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Abstract 

A design for a semi-autonomous robotic grabber attachment for a drone is presented, targeted for use in 
the Unmanned Systems Canada student engineering competition. The grabber is designed to grip an 
unknown and potentially hazardous object having a maximum dimension of 20 × 20 × 20 cm and a 
maximum weight of 2 kg. The grabber implements a three-arm configuration actuated by servo motors. 
Each 3D printed arm is 37 cm long and has two degrees of freedom, facilitating complex movements. 
Sensory data from a camera and infrared distance sensor is used to identify contact points on the target 
object. A grip is achieved by instructing the arms to push into the identified points of contact. Different 
grabbing strategies, classified by contact angle, can be selected depending on the geometry of the target 
object. Force-sensitive resistors are sometimes able detect a secure grip. The grabber operation is 
controlled by a Python program compiled on a Raspberry Pi 4 that can be executed over a Wi-Fi 
connection. Without an on-board power supply, the grabber prototype had a mass less than 5 kg, has a 
maximum width of 42 cm, and costs approximately $675 CAN. 
 
The results of preliminary tests with the grabber are also presented. The grabber is operated from a 
position and instructed to grab five objects with different geometries. The computer vision system is 
capable of classifying objects with circular and rectangular contours using an external webcam as a 
substitute for the on-board camera. The grabber is successful at gripping objects with simple and irregular 
geometries if their total mass is less than 500 g. The difficulty in gripping heavier objects is primarily 
attributed to poor contact by the arms. It is concluded that further design iterations are required to meet 
the initial design goals. These iterations include modifying the material on the arms to increase friction, 
incorporating more sensors to enable 3D characterization of the target object, and optimizing the points 
of contact to prevent the arms from slipping. For competition purposes, an on-board power supply and a 
functioning on-board camera is also required. 
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1. Introduction 

1.1 Motivation 
The Queen’s Aero Design Team (QADT) is planning to compete in the Unmanned Systems Canada 

student competition, where each team will act as the security detail of a fictitious foreign embassy. The 

competition will consist of two tasks: using an unmanned aerial vehicle to extract a foreign object from 

embassy grounds and using a fixed-wing aircraft to identify and track an intruder. This project will aim to 

assist QADT in completing the object extraction task. The motivation behind this task is to explore new 

and innovative methods for extracting harmful devices or objects in areas of concern without risking 

human life. A common unmanned system used for such purposes are Explosive Ordinance Disposal Robots 

(EODs) as shown in Figure 1.  

 

Figure 1: Explosive Ordinance Disposal Robot (EOD). Reproduced from ref. [1]. (Copyright Permission Requested on 2022-02-03 

From NDIA) 

EODs are used to either extract potentially dangerous devices from a specific location or to defuse an 

explosive on-site but are limited to the ground. Aerial vehicles make it possible for extraction to take place 

in locations inaccessible to ground vehicles like EODs. This competition will provide the opportunity for 

real-world security details to draw inspiration from successful solutions, resulting in the improved security 

and safety of those around critical infrastructure like embassies. 

1.2 Problem Definition 
The QADT requires an attachment to their existing drone for the object extraction task. The 

competition task includes scanning the embassy compound to identify where the foreign object is, 

approach and secure the object, fly over to a designated drop-off zone where it must be released into a 

57 cm diameter, 80 cm tall barrel. Figure 2 is from the competition’s concept of operation (CONOPS) 

document and describes the layout of the task [2].  
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Figure 2: Object extraction task layout. GCS stands for ground control station and is where the drone must begin at the start of 

the task. (Reproduced from ref. [2] with copyright permission from the Aerial Evolution Association Canada)  

The object will be of unknown shape, size, material, and mass. However, the object will be rigid, less than 

or equal to 2 kg, and must be able to fit in a 20 x 20 x 20 cm box. An inertial measurement unit (IMU) will 

be placed inside the object and is used by the competition organizers to assess how much the object is 

disturbed and is tilted during flight. Finally, there is a combined maximum weight restriction of 10 kg for 

the drone and the grabber attachment (excluding the carried object). 

1.3 Project Scope and Goals 
The project’s requirements were determined based on discussions with the QADT and the 

competition’s ruleset. The attachment will be responsible for the grabbing, securing, and releasing aspects 

of the task, whereas the drone pilot will be responsible for locating the object within the embassy 

compound and controlling the drone’s flight during the entire task. This implies that the attachment must 

be able to communicate with the pilot to ensure the drone is placed in the correct position to grab the 

object. Specific details of the attachment’s requirements are outlined in Table 1. 

The goal for this project is to construct a prototype for a grabber attachment which meets the 

requirements listed in Table 1 and can achieve the main objective: to secure and drop off objects of any 

shape and size that can fit in a 20x20x20 cm box, and that weigh up to 2 kg. 
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Table 1: A list of design requirements or limits based on the competition's rules and discussions with the QADT. 

Design Factor Limits/Requirements Comments 

Maximum Weight The attachment must be a 
maximum of 5 kg. 

This limit is based on the competition’s 10 kg 
weight restriction, and QADT estimated they 
would require a maximum of 5 kg for the 
drone’s frame and flight control systems. 

Maximum Size Must not exceed a lateral 
diameter of 50 cm. No 
limitation on the vertical 
size of the attachment. 

Size restrictions were based on the size of the 
barrel (57 cm diameter, 80 cm tall). 
Discussions with QADT suggested that a 7 cm 
buffer should be sufficient for the drone pilot 
to avoid the attachment contacting the barrel 
when lowering the object. 

Mounting Method Will be mounted under the 
drone. The specific 
mounting method will not 
be considered. 

The QADT state that they are unsure about 
the current design for the drone, and it is 
always subject to change. Finalizing a 
mounting method could make the 
attachment incompatible with a drone design 
change. 

Center of Mass Must have a center of mass 
in line with the drone’s 
center of mass. 

To ensure the drone’s flight control systems 
are not affected by the attachment, the 
lateral center of mass must not be changed 
once the attachment is mounted. 

Power 
Requirements 

The attachment must have 
a self-contained power 
supply. 

The drone’s on-board battery has been 
designed to meet the power requirements for 
the flight control system alone. This implies 
that the attachment must have its own power 
source.  

Pilot Guidance The attachment must 
include a vision system. 

The attachment must be able to guide the 
pilot to position the drone correctly when 
grabbing the object. This implies the 
attachment must use a vision system to 
determine the drone’s position relative to the 
object. 

 

1.4 Report Structure 
This report is structured as follows. An overview of robotic grabbers is provided in Section 2. This 

background is used to inform the design decisions described in Section 3. Relevant environmental, safety, 

ethics and equity considerations are addressed in Section 4. The steps taken towards the final design are 

outlined in Section 5 and the final design is fully described in Section 6. Preliminary test results are 

presented in Section 7 and used to inform design iterations discussed in Section 8. Lastly, an economic 

analysis is provided in Section 9 and overall conclusions about the project are made in Section 10.  
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2. Background 
Gripping and manipulating objects are important tasks in robotics due to the many useful 

applications. Integrating a robotic grabber with an unmanned aerial vehicle (UAV) presents increased 

opportunities for task automation, especially ones that are dangerous or are more easily accessible from 

the air.  

In general, the complexity of a robotic grabber scales with the variability of the object to be grabbed. The 

grasping methods for objects with known physical parameters—such as shape, mass, and rigidity—fall 

into two categories. A grasp is classified as form-closure if an object’s position is fixed only by the location 

of the robotic fingers, whereas a grasp is called force-closure if the fingers can resist the object’s motion 

[3]. For objects with unknown properties, more sophisticated data-driven techniques may be required to 

obtain a suitable grip [4]. Figure 3 depicts the generalized process for the automated grasping of an 

unknown object. First, sensors are deployed to obtain data about the object. Information about the 

object’s position in space and physical properties are derived from the sensory data and used to inform 

the grasping strategy. Ultimately, the grasping strategy is executed with careful monitoring of the position 

of the fingers relative to the object and the force applied.  

 

Figure 3: General process for automated robotic grabbing. Reproduced from ref. [4]. 
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Most modern robotic grabbers designed for diverse applications incorporate deep learning techniques 

[4]. A grasp synthesis method that uses human demonstrations to inform the grabbing technique can be 

found in ref. [8]. Though a grabber can be made more versatile with data-driven techniques, the 

associated costs for sensors, processing power, and actuators can be substantial [5]. In practice, simpler 

designs can be pursued that rely on a combination of sensory and human inputs [6]. A simple design is 

especially important for UAV based grabbers since a minimal weight is desirable for flight stability [7].  

Many robotic grabbers have been designed for UAV applications [9]. Recently, Setty et al. [10] proposed 

a grabber with three degrees of freedom (DOF). The grabber is controlled manually and is suited for a 

variety of object geometries as seen in Figure 4. However, their grabber is only capable of retrieving 

objects with a maximum width of 10 cm. Another example of a UAV grabber employs a four-fingered 

grabber, each finger having only a single DOF [11]. Consequently, the grabber is not optimal for irregular 

geometries. Generally, grabbers with more fingers and more DOF are more capable of grasping unknown 

objects [4].  

 

Figure 4: Demonstrations of capabilities of a three-fingered robotic grabber [10]. Reproduced from K. Setty, T. v. Niekerk, R. 

Stopforth, “Generic gripper for an unmanned aerial vehicle,” Procedia CIRP, Volume 91, 2020, 486-488 under the following 

distribution license: https://creativecommons.org/licenses/by-nc-nd/4.0/. This image was not modified from the published 

version. 

https://creativecommons.org/licenses/by-nc-nd/4.0/
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3. Design Decisions  
Design decisions were made by considering the criteria shown in Table 2. 

Table 2: Design evaluation criteria and their respective descriptions. 

Criteria Description 

Flexibility The ability of the grabbing design to adapt to the shape of 
the object, facilitating more contact points and thus better gripping.   

Weight An estimate of the weight of the design. A lightweight device has less 
impact on drone flight.  

Complexity The number of parts/joints needed to build the gripper. Lower complexity 
often correlates with a lower weight, power requirement, and 
computation time. However, higher complexity correlates with higher DOF 
and thus better grasping capability.  

Information Availability How readily available information is regarding the parts required 
and means of assembly. This can be gauged via a literature review.  

Feasibility A generalized assessment of the complexity, cost, 
information, etc. about any specific design and how well the design 
addresses the fundamental design goals.  

Scalability An assessment of how adaptable this project is for a larger scope. In 
general, a gripper with more DOF is preferred since more grasping 
techniques can be trained.  

 

3.1 Mechanical Design Choices 

3.1.1 Type of Robotics 
The design for the action of securing the object can follow either a soft robotics, or hard robotics 

approach. In soft robotics, the grasping mechanism or “claw” deforms around the object, and when in 

position, a force is applied by an actuator. The fin-ray effect is an example of soft-robotics. 

 

Figure 5: Basic setup for a multi-linear actuator soft robotics claw using the fin-ray effect to deform around the object [12].. 

Alternatively, in hard robotics, the grasping mechanism remains rigid and relies on the shape and position 

of the “claw” to secure the object when in position. An example of using hard robotics to pick up objects 

is a scrapyard excavator as shown in ref. [13]. 
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The use of soft robotics would be effective if the dimensions and shape of the targeted object were 

known. As this is not the case for the competition task, a hard robotics approach was chosen for the 

final design, inspired by the scrapyard excavator’s ability to pick up objects of varying sizes, shapes, and 

weights. 

3.1.2 Actuation Method 
A grabber requires a method of controlling arms or fingers. In typical robotics, these movements 

are controlled by either linear actuators, servo motors, or stepper motors. 

Table 3: A list of actuation methods used for controlling fingers or arms in robotics. 

Actuation Method Summary Advantages Disadvantages 

Linear Actuators An actuator that can push or 
pull a joint to create motion 
[14].  

-Linear actuators are 
usually stronger than 
servos or stepper 
motors when acting 
as a joint. 
 

-Difficult to implement 
when trying to convert 
linear motion into 
rotational. 
-When implemented, it 
provides a limited 
range of motion. 
-The strength of the 
joint is dependent on 
the position of the 
connected 
components.  

Servo Motors A motor that uses the 
interactions of magnetic 
fields due to an applied 
current with the magnetic 
field of a permanent magnet 
(usually rare-earth magnets) 
to apply a turning force [15]. 

-Provides a large 
range of motion 
when acting as a 
joint. 
-Allows for precise 
velocity and position 
control. 
-Constant torque 
applied throughout 
its range of motion. 

-Not as strong as linear 
actuators. 
-Demands large 
amounts of currents, 
particularly when 
stalled. 
-Feedback is required 
to determine the 
position. 

Stepper Motors Like servos, stepper motors 
use the interaction of the 
magnetic field due to an 
applied current and a 
permanent magnet to 
generate a turning force. 
However, the magnets in 
stepper motors are less 
expensive conventional 
magnets [15]. 

-Usually cheaper than 
servos. 
-High torque ratings 
at lower speeds. 
-Large range of 
motion. 
 

-Usually have lower 
torque ratings than 
servo motors. 
-Diminishing applied 
torque at higher 
speeds. 
-Less precise position 
control compared to 
servos. 
 

 

Although linear actuators provide a high degree of strength when acting as a joint to a robotic arm, 

implementing them into the control of an arm takes up large amounts of space and has a limited range of 
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motion. As the object shape is arbitrary and unknown, it is important to have a design that can have a 

large range of motion control, and thus linear actuators were removed from consideration. The choice 

between stepper motors and servos was based on choosing a balance between cost, torque required, and 

precision of position control. Although stepper motors are cheaper, the use of servos would lead to a 

higher probability of meeting the design requirements based on higher precision and torque ratings.  

To conclude, the mechanical design of the grabber would be based upon a hard robotics approach using 

servo motors. 

3.2 Hardware Choices 
A Raspberry Pi 4 was selected as the primary computer for the following reasons: 

• Up to 8 GB of RAM, suitable for image analysis. 

• Easily integrated camera (Pi camera). 

• Wi-Fi, enabling remote connections. 

• Pins compatible with standard hobby wires. 

• Small size and weight facilitating inconspicuous placement. 

• USB ports to interface with servo controller board. 

• Abundance of online resources. 

No competing devices were found that satisfied all the above requirements. A Micro Maestro board by 

Pololu was selected to specifically control the servos [16]. The Maestro board enables servos to be 

powered from a separate higher current supply instead of depending on lower current outputs from the 

Pi. The Micro Maestro board was selected because it had a low cost, could control up to six servos, and 

good documentation was available. 

3.3 Computer Vision  
To get a proper understanding of the object being grabbed, it was determined in the initial 

planning stage that computer vision techniques would need to be used. The goals of the image analysis 

are to communicate with the pilot whether the drone was aligned above the object, communicate if it is 

close enough to the object to grab it, and determine the size and shape of the object so the grabber arms 

can be told where to move. Possible ways of implementing computer vision are outlined in Table 4. The 

different strategies are not all mutually exclusive, and the possibility of implementing more than one of 

them was considered. For instance, using a stereo camera with a machine learning algorithm.  
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Table 4: A summary of proposed computer vision techniques to be used on the drone through the Raspberry Pi. 

Computer Vision 
Technique 

Summary Advantages Disadvantages 

Stereo-based depth 
cameras 

Uses two different 
images of same area, 
maps depth based on 
stereo matching 
algorithms of the 
images [17]. 

-Gives accurate reading of 
entire object shape. 
 

-Expensive for prebuilt 
cameras. 
-Hard to implement 
without prebuilt 
stereo camera. 

LiDAR Projects light at 
objects through laser 
and calculates 
distance based on 
time taken to return 
[18].  

-Gives accurate reading of 
entire object shape. 

-Expensive. 

Implementing 
TinyYOLO with ROS 

Makes predictions of 
depth using a single 
network evaluation, 
using global context 
and typically a 
pretrained model [19]. 

-Very fast. 
-Can be implemented 
with most computers. 
-Only needs one image. 

-Not accurate enough 
for the standards of 
drone flight. 

OpenCV with python 
for contouring 

Package of functions 
that can be used for 
most computer vision 
techniques, most 
advantageous for 
image contouring [20]. 

-Large amount of 
documentation for use 
with the raspberry pi. 
-Not computationally 
intensive. 
-Can map images on a 
grid-based system, 
allowing distance 
calculations to be simple. 

-Not great for complex 
computer vision 
problems. 

Machine Learning 
Algorithm (ResNet, 
VGG, etc) 

Convolutional neural 
networks that are 
trained with provided 
images to detect 
specific aspects of an 
image such as shape 
[21]. 

-Very robust, can be used 
to detect anything in an 
image that is desired. 
 

-Requires large 
number of sample 
photos to train off to 
be accurate. 
-Requires a powerful 
computer or a very 
long computation time 
to train the model. 

 

OpenCV contouring was decided to be used because many different strategies to identify an object can 

be realized with OpenCV. Thus, if contouring was determined later to be ineffective, OpenCV could still 

be used. It was also the most realistic tool to use due to the team’s lack of experience in computer vision 

and machine learning.   
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4. Safety, Environmental Concerns, Ethical Concerns and Equity  

4.1 Safety 
The safety hazards for this project can be categorized into construction and operation hazards. 

The main hazards related to construction occur in the machine shop. As the machine shop was used for 

multiple components, group members followed the safety instructions outlined in the mandatory safety 

training to prevent accidents from occurring. The band saw and sanding machine were used in the 

construction process under the supervision of the chief machinist after the machine-specific training was 

given. Personal protective equipment including earmuffs, safety glasses and work boots must always be 

worn in the lab. Many machines in the shop cause components to heat up after being machined, such as 

the belt sander. To prevent potential burns, it is important to wear gloves for these processes.  

Power sources for components were a concern while assembling the design if appropriate power 

regulators were not used and if the circuitry was unorganized. Incorrect inputs could have caused 

equipment damage or, in serious cases, fires. To mitigate the risk of injury from high currents, circuits 

were powered only after assembly and checks, modified with the power disconnected, and appropriate 

wall converters were used. Furthermore, component datasheets were consulted to ensure the equipment 

can withstand the inputted voltages, currents, and frequencies. Proper voltage regulation components 

will be used in the design.  

During testing and operation, the main hazards involved the motion of the apparatus. The servos can 

move with unexpected speed, so the arms’ movement could have been dangerous without the applied 

speed regulation. This was achieved through the code controlling the servos. Group members made sure 

to clear the area around the apparatus during operation to avoid getting hit or pinched. This was made 

easier through construction of a wooden stand. This also accounted for the grabber being awkward to 

hold, which presented a potential dropping hazard. There was a possibility of damage to the apparatus 

caused by overwhelming torque to the arms. This could result in the servos breaking, an arm detaching 

and becoming a projectile if enough pressure was applied. This issue was mitigated by introducing force-

sensitive resistors to instruct the servos to stall when sufficient contact is detected. 

Another concern in both testing and operation was the prescribed current levels the servo pulls when 

stalling. As up to six servos are in use during operation, it is important to ensure the servos do not reach 

these high currents. This would present an electrocution or burning hazard due to the servos overheating. 

To mitigate these risks, the current drawn was measured with the servos at various positions to ensure 

they were not pulling more than 1 A each.  

4.2 Environmental, Ethical and Equity Concerns 
To minimize negative environmental impact, recyclability and reusability of materials were 

considered in the design. In the mechanical design, the aluminum base and wooden stand are easily 

recyclable materials. The arms are 3D printed using polylactic acid (PLA) plastic. PLA needs to be recycled 

separately from normal plastics when being disposed of. The largest unavoidable environmental impact 

stems from the cheap, premade electronics: servos, Raspberry PI, infrared (IR) distance sensor, etc. These 

products are all reusable but have environmental impact in their production and mining for materials. By 

using only three arms, the number of servos, wires, and force sensors was minimized.  

In testing and operation, power use regulation was a focus. This included regulating voltage to the servos 

using a servo controller and ensuring the power was off unless system checks or testing were occurring.  
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5. Methodology  
The methods used to develop the final design are presented in the following subsections. 

5.1 Mechanical Design 
The process behind constructing the prototype occurred in three steps: (i) using CAD to determine 

material and servo requirements, (ii) 3D print, machine or order the components included in the design, 

and (iii) combining/fastening all the components together. 

(i) Determining Required Materials and Servo Torque 

Figure 6 shows the initial concept for the design of the grabber constructed in CAD based on a hard 

robotics approach, inspired by the scrapyard excavator claw outlined in Section 3.1.  

 

Figure 6: CAD model in SOLIDWORKS for the initial concept of the design. At this stage, servo placement and fastening methods 

were not yet considered. The center cube represents the maximum dimensions of the object. 

Constructing a concept in CAD allowed the team to visualize how big the attachment would need to be to 

carry a 20x20x20 cm object and provided opportunity for adjustments to be made when developing the 

design. The next step was to ensure the CAD could reflect how the arms would connect to the base, and 

how the servos would need to be positioned for 2 degrees of freedom. Figure 7 shows the changes made 

to the concept CAD to make it a manufacturable design. 



12 
 

 

Figure 7: Developed CAD model based on the initial concept. This considers fastening and joining methods, and slots for servos. 

Material Requirements 

The CAD model in Figure 7 guided the manufacturing method and materials used for each component. 

The arm joints were chosen to be 3D printed using PLA due to the irregular shapes required at the arm-

servo interfaces (PLA was the only available 3D print material at the time). Quarter-inch aluminum was 

selected for the base component as it provided an appropriate balance between weight and rigidity, which 

is required to ensure deflection does not occur under the anticipated maximum loads. 

Torque Requirements 

Determining the torque requirements for the servos in Figure 7 are important to ensure that the arms can 

withstand the maximum intended loads, and to avoid overpaying for a larger than needed servo as servo 

costs increase with torque rating. The required torques on the servo motors were estimated using a static 

equilibrium analysis. Figure 8 shows the free-body diagram used to conduct this analysis. 
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Figure 8: Free-body diagram used for the static equilibrium analysis for servo torque requirements. 

The torque required at each pivot point, TA and TB, to maintain equilibrium at points A and B were 

determined as a function of θ1 and θ2: 

𝑇𝐴 =
1

2
𝑚1𝑔𝐿1 cos(𝜃1) + 𝑚2𝑔 [𝐿1 cos(θ1) −

1

2
𝐿2 cos(𝜃2)] + 𝑚𝑙𝑜𝑎𝑑𝑔[𝐿1 cos(θ1) − 𝐿2 cos(𝜃2)] (1) 

𝑇𝐵 = 𝑚𝑙𝑜𝑎𝑑𝑔𝐿2 cos(𝜃2) +
1

2
𝑚2𝑔𝐿2 cos(𝜃2) (2) 

The mass values and length of arms 1 and 2 in equations (1) and (2) were based on the CAD software’s 

evaluation tool (SOLIDWORKS can output mass based on the volume of the part and the density of the 

material assigned to the part). The load mass was set to 1 kg as an upper estimate, as the maximum mass 

of the object is 2 kg distributed over three arms. The maximum torque, based on the static equilibrium 

analysis, for the range of motion 0 ≤ 𝜃1 ≤ 𝜋 and 0 ≤ 𝜃2 ≤ 2𝜋 is shown in Table 5. 

Table 5: Calculated maximum torques within the servos full range of motion. The analysis outputted the required torques in Nm, 

however torque ratings for servos on the market are stated in units of kg·cm. 

Servo Location Maximum Torque (Nm) 
Maximum Torque 

(kg·cm) 

Servo A 3.12 31.82 

Servo B 1.79 18.25 

 

Using Table 5 and reviewing the available servos on the market, Servo A was assigned a 35 kg·cm motor, 

and servo B was assigned a 25 kg·cm motor. It must be considered that the static equilibrium analysis 

made several simplifying assumptions such as the load mass being a point load or the location of the 

center of mass of a joint being at half its length. As this is a crude estimation for torque requirements, it 

was important to implement a margin of safety between the estimated and actual torque ratings. 
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(ii) Construction of Components 

The main mechanical components are given in Table 6. 

Table 6: Summary of how each component of the grabber was obtained/constructed. 

Component Method Comments 

Servo Motors Purchased online. 
Three 25 kg·cm and three 35 kg·cm 
servo motors. 

Arms 3D printed using an Ultimaker S3. 
The CAD part file for each component 
of the arm was uploaded to the 3D 
printer as an STL file. 

Base CNC cutting machine. 

A CAD drawing of the base was 
submitted to the CNC machine to cut 
through a quarter-inch aluminum 
sheet. 

 

(iii) Combining the Components 

The prototype was designed such that the only fastening method required were screws. Each arm part 

had screw holes included in the CAD file and were threaded once 3D printed. All holes were intended for 

M3 screws because the shaft of the servo motor had M3 threads included and maintaining a consistent 

thread for the entire prototype made it simpler to assemble and disassemble.  

5.2 Image Processing  
The process of programming the custom object detection script using OpenCV involved evaluating 

the different functions typically used for this kind of task. The main function that was determined to be 

useful was findContours(). This finds the contour of detected shapes based on their contrast to the rest 

of the background. The main objective after finding the contours was extracting the useful information. It 

was discovered this can be done through creating bounding boxes around the shapes it finds. The 

dimensions of the box in pixels could be easily extracted through another OpenCV function 

boundingRect().  

The images in OpenCV are converted to a 2d array of pixels, so using the position and dimensions of a 

bounding box allows for size estimation. 

Shape detection is done through the number of detected edges on the contour, I.e., 3 means triangular 

shape, and more than 10 means it is roughly circular. 

To measure the vertical distance to the object, an IR sensor was implemented next to the PI camera near 

the center of the aluminum base. This sensor measures the returned IR intensity reflected off a surface 

and provides an analog signal. It is connected to the Raspberry PI using an analog to digital convertor since 

the PI can only receive digital signals. Initially, the sensor was calibrated using a linear regression based 

on data points collected from 15-50 cm. An illustration of the linear regression comparing distance to 

voltage measured is shown in Figure 9 
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Figure 9: Infrared sensor calibration. Data was collected and the points within the sensor’s predefined range (15-150 cm) were 

used for a linear regression. 

This only provided the sensor with accurate readings within this 15-50 cm. Thus, the model was changed 

to an inverse square regression to give more accurate readings from 15-100 cm. Beyond this distance, 

external interference became more prevalent, invalidating the readings. The new regression is shown in 

Figure 10. 

 

Figure 10: Inverse square regression for the IR sensor using Desmos. 

This regression provided an equation that was used to relate the output voltage to a distance in cm: 

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  −65.245 + √
18362.4

𝑣𝑜𝑙𝑡𝑎𝑔𝑒 + 0.105
(3) 

5.3 Robotics Control  
Servos are controlled by a pulse width modulation (PWM) signal corresponding to a target angle. 

A microcontroller was used to amplify and distribute signals from the Raspberry Pi through the servos. 

Power was drawn from a DC power supply able to provide up to 12.6 A at 6 V. 

Using geometry, or Forward Displacement Analysis, one can find the positions created by angle inputs. To 

target a position, each arm may be modelled as a planar manipulator with two degrees of freedom. Using 

Inverse Displacement Analysis, the two servo angles can be written as a function of two positional or 

angular inputs with the rest being dependent. 
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This formulation is useful as the depth to the object can be controlled by the drone pilot and the total 

angle may be optimized for different grips, for example the grips closing on a vertical surface may align 

the joints to increase contact. 

Once servo angles are found, the angle can be converted into a PWM signal based using the initial position 

the servo was calibrated at. The initial position is to be set to make the most of the range of motion of 

each servo, with the upper servos (35 kg·cm servos) able to operate with 270 degree range of motion 

while the lower servos (25 kg·cm servos) had a 180 degree range of motion. 

5.4 Power Requirements  
An estimation of the power requirements for the grabber is shown in Table 7. Current and voltage 

values at idle and peak power were based on datasheet values. At peak power the servos can draw 

significant power. This condition occurs when all servos become stalled. In theory the servo power supply 

should be able to provide 12.6 A at 6 V. However, preliminary testing revealed that satisfactory operation 

could be achieved at lower currents. For the prototype a variable bench DC power supply (Max: 36 V, 10 

A) acted as Supply 1. Supply 2 was a Raspberry Pi power cable operating providing approximately 3 A and 

5 V.  

Table 7: Power budget for idle and peak current operation. 

 

5.5 Force Feedback 
To mitigate the potential damage due to high torque parts collapsing on each other, analog force 

sensitive resistors (FSRs) were introduced into the system. They are attached to the lower arm 

components and provide feedback signals to the Raspberry PI to identify when the system needs to stop 

the arms from closing. These sensors also have the function of being the indicators of a properly grabbed 

object. Since the material of the object is unknown force analyses were not preemptively completed. 

Instead, the force sensors were used by providing threshold values: a lower value corresponding to the 

minimum force to suspend an object of specific mass and material, and an upper value corresponding to 

the maximum force that can be applied to a material before plastic deformation becomes a concern. 

These values were identified during the testing stage. These sensors are connected to the Raspberry PI 

using an analog to digital convertor since the PI can only receive digital signals.  
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6. Final Design 
The assembled prototype is shown in Figure 11. The final design is centered around a Raspberry 

Pi 4 (8 GB model) that supports the semi-autonomous control of the three arms. In principle the on-board 

hardware can be physically isolated by means of secure shell (SSH) for remote control of the Pi over Wi-Fi 

and batteries to fulfill energy requirement, making it possible to use the device with a UAV. However, the 

prototype presented here requires two external power supplies and wire connections to control the Pi 

from a nearby monitor. The latter requirement was due to trouble connecting the Pi to the university’s 

network. A webcam, electrically isolated from the rest of the components, was substituted for the Pi 

camera for testing purposes.  

 

Figure 11: Full view of prototype grabber supported by the testing frame.  
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Figure 12 depicts the grabber’s operation. In Phase 1 a grabbing strategy is selected by the drone pilot 

based on their understanding of the target object according to views from the drone and grabber cameras. 

In Phase 2, the pilot is instructed to hover at a height determined by the selected grabbing strategy. When 

the desired height is achieved, the pilot is required to roughly center the grabber over the target object 

using the Pi camera as a guide. In Phase 3 an image analysis program implemented with OpenCV is used 

to characterize the boundaries of the target object. Specifically, the coordinates of the three points of 

contact are determined. In Phase 4, the physical coordinates found in Phase 3 are translated to PWM 

signals that can be interpreted by the servos. Thus, in Phase 5 the derived PWM signals instruct the servos 

to move the arms such that contact is made at the desired points along the edge of the object. A force-

closure grasp is achieved by simultaneously pushing all arms into the object. The pilot may now fly the 

drone to a desired location and execute enter Phase 6 to execute a drop-off.  

  

Figure 12: Pipeline depicting grabber operation.  
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6.1 Mechanical 
The final mechanical design for the prototype is shown as a labelled CAD model in Figure 13 with 

Figure 14 showing the top and side views. Dimensioned drawings of each component are included in 

Appendix A – Mechanical Computer-Aided Design.  

 

Figure 13: Labelled CAD model of the final mechanical design for the prototype. 

 

 

Figure 14: Top view (left) and side view (right) of the final design.  

Base Servo Holder 

Upper Arm 

Upper Servo 

Base 

Lower Arm 

Lower Servo 
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The prototype consists of 16 separate components fastened together using M3 screws. Table 8 

summarizes the purpose of each part. 

Table 8: Summary of the material and function of the individual components of the prototype. 

Component Material Function 

Base Aluminum 

The base holds each arm and has cut holes for the pi camera 
and IR sensor at the center and cut holes for the servo and 
force-sensing resistive wires to feed through. The empty 
space on the surface of the base provides sufficient room for 
the hardware to be stored during operation.  

Upper Arm (x3) 

PLA (60% 
infill) 

The upper arm provides a connection between the upper 
servo and the lower servo. 

Lower Arm (x3) 
The lower arm is controlled by the lower servo and is 
intended to be the initial point of contact when running a 
specific grasping strategy. 

Base Servo Holder (x3) 
The base servo holder is the sole joint between the arms of 
the grabber and the base and is responsible for holding the 
upper servo. 

Upper Servo (x3) N/A 
The upper servo is a 35 kgcm servo used to control the 
position of the lower servo. 

Lower Servo (x3) N/A 

The lower servo is a 25 kgcm servo used to control the 
position of the lower arm’s point of contact when running a 
grasping strategy. When activating a release, the lower servo 
will remove the lower arm from the plane of contact. 

 

The Figure 13 prototype is designed to execute three general grasping strategies to pick up the object. 

The first strategy makes use of the friction between a face or an edge of the object and the angled face of 

the lower arm, as seen in Figure 15. The angle made between the lower arm face and the normal of the 

contact surface is used to classify the strategy. 
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Figure 15: Using friction between the object and the lower arm face to grasp. Strategy is 90 degrees. 

The second strategy relies on the force exerted by the edge of the lower arm to secure the object, as 

shown in Figure 16. 

 

Figure 16: The force exerted by the pointing edge of the lower arm used to secure the object. Strategy is 120 degrees. 

The third strategy, represented by Figure 17, aims to hold the object by sliding the face of the lower arm 

underneath the object. 
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Figure 17: Grasping strategy which relies on sliding the face of the lower arm underneath the object to hold it. Strategy is 120 

degrees.  
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6.2 Electrical Systems 
Figure 18 shows the layout of the hardware components. Space is left available on the left-hand-

side for an on-board power supply in a future iteration. Each servo requires three wires (Supply, Ground, 

PWM) and each force sensor requires two connections. Electrical tape was used as a means of wire 

routing. 

 

Figure 18: Top view of grabber showing the hardware layout.  
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The electrical connections are shown more clearly in Figure 19. The precise form of the ADC circuit is 

shown in Figure 36 (Appendix C). Data transmission between the ADC circuit and the Raspberry Pi is 

achieved using a serial peripheral interface (SPI). The spidev Python module was used to manage the SPI. 

The Pi and Micro Maestro were connected using a USB cable enabling serial communications between 

the devices, mediated by the maestro Python module. Commands to the Pi are designed to be sent via a 

remote SSH connection. This means the grabber can be controlled wirelessly. 

 

Figure 19: Overview of electrical connections. Red=High voltage; Black=Ground; Green= +data; Blue= - data; Yellow=voltage. 

The input and output signals generated during the operation of the grabber are shown in Figure 20. Once 

a grasping strategy is selected the pilot is tasked with achieving the desired height above and alignment 

with the target object. Height corrections are determined by the IR sensor and alignment corrections are 

derived from the Pi camera. A grabbing process can be executed when the height and alignment are both 

correct. A separate signal must be sent to release the object. 

 

Figure 20: Operational modes chart summarizing the input and output signals. 
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6.3 Software 
The grabber’s operation (Figure ) is controlled by software implemented using Python. Python 

was chosen because it is supported by OpenCV and Pololu (Maestro), necessary for computer vision and 

servo control, respectively. The implementation of Phases 3, 4, and 5 are described in more detail in the 

following subsections. 

6.3.1 Phase 3: Computer Vision  
Input from the Pi camera was meant to be used through an OpenCV script to analyze the object 

from a top-down perspective, shown in Figure 21. During the integration process it was found that there 

were many problems with the Pi not recognizing the camera, and new scripts for taking photos and videos 

in Raspbian were changed to use a libcamera package in late October 2021. This was not recognized until 

late in integration and so it was determined that it was more realistic to use an external camera attached 

to a laptop to do the image analysis.  

 

Figure 21: Top-down perspective of camera used for computer vision software. 

The final computer vision script takes in an image and performs some preprocessing such as Gaussian 

filtering and getting the Canny contour of the image, both of which can be done with a premade function 

in OpenCV. A contour analysis is then done with another OpenCV function called findContours(img), a 

custom function analyzes these contours and finds the contour of the object of interest as well as its 

specific shape. A bounding box is then made to the object of interest. Using this bounding box in 

conjunction with the IR sensor distance output, the dimensions of the object can be calculated for a 

regular object, and it is checked whether the object is centred over the drone. If it is not, the drone pilot 

can be directed how far away they are from the centre and in what direction. If it is centred, another 

custom function calculates where specifically the claw location should theoretically be on the object. 

These positions as well as the centre point of the object is passed to the control code. Figure 22 shows a 

summary of the operational modes for phase 3 of the grabbing process. 
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Figure 22: Operational modes chart for object detection and grabber location mapping. 

Figure 23 shows a visual representation of the data phase 3 calculates and outputs. 

 

Figure 23: Visual representation of the data the computer vision phase calculates. The red dots along the bounding box 

represent where the claws should theoretically hit the object. 

6.3.2 Phase 4: Control  
It was decided that the two inputs for the arm control were to be the target distance from the 

center, and approach angle. The target distances from the center could be gained from the 2D camera 

images, while the approach angle can be chosen to work best with the shape. The approach angle was 

chosen as an input over depth as depth may be controlled by the drone pilot.  

The high-level operational modes chart for control is shown in Figure 24. The function takes the inputs of 

the origin position, expected intersection points, and the desired end effector angle from the main 

function. 
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Figure 24: Operational modes chart for mapping position to PWM. 

The method of finding the solutions to the angular inverse displacement analysis were derived from the 

geometry of the arms. The end effector position, ∝, is the sum of the base angle, measured from the axis 

parallel to the base plate, 𝜃1, and the angle of the second servo, 𝜃2, measured from the tangent of the 

connecting link. 

∝= 𝜃1 + 𝜃2 (4) 

The length L1 is the connecting link while L2 is the length of the final link. Using the forward displacement 

analysis Equations 5 and 6 for the final position the angles are found and shown in equations 7 and 8. 

𝑥 = 𝐿1 ∗ cos(𝜃1) + 𝐿2 ∗ cos(𝜃1 + 𝜃2) (5) 

𝑦 = 𝐿1 ∗ sin(𝜃1) + 𝐿2 ∗ sin(𝜃1 + 𝜃2) (6) 

𝜃1 = cos−1 (
(𝑥 − 𝐿2 ∗ cos(∝) )

𝐿1
) (7) 

𝜃2 =∝ −𝜃1 (8) 

An undefined result for the first angle indicates that the inputs do not correspond to a physical space that 

the manipulator may reach. The end link has an additional backwards bend which is taken account of in 

the input code by subtracting it from the end position. The PWM function outputs the required signal 
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frequency by linearly mapping the range of motion of the servo to the specified input ranges of the servos. 

The initial positions were designed optimize the range of motion of the servos. The lower servos with a 

180° range were set initially 45° inwards from the vertical axis allowing the servo to bend backwards if 

needed and allow access directly below the base plate. 

6.3.3 Phase 5: Grasp Execution  
Figure 25 depicts the grabbing process employed in the final design. The input target is a 3x2 array 

containing the PWM signals required for the arms to make contact with the object at an angle constrained 

by the grabbing strategy. Contact between the arms and the object is gauged by reading the force sensors 

attached to the ends of each arm. A non-zero reading was found to correlate with sufficient contact. Arms 

that do not detect contact are moved incrementally towards the object by adjusting the PWM applied to 

the upper servos. This method preserves the contact angle of the secondary arms with the object for small 

increments. Grip is achieved if all sensors indicate contact with the object. Alternatively, some contact 

angles prevent the force sensors from interacting with the object. To prevent infinite looping the target 

can only be updated 20 times. This number was set based on preliminary tests because it prevented the 

arms from colliding with the camera if the object slipped and no longer impeded the movement of the 

arms. The pilot would have to use their discretion to decide if good contact has been made when the force 

sensors do not engage. 

 

 

Figure 25: Operational modes chart describing grasp execution.  
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7. Testing, Validation and Iteration 
Tests were conducted with the prototype introduced in Section 6. The primary aim of the tests 

was to evaluate the design’s grabbing capabilities with respect to the project goals. The testing 

methodology and results are discussed in the following subsections.  

7.1 Testing Methodology  
The grabber was mounted on a wooden frame as shown in Figure 11 for all tests. Tests were run 

by executing the grabber software, compiled by the Raspberry Pi. Therefore, Phases 1-6 of the grabber 

operation were tested. However, Phase 3 processes had to be outsourced to a webcam connected to a 

laptop because of software issues related to the Pi camera. Also, since the frame restricts changes to the 

height it was not possible to rigorously test Phase 2. Though, it was observed that the IR sensor provided 

unstable readings. The source code was modified to enable external inputs from Phase 3 to be used in 

Phase 4 and override the presumed necessary corrections to the height. Instead, objects were artificially 

placed at the correct height by setting them on top of other objects.  

The grasping of a few objects with different masses and geometries was tested (Figure 26). Tests were 

recorded by the webcam. A successful test meant the object remained secured when the grabber was 

lifted off of the frame. The mass of the box and tall cylinder were adjusted by adding a 500 g mass. 

Different grasping strategies were attempted on some of the geometries and force sensor activation was 

monitored for some tests. Due to time constraints a rigorous and controlled testing process could not be 

conducted. However, some information can be gained from the following results.  

 

 

Figure 26: Objects used for testing. (A) Box, (B) Irregular shape, (C) 1 kg mass, (D) Short cylinder, (E), Tall cylinder. 
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7.2 Test Results 
Table 9 summarizes the successful and unsuccessful grasps as function of the target object and 

the grabbing strategy. The grabber was most successful at picking up shapes with cylindrical symmetry, 

but it struggled to lift objects with a mass greater than 500 g.  

Table 9: Summary of grasp success for the different test objects according to the strategy used. Angles are in degrees. 

 

In general, a 90-degree strategy yielded the most consistent positive results. However, it was observed 

that a sharper angle was more effective at grabbing the irregular shape. The contact points for a 90-degree 

strategy and a 120-degree strategy are shown in Figure 27. The sharper angle appears to enable the arms 

to bypass the non-uniformities along the object boundaries, which would otherwise impede a flat (90-

degree) approach. 

 

Figure 27: Contact points with the irregular shape using a 90-degree (top) versus and 120-degree (bottom) strategy. 
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The quality of the contact can be partially quantified by analyzing the frames from the video recordings 

when the arms contact the object. An estimate of the contact area as a fraction of the available contact 

area can be made as illustrated in Figure 28.  

 

Figure 28: An estimate of the contact area as a fraction of the available contact area for a box. Strategy is 90 degrees. 

An equivalent analysis can be employed on the other geometries. Table 10 summarizes the fraction of 

contacted area averaged over all arms. The high value for the 1 kg mass is due to its hexagonal shape, 

which complements the triangular arrangement of the arms. Though the estimations are not precise, the 

results indicate that there is some correlation between the contacted area and a successful grab. This 

makes sense since a larger contact area implies a larger frictional force. However, as in the case of the 1 

kg mass, even close to perfect contact is not a sufficient condition for success. 

Table 10: Fraction of contact area to available contact area as a function of geometry. Strategy is 90 degrees. 

 

Another parameter that can be obtained from the videos is the effective cancellation of the forces exerted 

by the arms on the object. If the arms are arranged in an equilateral triangle and all apply the same force, 
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there should be zero net force on the object. However, small fabrication errors caused the arms to deviate 

slightly from an equilateral triangle formation. Thus, if all the arms exert identical forces, the object will 

feel a net force. This is an undesirable effect since the goal of the grabber is to keep the object in 

equilibrium.  

Figure 29 shows the points of contact with the tall cylinder as a function of the alignment of the cylinder 

below the grabber. Force vectors are drawn perpendicular to the area of contact. For the ideal case of a 

perfect equilateral triangle the force vectors should intersect at a point if contact is made at the center of 

each arm. Here, there can be no common point of intersection due to the small errors in the positions of 

the arms. It is therefore impossible to contact an object with cylindrical symmetry the same way with each 

arm. Consequently, there exists an ideal alignment of the object such that force vectors drawn from the 

points of contact form the smallest area possible. It was observed that a more effective grip on the 

cylinder could be achieved when it was placed at position B, but only a few trials were conducted. 

 

 

Figure 29: The position of the tall cylinder in (B) is more desirable than its position in (A) since the force vectors intersect more 

closely. 

The PWM mapping and force sensor feedback were two other important aspects of the design that were 

evaluated during testing. The PWM mapping was evaluated in situ by watching if the arms moved to the 

edges of the target object. It was observed that the arms moved as expected to the edges of the object 

and made the desired contact angle according to the selected strategy. This was done without significantly 

moving the object, which would indicate an inaccuracy in the mapping. Therefore, the PWM mapping was 
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validated. Conversely, the force sensor feedback performed poorly. Table 11 shows the probability of a 

force sensor activating for consecutive grabbing attempts with the short cylinder. The object was moved 

slightly between trials to simulate a slight variation in grabbing conditions. For right angles, where force 

sensor activation is the most likely, only two of the sensors were activated. There was a large drop in the 

activation probability when the angle was changed by ten degrees. Overall, the force sensors did not 

display the anticipated functionality.  

Table 11: Force sensor activation rates from 10 trials with the short cylinder as a function of the contact angle. 

 

8. Discussion and Critical Analysis  
Table 12 provides a summary of the project design criteria and indicates if they were met by the 

final design. The physical constraints were met by the mechanical design. An on-board power supply was 

removed from the project scope, though it should be considered for future iterations. A crude pilot 

guidance system was demonstrated. However, the Pi camera had to be substituted with an externally 

controlled webcam. This meant the running software was not isolated to the grabber hardware (Pi and 

Maestro) as intended. A small number of grabbing tests were completed on a few geometries as described 

in Section 7.0. Grips of both standard (cylinder, box) and irregular shapes were demonstrated. However, 

the grabber had trouble gripping objects with a mass of more than 500 g.  

Table 12: Summary of how the final design addresses the original design criteria. 

 

While many of the criteria were objectively met, the final design lacks much of the reliability and 

autonomy that was initially envisioned. The following primary criticisms are made: 

• The IR distance sensor is unreliable for realistic topologies. 

• The computer vision system can only classify rectangular, circular, and triangular shapes. 

• For many geometries, the arms can not make optimal contact. 

• The force sensors are rarely activated. 
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In general, it would be very difficult to deploy this device without considerable human oversight to 

verify distance measurements and test the quality of contact with the target object. The following 

subsections outline possible design iterations.  

8.1 Mechanical Iterations 
Based on testing and observing the prototype in operation, Table 13 summarizes a set of 

mechanical design iterations that would improve its ability to meet the design requirements. 

Table 13: A summary of the mechanical design iterations that could be implemented to improve the prototype's ability to meet 

design requirements if time permitted. 

Design Aspect Reason Method of Implementation 

Adjust arm focal point The contact points the arms made with 
the circular object in testing were not 
directed to its center. This caused some 
instability in the grip and would be 
more secure if the force exerted by 
each arm was directed towards its 
center. 

Adjusting the focal points would 
require the positions of the 
servos to be adjusted, which is 
dictated by the CAD model. Once 
changes in the CAD model are 
made, the iterated arms would 
be 3D printed and replace the 
existing arms. 

Apply a high friction 
material to the 
contact surface 

A major setback in the grabber’s ability 
to secure an object using friction is that 
the force-sensor surface is slippery i.e., 
has a low coefficient of friction. 
Applying a material with a higher 
coefficient of friction such as rubber or 
sandpaper would reduce the normal 
force required to maintain a grip with 
the object. 

Wrap the lower arm with 
sandpaper or rubber with the 
force sensor underneath. The 
threshold force would need to be 
recalibrated as the application of 
a material could present a non-
zero force reading in the default 
state. 

Stronger servos As the project developed, the use of 
friction to grip the object became one 
of the main grasping strategies. The 
torque requirements for the servos 
were based on the arms sliding under 
the object, rather than using friction. 
From testing, the lack of friction was a 
major issue which implies a larger 
normal force between the arm and the 
object was required. 

Re-evaluate the torque 
requirements by considering the 
friction gripping method. From 
this analysis, the maximum 
torque required to maintain static 
equilibrium may be larger 
compared to the analysis used to 
justify the 25 kg·cm and 35 kg·cm 
servos. 

 

8.2 Electrical Iterations 
The final product has messy wiring that should be more organized. The wires were held in place 

using zip ties, but more professional methods could have been used, such as incorporating holders into 

the 3D print or leaving holes in the arms to run the wires through. The surface wiring on the base could 

be improved by using a PCB for circuit organization and printing individual attachments to hold and hide 

the wires.  
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To make the design usable by Queen’s Aero Design Team, an onboard power supply should be 

implemented. However, the servos and Raspberry PI draw a significant amount of current (around 14 A 

maximum). Most batteries that provide this level of power are too large and massive to secure to the base 

due to weight restrictions and having enough room for the rest of the circuitry. Using one power supply 

also comes with the added complication of using a voltage leveler, since the servos and Raspberry PI 

require different voltages.  

The feedback system provided by the force sensors also needs to be improved. The force sensors did not 

adequately detect the object during contact, and the mechanical design was incapable of securing objects 

with mass close to the limit (1-2 kg). Due to this complication, threshold values were not obtained for the 

sensors, so the optimal determination of the required force to use was not possible. There are several 

possible solutions to this, including more powerful servos, different arm configurations (four arms or 

more) and committing more to a different securing method such as a forklift from the bottom.  

8.3 Control Iterations 
The arms’ control uses many approximations, some of which may be expanded or replaced 

through robotics matrix analysis. Representing the arms not as planar, but in three dimensions will allow 

fast computing of torques, moments and forces experienced from interactions with the target. 

To construct the matrices for these expansions a Denavit-Hartenberg table must be made to define the 

displacements and rotations of each joint [22]. The use of this table will allow greater accuracy in defining 

the geometry of the final link, which was approximated as perfectly straight previously. Using the 

parameters from this table, a Jacobian matrix can be constructed to use to find functions for velocity, 

moment, and force. 

These results must be integrated with the system and updated, and accurate positions would be necessary 

for some calculations. Servos with position feedback or potentiometers providing feedback would be 

required to make use of the information. 

8.4 Computer Vision Iterations  
The use of contouring for object detection is limited in that it can only use a 2D projection of the 

shape to gain information about it. This means that it is only effective for regular/symmetric objects like 

cylinders, rectangular prisms, and spheres. Contouring also requires having high contrast between the 

object and the background so it is not practical in real life situations. It is possible that taking multiple 

contour readings of the shape from different angles would be sufficient to get a proper 3D reading of the 

object, but that would be more complicated and not as effective as other possible solutions. 

To improve the computer vision accuracy and robustness, using some of the other computer vision 

techniques outlined in Table 4 would likely be the best idea. Instead of using a single camera and an IR 

sensor to estimate depth, a stereo camera should be used. This camera will give much more accurate 

depth readings and a 3D view of the object. It is also possible to use a LiDAR camera for the same purpose, 

both are roughly the same price, $300 [23] and achieve the same depth readings. 

A more sophisticated object detecting algorithm would also be useful. Introducing a convolutional neural 

network to identify the shape from the image based on training data should be very reliable if it is given 

sufficient training data and is given enough time to train to get a high accuracy reliably. These neural 

networks are specifically designed for image analysis, and so would be ideal for this application [24]. 
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8.5 Grabbing Methodology and Feedback 
The proposed design lacks sophistication in terms of the grabbing methodology. It was also 

determined that the current force sensor feedback method is ineffective under most conditions. It follows 

that iterations should be made to both the grabbing strategies and feedback mechanisms. 

A more sophisticated grabbing action can be achieved in general by increasing the DOF of each arm. 

However, this introduces new costs and complexities into the design. If the current arms are maintained 

a better grabbing strategy involves improving the contact of each arm with the target object. As observed 

in Section 7.2, there is an optical alignment of the grabber above the object to achieve the best grip. For 

example, consider the alignment of a rectangular object as shown in Figure 30. It is assumed the arm 

positions form an equilateral triangle. If the box is centered in the triangle arms 1 and 2 cannot have good 

contact since the arms will slip upwards (towards arm 3) as the servos apply more torque. However, if the 

box is shifted up arms 1 and 2 can contact the corners. This is a better plane of contact because the arms 

cannot slip along the sides of the box. In practice, this alignment can be achieved using the current 

computer vision system, which highlights the points of contact in real time. Thus, the pilot can manoeuvre 

the drone such that the desired points of contact are obtained. Ultimately, more testing should be 

conducted to determine optimal points of contact for different geometries. 

Detecting contact is also an important aspect of the design. Arms that do not detect contact can be safety 

hazards if the object slips while the arm is instructed to keep applying a force. A cheap and easy to 

integrate option to improve contact determinism is to increase the force sensor coverage on the arm. This 

makes sense because the force sensors were successful at detecting contact provided the arm touched 

the object at the force sensor location. Adding sensors to the edges of the arms will be important to detect 

contact while using high angle strategies.   

 

Figure 30: Contact points (c1,c2,c3) of the arms with a rectangular target object for a poor (A) and optimized (B) alignment. 
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9. Economic Analysis 

The project budget was set at $1000 for both prototyping and the final design. The device should 

be made cheap enough to be accessible to the design team wishing to use its design. 

The final cost of the parts used in prototyping is $526.58. The majority of this cost is the microcomputer 

and the servo systems. The estimated costs of materials not included is $26.73 of which the arms cost the 

most. The PLA arms at 60% infill are 0.6 kg and with a common rate of $25/kg cost $15.05. 

The total material costs for the prototype are $556.31. A final version would use an external power supply 

which must be factored into this price. A 12 V power bank at about 10 A can be made from 6 AA batteries, 

costing about $5 in bulk. 

Additionally, there are costs associated with construction of the device, printing, and machining. The 

approximate costs are estimated at $25 for machining for half an hour, $50 for two hours of assembly, 

and $25 for printer upkeep. The final cost of a device will be near $675. 

The design would be produced for niche applications and would not be on the market. 

Note: Bill of material included in Appendix B. 

10. Conclusions 
A prototype for a semi-autonomous grabber attachment for a drone was designed and 

constructed. The primary aim of the grabber was to grip an object with an unknown geometry having a 

maximum dimension of 20 × 20 × 20 cm and maximum weight of 2 kg. The final design was centered 

around a three-armed grabber capable of being remotely controlled through a Raspberry Pi 4. In 

compliance with the design goals, the final design had a maximum width of 42 cm, a maximum height of 

37 cm, and a mass less than 5 kg (without an on-board power supply). The total cost of the prototype is 

estimated to be $675 CAD. 

A computer vision system that implemented a camera and IR distance sensor was tested. The Pi camera 

was substituted by a webcam, which was successfully able to identify both the bounds of circular and 

rectangular shapes given an accurate height measurement. However, the IR distance sensor exhibited 

unstable behaviour during testing. The control system was able to accurately place the arms at the given 

boundaries according to a chosen grabbing procedure. 

The grabbing methodology was tested on five different objects with varying geometries. Successful grips 

were achieved on a cylinder, a box, and an irregular shaped object. However, the grabber could not grip 

objects with a mass greater than 500 g. This was attributed to poor contact and low frictional forces. It 

was also observed that the force sensors were irrelevant for most grasping strategies.  

Several iterations are recommended so that the design can meet the project objectives. Crucially, a 

material like rubber should be applied to the arms to increase contact frictional forces. A LiDAR system to 

enable 3D characterization of target objects will also help determine optimal points of contact, especially 

for irregular objects. Additional testing involving that incorporates more sophisticated grabbing strategies, 

such as lifting from underneath, should also be tested to fully understand the current capabilities of the 
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prototype. Ultimately, an on-board power supply and functional camera will also be required if this 

grabber is to be used for its intended applications.  
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Appendix A – Mechanical Computer-Aided Design 

 

Figure 31: Dimensioned CAD drawing for the base. 

 

Figure 32: Dimensioned CAD drawing for the base servo holder. 
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Figure 33: Dimensioned CAD drawing for the upper arm. 

 

Figure 34: Dimensioned CAD drawing for the servo. Both 25 kgcm and 35 kgcm servos had equal dimensions. 
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Figure 35: Dimensioned CAD drawing for the lower arm. 
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Appendix B – Bill of Materials 
Table 14: Purchased items used in the final design 

Part Amount 
Unit 
Cost Cost 

25kg Servo 3 42 126 

35kg Servo 3 26.99 80.97 

Controller 1 38.91 38.91 

IR sensor 1 16.63 16.63 

Raspberry 
Pi 1 158.17 158.17 

Pi charger 1 19.99 19.99 

IR Cable 1 8.19 8.19 

Screws 1 3.95 3.95 

Encoder 1 12.57 12.57 

Pi case 1 14.75 14.75 

D/A 
converter 1 4.06 4.06 

Force 
Sensors 3 14.13 42.39 

Total   526.58 

 

Table 15: Items not purchased; costs assessed for bulk price 

Material Units 
Bulk 
Cost 

Bulk 
Items Cost 

Wiring 60 2.65 20 7.95 

PLA 0.602 25 1 15.05 

Aluminum 1 14.46 4 3.615 

Adhesive 2 11 200 0.11 

Total    26.725 

 

Note: Additional costs outside the price of the used items are not included in the parts list. 
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Appendix C – Circuit Diagrams 

 

Figure 36: Breadboard circuit diagram of analog to digital conversion using the MCP3008 ADC. 

 


