter is targeted to be sized below 200mm radii to maneuver 
through tight spaces and be competitively sized against commercial drones. The defined weight 
and requisite of hovering at 40% throttle input power is also set to enhance agility and preserve 
more power for aggressive maneuvers. Considering the power needed, a 3S battery is selected to 
ensure sufficient flight time of approximately 10 minutes for experimental purposes. Furthermore, 
the Pixfalcon is chosen as a smaller and lighter flight controller for the proportional integral 
derivative controls of the system. Also, to provide a low-cost option for wireless control and 
facilitate on-board execution of the NMPC codes, the Raspberry Pi 3 is integrated into the system. 
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3. SYSTEM DESIGN 
 
To enable 3D printing, the microscale tilt-rotor tricopter is first designed on a computer-aided 
design (CAD) software  Solidworks. Apart from being designed with the mentioned requisites in 
Section 2, the CAD-modelled parts are also designed to be minimalistic, weight-optimized, and 
fitting to the dimensions of the desktop 3D printer used  Cubicon: 240 (length) × 190 (width) × 
200 (height) mm. The final parts are featured in Fig. 2, and will be discussed in detail next. 
 
The main plate is designed with secure points to hold the heavier electronics  the 3S battery, 
Raspberry Pi 3, and Pixfalcon   to the center of the microscale tilt-rotor tricopter. This helps to 
centralize the center of gravity and improve flight performance. The main plate also features 
multiple indentations to hold electronic boards in place, and possesses extrusion bars to secure 
reflective markers for the NMPC system tracking. To reduce the weight of the main plate, slots 
and truss cut-outs are also made while maintaining sufficient contact area for electronics to rest on. 
 
To reduce the number of parts printed and thus the weight of the microscale tilt-rotor tricopter, the 
arms are also integrated as part of the main plate. Fairly unconventional in larger tricopters, this 
integration is mechanically feasible due to the shorter moment arms of the microscale tilt-rotor 
tricopter, and smaller resulting moment force exerted by the individual rotors. The length of the 
rotor arms is defined by testing for a suitable motor and propeller to be used. Experimental thrust 
measurements concluded that one possible configuration which will provide sufficient lift to meet 
the design requisites while keeping the blade area small is to equip 2300kV motors 
diameter, -blade propellers. The rotor arms are then extended equally from the 
center, maintaining a safety clearance between the propeller tips and the Pixfalcon. To facilitate 
the installation of the tilt-able back rotor, the back rotor arm is modified to be attached to the tilt-
servo holder. Subsequently, the thickness of the main plate is further analyzed by considering the 
rotor forces and material properties. Solidworks stress analysis simulation, as shown in Fig. 3, is 
used to verify structural integrity with a 1.5x safety factor to account for uncertainties in printing. 
 
The other sub-parts of the tricopter comprise the tilt-servo holder, Pixfalcon mount, back rotor 
plate, and forward landing gears. The tilt-servo holder is fittingly sized with secure points to hold 
the tilt-servo rigidly in place. It is dimensioned together with the back rotor plate to ensure that the 
rotors lie on the same plane when the tilt-rotor is horizontal. To reduce the parts required, the tilt-
servo holder is also designed to act as the backward landing gear. Once again, cut-outs are also 
made to reduce weight. These parts are printed with 100% infill as they require strength to bear the 
thrust of the rotors directly. Next, the Pixfalcon mount is designed to hold the Pixfalcon with a 
grommet damping system. As it is a non-load bearing part, the part is printed with only 25% infill. 
Lastly, the forward landing gears are designed to provide safe landing for the aircraft. As it only 
needs to withstand loads during landing, the infill of the gears is also reduced to 75%. 
 
 
 
 
 
 
 
 
 

Structural Integrity Verification  
Safety Factor = 1.5 

Figure 2.  Microscale tilt-rotor tricopter CAD models 
 

Figure 3. Stress analysis 
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4. SYSTEM FABRICATION 
 
Based on the system requisites defined in Section 2, thermoplastics provide sufficient strength, and 
are low-cost and lightweight materials suitable for fabrication. Focusing on thermoplastics, the 
common additive manufacturing processes include fused deposition modelling (FDM) and 
selective laser sintering (SLS). In essence, FDM melts the thermoplastic filament and extrudes the 
molten material in layers onto the print bed to form the shape of the model while SLS utilizes laser 
to fuse powder particles together to form layers of material. Credited to its lower cost, higher 
strength and durability, as well as reliability enhanced by multiple research, FDM is known to be 
better suited for UAV applications (Easter, et al., 2013) and is thus used. 
 
For FDM, two materials are commonly used  acrylonitrile butadiene styrene (ABS) and 
polylactic acid (PLA). In general, ABS offers greater impact strength than PLA with lower density 
(eSUN, 2014). Thus, ABS produces a lighter frame that can withstand multiple landing impacts. 
However, ABS is more toxic when molten and may be more prone to warping or shrinkage when 
prematurely cooled, due to its higher melting point. Yet, these downsides could be minimized by 
using 3D printers which are equipped with filters and print in an enclosed heated environment with 
a heated print bed, such as the Cubicon 3D printer used (Hyvisionsystem, n.d.). As the downsides 
could be easily mitigated, ABS is used to print the lightweight microscale tilt-rotor tricopter. 
 
For 3D printing, the CAD model is first exported as a standard tessellation language (STL) file, 
which contains the geometrical information of the model. Then, the STL file is uploaded to a slicer 
software, which converts the STL file into paths of print layers and G-codes for the Cubicon 3D 
printer to process and print. When printed with the full 
microscale tilt-rotor tricopter frame can be printed in less than 10 hours. 
 
When assembling the parts, tolerances and fits are considered. As a guideline, 3D printed holes are 
printed to be at least 0.5mm larger to fit the designed shafts. Also, spacers of at least 29mm are 
used to mount the Raspberry Pi 3, providing sufficient clearance for the 3S battery to fit. To 
provide cushion when landing, as well as ensure sufficient height clearance for the Raspberry Pi 3, 
styrofoam blocks are also attached to the landing gears. Lastly, it is also important to ensure proper 
wire management and keep the wires from interfering with the propellers. Figures 4 and 5 
illustrate further dimensions and the final product of the microscale tilt-rotor tricopter respectively. 
The final microscale tilt-rotor tricopter weighs 532g and sizes 168 (radius) × 98 (height) mm. 
 

 
Figure 5. Final microscale tilt-rotor tricopter Figure 4. CAD drawings including dimensions 
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5. ADVANCED AUTONOMY FOR THE PROTOYPED SYSTEM 
 
NMPC is an advanced, dynamic optimization-based strategy for feedback control that solely relies 
on the accuracy of the mathematical model for its optimum performance. In NMPC strategy, a 
parametric optimal control problem is formulated in the form of a least square function, in order to 

 trajectory from the specified reference. To keep the 
computational burden realizable for a real-time application, the optimization problem is solved 
over a finite window, commonly known as prediction horizon. For the details regarding its 
problem formulation, one may refer to the authors' previous work (Mehndiratta, et al., 2018). 
 
In this implementation, NMPC is designed to be responsible for tracking assigned waypoints. 
Utilizing feedback coming from an OptiTrack motion capture system (shown in Fig. 6), MPC 
(running on Raspberry Pi 3) computes the optimized control inputs in terms of total thrust and 
attitude angles. These control inputs are subsequently given to the low-level attitude controller 
(running on Pixfalcon) via serial communication. Finally, the actuator commands obtained from 
Pixfalcon are given to the rotors and tilt-servo of the microscale tilt-rotor tricopter. 
 
Next, we provide the experimental results of the NMPC for trajectory tracking of the microscale 
tilt-rotor tricopter. A time-based square-shaped trajectory of length 1m is selected to be consistent 
with the motivation of agile indoor flights. Throughout the experiment, the microscale tilt-rotor 
tricopter is commanded to hold its altitude at 1.2m. As can be seen from Fig. 7, the microscale tilt-
rotor tricopter yields a satisfactory performance in terms of trajectory tracking. The deviation 
levels in the horizontal plane are in the range of a few centimeters. In addition, while moving from 
one setpoint to the other, the microscale tilt-rotor tricopter does not substantially deviate from its 
commanded altitude, which again demonstrates sufficient tracking.  
 
6. CONCLUSION 
 
In this paper, we have developed a low-cost and agile microscale tilt-rotor tricopter weighing 532g 
and sizing 168 (radius) × 98 (height) mm that can be rapidly produced in less than 10 hours with 
additive manufacturing. This enables the system to be readily deployed to access tight and 
uncertain environments. The system is further integrated with the NMPC framework, which 
demonstrated its precise tracking capability of the reference trajectory, highlighting the agility and 
flight accuracy of the system. For future developments, the microscale tilt-rotor tricopter could be 
programmed to map and react to its environment autonomously. 
  
 
 
 
 
 
 
 
 
 
 
 
 Figure 7. Trajectory tracking results Figure 6. Optitrack motion capture 
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