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1.0 Introduction 
 
Conventional agricultural methods overcompensate plant and soil needs through wasteful 
watering practices and excessive application of pesticides and fertilizers, leading to substantial 
environmental damage [1]. This damage takes on various forms, including pollution via runoff, 
soil depletion, and the extinction of local pollinators [2]. The Novel Irrigation and Land Use 
Efficiency (NILE) system aims to optimize current agricultural practices with a unique robotic 
approach to precisely monitor the health of various crops. 
 
In recent years there has been an explosion in the number of robotic systems designed to use 
varying levels of autonomy to approach challenges facing agricultural industries. Concepts like 
the Greenhouse Partner Robot System [3] seek to augment farmer abilities in the greenhouse 
through a cooperative approach to automation. Similarly, Agrobot [4] and Vinebot [5] support 
farmers by providing an autonomous platform upon which sensors can gather information. Both 
approaches utilize unique methods of locomotion and control but are limited in scope and 
ultimately require the intervention of farmers or other systems to directly affect crops. 
  
Some more autonomous systems, such as the Farmbot, tend to plants based on internal 
determination. This approach can monitor, and water plants based on user input and general 
watering guidelines based on species [6]. Stereoscopic imaging allows the system to find 
adequate locations to measure moisture content, for which the user can define feedback 
systems within its web app. Another approach, as taken by AgBotic Inc. And their robotic gantry 
allows for significantly increased control over the watering and fertilizing of a field when 
compared to traditional systems [7]. Unfortunately, it requires significant infrastructure 
investment in greenhouses and supporting equipment which so far prohibits widescale 
industrial adoption. 
 
Numerous systems gather and relay sensor data to farmers for interpretation, but comparatively 
few systems can independently infer plant health from the data. One promising approach 
utilized machine learning paired with computer vision to scan images of plant leaves and 
identify individual plants, as well as distinguish between healthy and diseased crops based 
solely on physical appearance [8]. Combining this approach with more conventional sensor 
data, we plan to develop a fully autonomous plant health assessment system that does not 
need farmer intervention. The goal of this project is to incorporate concepts from these 
disparate approaches in a fully autonomous system capable of caring for crops from sow to 
harvest. 
 

1.1 Requirements 
 
Requirements state what a system must do to solve a problem. NILE defined the following eight 
requirements for a system designed to nurture crops between the planting harvesting phases. 
 

1) The system shall be capable of measuring the water saturation for the soil at any point 
within the growing zone. 

2) The system shall be capable of measuring the temperature of the growing zone. 
3) The system shall be capable of irrigating crops within the growing zone with a field 

application efficiency greater than 90%. 
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4) The system shall be capable of supplying the nutrients needed to maintain plant health 
within the growing zone. 

5) The system shall be capable of exterminating weeds from any point in the growing zone. 
6) The system shall be capable of determining the location of plant foliage, plant stems, 

and weeds within the growing zone. 
7) The system shall be capable of being certified to an ingress protection level of IP55. 
8) The system shall be capable of communicating plant health, soil health, and the 

detection of weeds to the end user. 
 
For the purposes of this document, the growing zone is defined as the three-dimensional soiled 
volume from the surface to a depth of 5 centimeters that can be reached by the end effector. In 
addition, field application efficiency is an industry- defined term describing the ratio of water 
input to an irrigation system vs the water that reaches the growing zone. It is expressed 
mathematically as follows. 

 

𝐹𝑖𝑒𝑙𝑑 𝐴𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
∑ 𝑊𝑎𝑡𝑒𝑟   𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝐺𝑟𝑜𝑤𝑖𝑛𝑔 𝑍𝑜𝑛𝑒

∑ 𝑊𝑎𝑡𝑒𝑟   𝐼𝑛𝑝𝑢𝑡 𝑡𝑜 𝑡ℎ𝑒 𝑆𝑦𝑠𝑡𝑒𝑚 
× 100%  

 
Given the above requirements, the next phase of the design process was to develop a 
conceptual design that would be capable of meeting them. 
 

1.2 Conceptual Design 
 
Given our problem statement and using the requirements as a guide, we considered a wide 
range of possible implementations. To determine the optimal approach, we began with a 
morphological chart to compile the available options, then used decision matrices to down 
select to the optimal configuration. 
 
To begin, we listed the primary systems the system would require as follows. 
 

1) Mode of locomotion: how the system maneuvers within the growing zone. 
2) Power system: the method used to provide power to electrical components. 
3) End effector operation: how the sensors, nozzles, etc. are mounted to the end effector. 
4) Watering end effector: the tool by which water is delivered to the growing zone. 
5) Parasite removal end effector: the tool used to eliminate parasites. 
6) Detection hardware: the physical devices used to determine the location of plants. 
7) Detection software: how the system will determine plant health data. 
8) Communications: how the system will communicate its status to the end user. 
9) Growing zone: the environment in which the system operates, and plants grow. 

 
Given the key functions, we brainstormed possible solutions and generated the following 
morphological chart. 
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Table 1. Morphological Chart 

Functions 
Concepts 

1 2 3 4 5 6 7 

Mode of Locomotion  
A-Frame  

Polar 
 

Cartesian 
 

Train 
 

Bug 
 

Strand-beast 
 

Mobile-Arm 

Power System  
Bat. /Inductive  

Bat. /Solar 
 

Bat. /Grid 

 
Bat. /Swap 

 
Rail  

Grid Power 

 

Fluid Handling  
Combined Fluid 

Line 

 
Dual Fluid Line 

 
Fertilizer 

Mixing 

    

End Effector 
Operation  

Hot-Swap 
 

Rotary 
 

Multiple 
 

Omnibus 
 

Hand 

  

Watering End 
Effector  

Nozzle 
 

Needle 
 

Water Capsule 

    

Parasite Removal 
End Effector  

Drill  
Prong 

 
Laser 

 
Fire 

 
Wedge  

Taser 

 

Detection Hardware  
Camera 

 
False NDVI 

 
Stereoscopic 

 
Infrared 

 
LIDAR 

  

Detection Software  
CV 

Segmentation 
 

CV and ML 
 

Spidering 
 

User Input 

   

Communication 
 

Terminal 
 

Web app 
 

Screen 

    

Growing Zone 
 

Raised Bed 

 
Pots 

 
Field 

    

 
Using these options as starting points, we ranked the viability of each solution based on metrics 
of cost, ease of use, scalability, and more in decision matrices. This process guided us to a 
design that combined existing center pivot irrigation technology with robotics in the form of a 
cylindrical robot that rotates about a central core and translates radially and vertically.  
 
This system would utilize an end effector that combined temperature sensing via a thermistor, 
moisture determination via a capacitive sensor, parasite elimination via high energy electrical 
arcing, and the delivery of water and fertilizer via a single nozzle. Furthermore, the locating of 
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plants and weeds would be done with a computer vision algorithm while communication with 
the user existed through a web application. 
 

1.3 Design Specifications 
 
Specifications define how a design must perform to ensure it meets the requirements. Given 
this configuration of the system discussed in the previous section, we created the following 
specifications. 
 
1.3.1 Soil Water Saturation 
 
The system shall be capable of measuring the water saturation for the soil at any point within 
the growing zone. With this requirement in mind, we defined the following specifications. 
 

1) The moisture sensor shall have a minimum resolution of ±5% field saturation. 
2) The moisture sensor shall have an operating range of 0% – 100% field saturation. 
3) The moisture sensor shall be capable of taking two independent readings within 10 cm 

of each plant’s foliage exterior. 
 
1.3.2 Soil Temperature 
 
The system shall be capable of measuring the temperature of the growing zone. With this 
requirement in mind, we define the following specifications. 
 

1) The temperature sensor shall have a minimum resolution of ±1°C. 
2) The temperature sensor shall have an operating range including, but not limited to, -10°C 

to 50°C. 
3) The temperature sensor shall be capable of taking two independent readings within 10 

cm of each plant’s foliage exterior. 
 
1.3.3 Application Efficiency 
 
The system shall be capable of irrigating crops within the growing zone with a field application 
efficiency greater than 90%. 
 
With this requirement in mind, we define the following specifications. 
 

1) The liquid delivery system shall be capable of supplying water to the growing zone with a 
minimum rate of 40 mL/s. 

2) The fluid distribution system shall be capable of measuring the flow rate of liquids input 
to the liquid delivery system and the flow rate liquids delivered to the end effector with a 
resolution of ±2 mL/s. 

 
1.3.4 Fertilizer Application 
 
The system shall be capable of supplying the nutrients needed to maintain plant health within 
the growing zone. With this requirement in mind, we define the following specifications. 
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1) The liquid delivery system shall be capable of supplying a user defined liquid volume of 
fertilizer to the growing zone with a minimum rate of 10 mL/s. 

 
1.3.5 Weed Extermination 
 
The system must be capable of exterminating weeds from any point in the growing zone. With 
this requirement in mind, NILE defines the following specifications. 
 

1) The system shall be capable of positioning the end effector with a resolution of ∆𝑒𝑚𝑎𝑥 =
±0.5𝑐𝑚 in the r, and z directions and a ∆θmax = ±0.145° on the θ axis with respect to the 
growing zone origin. 

2) The weed elimination system shall be capable of generating at least a 15kV pulse arc 
with a discharge energy of at least 135 mJ. 

 
1.3.6 Plant Location Determination 
 
The system shall be capable of determining the location of plant foliage, plant stems, and 
weeds within the growing zone. With this requirement in mind, we define the following 
specifications. 
 

1) The detection algorithm shall be capable of determining the position of exterior plant 
and weed foliage with a resolution of +2 cm with respect to the stereoscopic camera in 
cartesian coordinates. 

2) The detection algorithm shall correctly differentiate between plants versus weeds with 
99% identification accuracy. 

3) The detection algorithm shall inspect the growing zone a minimum of twice per 24-hour 
period as the soil requires. 

4) The detection algorithm shall complete all assessments prior to the start of the next 
inspection period. 

 
1.3.7 Ingress Protection 
 
The system shall be capable of being certified to an ingress protection level of IP55. With this 
requirement in mind, we define the following specifications. 
 

1) The system shall maintain satisfactory operation in the presence of dust after exposure 
to sunlight over the course of 5 day/night cycles. 

2) The system shall maintain satisfactory operation when subjected to pressurized water 
delivered from a nozzle with a minimum diameter of 6.3mm after exposure to sunlight 
over the course of 5 day/night cycles. 

 
1.3.8 Communication 
 
The system shall be capable of communicating soil health, and the detection of weeds to the 
end user. With this requirement in mind, we define the following specifications. 
 

1) The system shall send/receive data to and from a server through a Wi-Fi connection, 
outgoing data will be displayed to the end-user via a web-application. 
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2) The web-application shall update the sensor readings within one minute of the system 
completing measurements. 

 

2.0 System Design  
 

The NILE robot was heavily inspired by the center-pivot irrigation systems used widely in farms 
across the western United States. In a traditional center pivot irrigation system long chains of 
sprinkler gantries rotate about a central well over the course of multiple days. While significantly 
more efficient than historical irrigation techniques, this model must overcompensate most plant 
needs to account for the lowest common denominator. 
 
Our system is designed to replicate the efficient locomotion mechanism of the legacy design 
while improving plant care with precision end-effectors that travel along the gantry sections. 
Thus, instead of just wastefully watering, our system would be able to dynamically supply the 
exact amount of water and nutrients needed by the plants and eliminate weeds. An example of 
a center-pivot irrigation system and the NILE prototype design are shown below in figure 1. 
 

 
Figure 1. Center Pivot Irrigation System Alongside NILE Prototype 

 
For the purposes of this capstone the team designed, built, and tested a scale model of the 
envisioned system with a growing zone 2 meters in diameter. While this system is limited in 
scope, more suitable for backyard gardening than industrial farms, it provides a proof of 
concept that we hope will inspire larger systems. 
 

2.1 Mechanical Design 
 
To enable rapid development and increase the ease of manufacturing, the mechanical design 
was split into three modular subsystems in addition to fluid and cable management. First, the 
frame subsystem is the backbone of the robot and includes the central tower along with the 
rotational gantry. Second, the trolley sub system translates radially on the gantry and moves the 
end effector up and down. Finally, the end effector subsystem interacts directly with plants and 
weeds in the growing zone. 
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2.1.1 Frame Subsystem 
 
The frame subsystem can be divided into two main parts, the central tower and the rotating 
gantry. The central tower is mechanically simple but serves as the foundation of the whole 
robot. Constructed of 50x50 mm 80/20, t-slot extrusion the tower is topped with a stainless-
steel central axle and grounded with a heavy steel plate. In addition, it supports the waterproof 
electronics and hydraulics enclosures. The electronics enclosure contains the power supply and 
system determination computer while the hydraulics enclosure contains two solenoid valves 
and a flowmeter used to measure and control the fluid system. All this can be seen below in 
figure 2. 
 

 
Figure 2. Frame Subassembly 

 
The gantry consists of a 50x25 mm 80/20, t-slot beam supported by the central tower on one 
end and the rotational drive frame on the other. On the central tower side, bronze bushings rest 
on the tower and rotate about its axle while being attached to the gantry via custom machined 
6061 aluminum mounts. Those mounts also support the absolute encoder used to determine 
the angle of rotation and the rotational enclosure. The rotational enclosure is a custom printed 
case that houses the hardware microcontroller and its various connections in addition to the 
rotational drive motor controller. 
 
While its controller is located above the central tower, the rotational drive motor is located at the 
other end of the gantry. The motor is mounted to the gantry by means of a custom 6061 
aluminum base plate and 50x25 mm 80/20, t-slot extrusion. To rotate the gantry the motor 
drives two large wheels via a 4:1 roller chain configuration and a 100:1 gearbox. This 
configuration significantly decreases the power required to achieve stable control of the 
rotation by increasing the moment arm. Furthermore, it is highly accurate as the absolute 
encoder can detect any wheel slip and compensate accordingly. 
 

Electronics 
Enclosure 

Rotational 
Enclosure 

Hydraulics 
Enclosure 

Rotational 
Drive 

Assembly 
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2.1.2 Trolley Subsystem 
 
The trolley subsystem supports the radial and vertical translation of the system while also 
housing electronics for the end effector. The trolley consists of two 6061 aluminum mounting 
plates with high friction wheels supported between them. The radial translation is accomplished 
by driving one of the wheels with a geared DC motor and letting the others rotate freely. One of 
the freely rotating wheels measures the position of the trolley via an encoder on the shaft and 
the other is for stabilization. This setup allows the driven wheel to slip without disrupting the 
positional accuracy. Please see figure 3 below. 
 

 
Figure 3. Trolley Assembly 

 
Vertical translation is accomplished via an ultra-precision lead screw driven by a high-torque 
stepper motor. The end effector mounting shaft rides on bearings slotted into the aluminum 
extrusion tracks and ensures that it is always secure. 
 
  

Stepper 
Motor 

DC Motor 

HVEC Driver 
End-Effector 

Mounting Shaft 

Roller 
Wheels 

End-Effector 
Support PCB 

Vertical 
Translation 

Bearings 
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2.1.3 End Effector Subsystem 

 

 
Figure 4.1 End Effector Subassembly 

 
The end effector, as seen in figure 4, is small compared to the other subsystems but is perhaps 
the most critical as it allows the NILE system to interact with the environment. From top to 
bottom, the first component is the waterproof camera housing, and the Intel Realsense 
stereoscopic camera is used for the computer vision and machine learning systems. Then we 
reach the primary component, the 3D printed omnibus mount which supports the rest of the 
sensors and the High Voltage Weed Elimination Circuit (HVEC) which will be discussed further 
in section 2.2.1.1. In addition, the water and fertilizer application nozzle are built directly into the 
end effector to supply the plants with all their needs. 
 
2.1.4 Fluid Management 
 
The NILE hydraulic system supports the watering and fertilizing of all plants in the growing 
zone. To decrease the complexity of the system, it is designed to receive two pressurized inputs 
of water and liquid fertilizer. When deployed this is as simple as a hose connected to mains 
water with an inline fertilizer douser.  
 

HVEC 

Moisture Sensor 

Thermal Probe 

Nozzle Output 

Stereoscopic 
Camera 
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Figure 5. Hydraulic System Diagram 

 
Upon input, the water flow rate will be immediately sampled with a turbine style flow meter 
before entering a solenoid valve, as seen in the upper left corner of figure 5. The fertilizer input 
passes through a different solenoid valve, as seen in the lower left corner of figure 5, before 
rejoining the nozzle line through a Y-fitting. The two solenoids control access to the nozzle 
based on whether water or liquid fertilizer is desired. Finally, the last flow meter provides 
feedback used to identify leaks and calculate the field application efficiency before dispensing 
the fluid on the plants via the nozzle on the end effector. 
 
2.1.5 Cable Management 
 
Cable management is a vital part of any robotic system and is especially important for the NILE 
system due to the addition of fluid lines. The first step of the process was the development of 
enclosures capable of meeting the ingress protection specification. For the central tower this 
was as simple as selecting off the shelf enclosures. However, the complex geometry of the 
rotational enclosure and trolley necessitated custom 3d printed enclosures that were thoroughly 
painted to ensure water tightness. Both the off the shelf and custom enclosures were fitted with 
rubber gromets to allow for wires and tube to pass through without compromising ingress 
protection, as seen in figure 6.  
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Figure 6. Cable Management Overview 

 
The next step was the management of wires and tubes between the various watertight 
enclosures. This was relatively simple between the rotational enclosure and trolley in addition to 
the trolley and end effector because the motion was linear. For these interconnects, energy 
chains were chosen based on the size of components and the distance of motion. 
 
The connection from the electronics and hydraulics enclosures to the rotation enclosure was 
significantly more difficult due to the rotational motion. While slip rings were initially considered 
because they would have allowed infinite rotation, they were eventually rejected due to the cost 
and complexity. Thus, it was decided the cables would simply wrap around the central tower 
and rotation would be limited to +/- 180°. However, an industrial scale solution would likely 
benefit significantly from a slip ring implementation by placing more components inside the 
rotational enclosure. 
 
2.1.6 Structural Analysis 
 
To ensure the proper operation of the system in nominal and edge case conditions NILE 
performed structural analysis on all the critical components during the design phase. For this 
analysis two configurations were identified as having the most critical loading: the system at 
rest with the trolley in the middle of the beam and the end effector driven into the ground during 
sensing operations. Loads were calculated based on the material properties of the individual 
components from the Solidworks Material Library and the data sheets of the actuators. All 
Finite Element Analysis [FEA] simulations were conducted using the Solidworks Simulation 
software. 
 

Energy 
Chains 

Off the Shelf 
Enclosures 

Custom 
Enclosures 
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2.1.6.1 System at Rest 
 
Since the robot will be at rest for most of its life cycle, that state is critical to analyze and ensure 
stability and reliability. The four areas of concern identified for this state include the gantry 
beam, the various axles, and the stepper motor mount. 
 
To analyze the main gantry beam, NILE performed a beam Finite Element Analysis [FEA]. A 
beam analysis was ideal for this application as it allows us to simulate the complex but uniform 
cross section of the aluminum extrusion over a long distance. For the simulation, the central 
shaft mount was assumed to be a fixed support, the rotational drive assembly as a roller joint, 
and the weight of the trolley / end effector as a remote load applied to the points where the 
wheels touch the extrusion. 
 
By applying a uniform gravitational load and running the simulation, the following stress and 
displacement plots were created. These can be seen below in figures 7 and 8. 
 

 
Figure 7. Gantry Beam Stress 

 

 
Figure 8. Gantry Beam Displacement 
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As seen in figure 8, the maximum displacement is on the order of tenths of millimeters which is 
well within our positional accuracy specifications. Furthermore, the maximum combined axial 
and bending moment stresses are significantly below the yield strength of the material. 
 
Next, a finite element analysis was performed on the stepper motor mount to ensure it will be 
able to withstand the weight of the third link. For this analysis, the motor mount and the sheet 
metal baseplate share a no-interference bond and pre-torqued bolts fixing them together. In 
addition, the baseplate is fixed with foundation bolts and a virtual wall. Furthermore, the 3D 
printed mount was meshed as tetrahedral elements and the baseplate was modeled as shell 
element body. 
 
To simulate the load, a remote distributed mass corresponding to link three was applied to the 
surface of the motor mount and gravity applied to the whole model. 3D printed parts are difficult 
to model as the many layers and infill patterns are not easily defined in FEA. For this analysis 
NILE assumed the motor mount was homogeneous ABS as the loading is in compression and 
will be printed with near 100% infill. 
 

 
Figure 9. Motor Mount Gravitational Stress and FOS 

 
As can be seen in figure 9 above, the stresses in the parts are minimal with the lowest safety 
factors being due to the pre-torque as opposed to the load itself. 
 

2.1.6.2 End Effector Driven into Ground 
 
The second load condition NILE analyzed was the end effector being pressed into the ground by 
the stepper motor/lead screw. The first step of the process was to determine if the maximum 
force exerted by the stepper motor was greater than the weight of the trolley assembly. 
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The maximum pushing force that the stepper motor can supply through the lead screw can be 
derived by solving the power screw mechanics equation as presented in Shigleys [9 page 402]. 
 

𝐹𝑝𝑢𝑠ℎ =
2 × 𝑇𝑙𝑜𝑤𝑒𝑟

𝐷𝑝𝑖𝑡𝑐ℎ × (
𝜋 × μ × 𝐷𝑝𝑖𝑡𝑐ℎ − 𝐿Lead

𝜋 × 𝐷𝑝𝑖𝑡𝑐ℎ + μ × 𝐿Lead
)

 =  41.35 N 

 
Then, the force of gravity applied on the gantry by link two is given by the following. 
 

𝐹𝑔𝑟𝑎𝑣 = 𝑊𝑙𝑖𝑛𝑘2 × 9.81
𝑚

𝑆2
= 52.01 N 

 
As seen from the equations above 𝐹𝑝𝑢𝑠ℎ < 𝐹𝑔𝑟𝑎𝑣. Therefore, the sensing operation does not have 

a significant impact on the loading of the rest of the system. Given that, the next step was to 
analyze the components it does effect: end effector, translational support beams, lead screw, 
and motor mount. 
 
To analyze the end effector, NILE did not incorporate the sensors or HVEC in the analysis as 
those non-3D printed parts would experience relatively low insertion forces. Instead, NILE 
focused on the 3D printed end effector mounting part and the nozzle. 
 
As the lowest, large flat surface on the end effector the load found above is applied evenly 
across the nozzle surface. The nozzle is attached to the mounting part by a no-interference 
bond and pre-torqued bolts and the mounting part is fixed using four foundation screws and five 
virtual walls representing the aluminum extrusion support beam. 
 
As mentioned previously, 3D printed parts are difficult to model and, as the parts will be 
experiencing significant cantilever loading, the results of this simulation must be critically 
examined. 
 

 
Figure 10. End-Effector Stress 
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Fortunately for this analysis, the loading is low enough that the components do not experience 
significant stresses and most of the geometry has a factor of safety greater than 5. 
Furthermore, the areas with the highest stresses appear to be stress concentrations linked to 
the screw pre-torques as seen in figure 10 above. 
 
With the end effector confirmed to be strong enough, the next components to model are the two 
support beams that allow for the vertical translation. The response of these components is 
somewhat difficult to model because of their large size and the complex interactions of the lead 
screw and linear bearings. 
 
To simulate these interactions in FEA, both beams were modeled with beam elements. The 
static beam has one fixed end, representing its mounting point, with the other end rigidly 
attached to the translating beam, representing the bearing connection. The translating beam 
will have an addition fixture in the vertical direction representing the lead screw nut. 

 
Modeling the upward pushing force as a rigid, remote load and running the simulation, the 
following stress and displacement plots were created. 
 

 
 

Figure 11. Vertical Translational Beam Stress and Displacements 

 
As can be seen in figure 11 above, the maximum combined axial and bending moment stresses 
are significantly below the strength of the aluminum and the maximum displacement is roughly 
0.1mm, well within our accuracy specifications. 
 
To ensure the lead screw could survive the compressive thrust load one could start from a basic 
machine design analysis to calculate the maximum stress at the roots of the screw threads. 
However, the plastic lead nut is more likely component to fail and the stainless-steel lead screw. 
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The lead nut is rated by the manufacturer to withstand up to 111 N of dynamic thrust load which 
is far more than the 41N the stepper can apply. 
 
The final assembly to model is the motor mount and base plate discussed previously. For this 
analysis the components have been meshed and fixed in the same way. Here, the upwards 
force calculated above is applied to the screw holes that secure the motor to the mount as the 
force will be transmitted through the lead screws to the motor itself. 
 

 
Figure 12. Motor Mount Stress and FOS 

 
As can be seen in figure 12 above the sheet metal base plate is experiencing significantly more 
loading than the simple gravitational load case but the stresses are still well withing the factors 
of safety for both materials. Thus, with the design verified the next step was to determine the 
system kinematics. 
 
2.1.7 System Kinematics 
 
Given the detailed design of the robotic system, the next step was to derive its kinematic 
properties so that it may be controlled. This section will show the derivation of the forward, 
velocity, and inverse kinematics of the robot and the control systems that take advantage of the 
derivation will be discussed further in section 2.3.3. 
 
Throughout the rest of this section and the document, NILE will refer to links one, two, and three 
on the robot. The links are separate from the major assemblies defined above as they are 
defined for mechanical and kinematic analysis. From left to right, figure 13 below defines Links 
one, two, and three from left to right. 
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Figure 13. Robot Chassis Links 

 

2.1.7.1 Forward Kinematics 
 
Forward kinematics concern the mapping of joint space coordinates into task space 
coordinates. Given the linkages defined above in figure 13, we define four generalized, joint 
space, coordinates as follows. 
 

𝛾 = [𝜃1 𝑑2 𝑑3 𝜃4]
𝑇 

 
In the above equation 𝜃1 is the rotation of link one about the central tower, 𝑑2 is the translation 
of link two along the gantry, 𝑑3 is the vertical translation of link 3, and 𝜃4 is the rotation of the 
wheels. Because 𝜃1 and 𝜃4 are not independent we must define the following kinematic 
relationship to solve. This assumes no slip or deformation in the rotational drive wheels, which 
is not entirely realistic but will be sufficient for this analysis. 
 

𝜃4 = 𝜃1

𝑟𝐿
𝑟𝑊

𝑁2

𝑁1
 

 
Given the fully defined generalized coordinates, the next step was to find the position vectors of 
each linkage’s frame relative to that of the next linkage based on the mechanical model. 
 

𝑅1 𝐼
𝐼 = [

0
0

1425𝑒 − 3
] (𝑚) 

 

𝑅𝑊ℎ𝑒𝑒𝑙𝐴 1
1 = [

143.305826𝑒 − 3
1095.9432𝑒 − 3

−944.561165𝑒 − 3
] (𝑚) 

 

𝑅𝑊ℎ𝑒𝑒𝑙𝐵 1
1 = [

−143.305826𝑒 − 3
1095.9432𝑒 − 3

−944.561165𝑒 − 3
] (𝑚) 

Link 1 Link 2 Link 3 
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𝑅2 1
1 = [

0
227.5𝑒 − 3 + 𝑑2

0
] (𝑚) 

 

𝑅3 2
2 = [

0
0

−577.5𝑒 − 3 − 𝑑3

] (𝑚) 

 
We also define the position vectors from frame three to the various end effector components. 
 

𝑅𝑁𝑜𝑧𝑧𝑙𝑒 3
3 = [

−40𝑒 − 3
0

−30𝑒 − 3
] (𝑚) 

 

𝑅𝐻𝑉𝐸𝐶  3
3 = [

0
0

−65
] (𝑚) 

 

𝑅𝑇𝑒𝑚𝑝 3
3 = [

−67.5𝑒 − 3
25𝑒 − 3

−80𝑒 − 3
] (𝑚) 

 

𝑅𝐶𝑎𝑚𝑒𝑟𝑎  3
3 = [

110.35𝑒 − 3
0

25𝑒 − 3
] (𝑚) 

 
Next, we define the transformation matrices that describe the orientation of each frame relative 
to the previous frame. Note, 𝐼 refers to the identity matrix. 
 

𝑇1
𝐼 = [

cos 𝜃1 −sin𝜃1 0
sin 𝜃1 cos 𝜃1 0

0 0 1
] 

 
𝑇2

1 = 𝐼3 
 

𝑇3
2 = 𝐼3 

 

𝑇𝑊ℎ𝑒𝑒𝑙
1 = [

cos 𝜃1 0 sin 𝜃1

0 1 0
− sin𝜃1 0 cos 𝜃1

] 

 
Then, the orientation of frames two and three can be expressed relative to the internal frame as 
follows. 
 

𝑇2
𝐼 = 𝑇1

𝐼𝑇2
1 

 
𝑇3

𝐼 = 𝑇2
𝐼𝑇3

2 
 
Finally, using properties of matrix multiplication we can find the forward kinematic equations for 
each joint and end effector as follows. 



   
 

4/29/2022 Novel Irrigation and Land use Efficiency 23 

 

𝑅2 𝐼
𝐼 = 𝑅1 𝐼

𝐼 + 𝑇1
𝐼 [

0
227.5𝑒 − 3 + 𝑑2

0
] (𝑚) 

 

𝑅3 𝐼
𝐼 = 𝑅2 𝐼

𝐼 + 𝑇2
𝐼 [

0
0

−577.5𝑒 − 3 − 𝑑3

] (𝑚) 

 

𝑅𝑀𝑜𝑖𝑠𝑡  𝐼
𝐼 = 𝑅3 𝐼

𝐼 + 𝑇3
𝐼 [

67.5𝑒 − 3
17.5𝑒 − 3
−80𝑒 − 3

] (𝑚) 

 

𝑅𝐻𝑉𝐸𝐶  𝐼
𝐼 = 𝑅3 𝐼

𝐼 + 𝑇3
𝐼 [

0
0

−65𝑒 − 3
] (𝑚) 

 

𝑅𝑇𝑒𝑚𝑝 𝐼
𝐼 = 𝑅3 𝐼

𝐼 + 𝑇3
𝐼 [

−67.5𝑒 − 3
17.5𝑒 − 3
−80𝑒 − 3

] (𝑚) 

 

𝑅𝑁𝑜𝑧𝑧𝑙𝑒 𝐼
𝐼 = 𝑅3 𝐼

𝐼 + 𝑇3
𝐼 [

−40𝑒 − 3
0

30𝑒 − 3
] (𝑚) 

 

𝑅𝐶𝑎𝑚𝑒𝑟𝑎  𝐼
𝐼 = 𝑅3 𝐼

𝐼 + 𝑇3
𝐼 [

110.35𝑒 − 3
0

25𝑒 − 3
] (𝑚) 

 
𝑅𝑊ℎ𝑒𝑒𝑙𝐴 𝐼

𝐼 = 𝑅𝑊ℎ𝑒𝑒𝑙𝐴 1
1 + 𝑇1

𝐼 𝑅𝑊ℎ𝑒𝑒𝑙𝐴 1
1  

 
𝑅𝑊ℎ𝑒𝑒𝑙𝐵 𝐼

𝐼 = 𝑅𝑊ℎ𝑒𝑒𝑙𝐵 1
1 + 𝑇1

𝐼 𝑅𝑊ℎ𝑒𝑒𝑙𝐵 1
1  

 
Given the above equations we can map joint space coordinates to task space coordinates and 
will also be able to calculate the velocity kinematics in the next section. 
 

2.1.7.2 Velocity Kinematics 
 
Velocity kinematics describe how joint velocities of the affect the linear and angular velocity of 
the end-effector. The NILE robot has a cylindrical configuration thus the velocity kinematics are 
relatively straight forward. For example, the angular velocity and the rate of change of the 
orientation of the first frame, second frame, and third frame are all equal because there is only 
one rotational joint. Furthermore, the only difference between the second and third frame is a 
component appearing in the z position. 
 
Due to the similarities between the first, second, and third frames we will focus on frame three 
in our derivation below because it also describes the velocities of the end effector. First, we find 
the angular velocity of frame three relative to the inertial frame measured in frame three to be 
as follows. 
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𝜔𝐼3
3 =

[
 
 
 
 

0
0

𝑅𝑊�̇�4 cos (
𝑅𝑊𝜃4
𝑅𝐿 )

2

𝑅𝐿
+

𝑅𝑊�̇�4 sin (
𝑅𝑊𝜃4
𝑅𝐿 )

2

𝑅𝐿 ]
 
 
 
 

 

 
Below we find the vector that describes the velocity of frame three relative to the inertial frame 
 

�̇�3𝐼
𝐼 =

[
 
 
 
 
 
 
−�̇�2 sin (

𝑅𝑊𝜃4

𝑅𝐿
) −

𝑅𝑊�̇�4 cos (
𝑅𝑊𝜃4
𝑅𝐿 ) (𝑑2 + 0.23)

𝑅𝐿

−�̇�2 cos (
𝑅𝑊𝜃4

𝑅𝐿
) −

𝑅𝑊�̇�4 sin (
𝑅𝑊𝜃4
𝑅𝐿 ) (𝑑2 + 0.23)

𝑅𝐿
�̇�3 ]

 
 
 
 
 
 

 

 
Then, we have the matrix that describes the rate of change of the orientation of frame three 
below. 
 

𝜔𝐼𝑤
𝑤 =

[
 
 
 
 
 −

𝑅𝑊�̇�4sin (𝜃4)

𝑅𝐿
�̇�4

−
𝑅𝑊�̇�4cos (𝜃4)

𝑅𝐿 ]
 
 
 
 
 

 

 
Moving away from link three, we also calculated the angular velocity of the wheel frames 
relative to the inertial frame measured in the wheel frame below. 
 

𝜔𝐼𝑤
𝑤 =

[
 
 
 
 
 −

𝑅𝑊�̇�4sin (𝜃4)

𝑅𝐿
�̇�4

−
𝑅𝑊�̇�4cos (𝜃4)

𝑅𝐿 ]
 
 
 
 
 

 

 
Then, we calculate the vector that describes the velocity of each wheel relative to the inertial 
frame. 
 

�̇�𝑊𝐴𝐼
𝐼 =

[
 
 
 
 
 
−

𝑅𝑊�̇�4 (1.0959)cos (
𝑅𝑊𝜃4
𝑅𝐿 )

𝑅𝐿
+

(0.1433)𝑅𝑊 sin (
𝑅𝑊𝜃4
𝑅𝐿 )

𝑅𝐿

𝑅𝑊�̇�4 (0.1433)cos (
𝑅𝑊𝜃4
𝑅𝐿 )

𝑅𝐿
−

(1.0959)𝑅𝑊 sin (
𝑅𝑊𝜃4
𝑅𝐿 )

𝑅𝐿
0 ]
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�̇�𝑊𝐵𝐼
𝐼 =

[
 
 
 
 
 
−

𝑅𝑊�̇�4 (1.0959)cos (
𝑅𝑊𝜃4
𝑅𝐿

)

𝑅𝐿
−

(0.1433)𝑅𝑊 sin (
𝑅𝑊𝜃4
𝑅𝐿

)

𝑅𝐿

−
𝑅𝑊�̇�4 (0.1433)cos (

𝑅𝑊𝜃4
𝑅𝐿

)

𝑅𝐿
+

(1.0959)𝑅𝑊 sin (
𝑅𝑊𝜃4
𝑅𝐿

)

𝑅𝐿
0 ]

 
 
 
 
 

 

 
Finally, we find the matrix that describes the rate of change of the orientation of the wheels 
below before moving on the inverse kinematics in the following section. 
 

�̇�𝑤
𝐼 = 

[
 
 
 
 
 
 
−

�̇�4 cos (
𝑅𝑊𝜃4
𝑅𝐿

)

𝑅𝐿
sin(𝜃4) +

𝑅𝑊 sin (
𝑅𝑊𝜃4
𝑅𝐿

) cos (𝜃4)

𝑅𝐿
−

𝑅𝑊�̇�4 cos (
𝑅𝑊𝜃4
𝑅𝐿

)

𝑅𝐿

�̇�4 cos (
𝑅𝑊𝜃4
𝑅𝐿

)

𝑅𝐿
cos(𝜃4) −

𝑅𝑊 sin (
𝑅𝑊𝜃4
𝑅𝐿

) sin (𝜃4)

𝑅𝐿

−
�̇�4 sin (

𝑅𝑊𝜃4
𝑅𝐿

)

𝑅𝐿
sin(𝜃4 −

𝑅𝑊 cos (
𝑅𝑊𝜃4
𝑅𝐿

) cos (𝜃4)

𝑅𝐿
−

𝑅𝑊�̇�4 sin (
𝑅𝑊𝜃4
𝑅𝐿

)

𝑅𝐿
0

−�̇�4cos (𝜃4) 0 −�̇�4sin (𝜃4 ]
 
 
 
 
 
 

 

 

2.1.7.3 Inverse Kinematics 
 
Inverse kinematics are the opposite of forward kinematics and concern the mapping of task 
space coordinates into joint space coordinates. The NILE system has multiple sensors on the 
end effector so we will describe 5 inverse kinematic solutions below. 
 
First, we calculated the inverse kinematics for the camera and visualized its position in the x-y 
plane in figure 14 below. 
 

 
Figure 14. Camera Inverse Kinematics 
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𝜑 = −𝑎𝑡𝑎𝑛2(𝑥𝐶𝑎𝑚𝑒𝑟𝑎, 𝑦𝐶𝑎𝑚𝑒𝑟𝑎) 
 

𝜃𝐶𝑎𝑚𝑒𝑟𝑎 = 𝑎𝑟𝑐𝑠𝑖𝑛

(

 
110.35𝑒 − 3𝑚

√𝑥2
𝐶𝑎𝑚𝑒𝑟𝑎 + 𝑦2

𝐶𝑎𝑚𝑒𝑟𝑎)

  

 
𝜃1 = 𝜑 + 𝜃𝐶𝑎𝑚𝑒𝑟𝑎 

 

𝑑2 = (√𝑥2
𝐶𝑎𝑚𝑒𝑟𝑎 + 𝑦2

𝐶𝑎𝑚𝑒𝑟𝑎) cos𝜃𝐶𝑎𝑚𝑒𝑟𝑎 − 227.5𝑒 − 3𝑚 

 
𝑑3 = 872.5𝑒 − 3𝑚 − 𝑧𝐶𝑎𝑚𝑒𝑟𝑎 

 
Next, we calculated the inverse kinematic equations for the nozzle which follows the same 
format as the camera. 
 

𝜑 = −𝑎𝑡𝑎𝑛2(𝑥𝑁𝑜𝑧𝑧𝑙𝑒 , 𝑦𝑁𝑜𝑧𝑧𝑙𝑒) 
 

𝜃𝑁𝑜𝑧𝑧𝑙𝑒 = 𝑎𝑟𝑐𝑠𝑖𝑛

(

 
40𝑒 − 3𝑚

√𝑥2
𝑁𝑜𝑧𝑧𝑙𝑒 + 𝑦2

𝑁𝑜𝑧𝑧𝑙𝑒)

  

 
𝜃1 = 𝜑 − 𝜃𝑁𝑜𝑧𝑧𝑙𝑒 

 

𝑑2 = (√𝑥2
𝑁𝑜𝑧𝑧𝑙𝑒 + 𝑦2

𝑁𝑜𝑧𝑧𝑙𝑒) cos 𝜃𝑁𝑜𝑧𝑧𝑙𝑒 − 227.5𝑒 − 3𝑚 

 
𝑑3 = 817.3𝑒 − 3𝑚 − 𝑧𝑁𝑜𝑧𝑧𝑙𝑒 

 
Then, we find the inverse kinematic equations for the moisture sensor. Again, with the same 
format. 
 

𝜑 = −𝑎𝑡𝑎𝑛2(𝑥𝑀𝑜𝑖𝑠𝑡, 𝑦𝑀𝑜𝑖𝑠𝑡) 
 

𝜃𝑀𝑜𝑖𝑠𝑡 = 𝑎𝑟𝑐𝑠𝑖𝑛 

(

 
67.5𝑒 − 3𝑚

√𝑥2
𝑀𝑜𝑖𝑠𝑡 + 𝑦2

𝑀𝑜𝑖𝑠𝑡)

  

 
𝜃1 = 𝜑 + 𝜃𝑇𝑒𝑚𝑝 

 

𝑑2 = (√𝑥2
𝑀𝑜𝑖𝑠𝑡 + 𝑦2

𝑀𝑜𝑖𝑠𝑡) cos 𝜃𝑀𝑜𝑖𝑠𝑡 − 245𝑒 − 3𝑚 

 
𝑑3 = 767.5𝑒 − 3𝑚 − 𝑧𝑀𝑜𝑖𝑠𝑡 
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Then, the temperature sensor inverse kinematics with the same format. 
 

𝜑 = −𝑎𝑡𝑎𝑛2(𝑥𝑇𝑒𝑚𝑝, 𝑦𝑇𝑒𝑚𝑝) 

 

𝜃𝑇𝑒𝑚𝑝 = 𝑎𝑟𝑐𝑠𝑖𝑛 

(

 
67.5𝑒 − 3𝑚

√𝑥2
𝑇𝑒𝑚𝑝 + 𝑦2

𝑇𝑒𝑚𝑝)

  

 
𝜃1 = 𝜑 − 𝜃𝑇𝑒𝑚𝑝 

 

𝑑2 = (√𝑥2
𝑇𝑒𝑚𝑝 + 𝑦2

𝑇𝑒𝑚𝑝) cos 𝜃𝑇𝑒𝑚𝑝 − 252.5𝑒 − 3𝑚 

 
𝑑3 = 767.5𝑒 − 3𝑚 − 𝑧𝑇𝑒𝑚𝑝 

 
Finally, we calculate the HVEC inverse kinematic equations which have a slightly simpler format 
than the previous examples because it is vertically in line with frame three. It is visualized in 
figure 15 and described by the equations below. 
 

 
Figure 15. HVEC Inverse Kinematics 

 
𝜃1 = −𝑎𝑡𝑎𝑛2(𝑥𝐻𝑉𝐸𝐶 , 𝑦𝐻𝑉𝐸𝐶) 

 

𝑑2 = (√𝑥2
𝐻𝑉𝐸𝐶 + 𝑦2

𝐻𝑉𝐸𝐶) − 227.5𝑒 − 3𝑚 

 
𝑑3 = 782.5𝑒 − 3𝑚 − 𝑧𝐻𝑉𝐸𝐶 
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2.1.8 Equations of Motion 
 
Given the system mass and inertial properties from the Solidworks model and the kinematic 
equations from the previous section we could calculate the robot’s equations of motion. To do 
this we utilized the Newton-Euler method which describes the equations of motion where 𝛾 is 
the set of generalized coordinates. 
 

𝐻(𝛾)�̈� + 𝑑(𝛾)�̇� + 𝐺(𝛾) = 𝐹𝛾 

 
The first variable, H(γ), is the system mass matrix and is listed below. Note that some large 
constants and expressions are shown as single variables in the matrix to increase readability. 
 

𝐻(𝛾) =

[
 
 
 
 𝑚1 + 𝑚2 0

𝑟𝑊(𝐺𝑎𝑚2𝑥 + 𝐺𝑎𝑚3𝑥)

𝑟𝐿
0 𝑚3 0

𝑟𝑊(𝐺𝑎𝑚2𝑥 + 𝐺𝑎𝑚3𝑥

𝑟𝐿
0 𝐻33 ]

 
 
 
 

 

 
𝐻33 = 

𝑓1 + (𝑠𝑖𝑛(𝜃4)𝑓2 − 𝑐𝑜𝑠(𝜃4)𝑓2)𝑅𝐿 ∙ 𝑅𝑊 + 𝑚𝑊𝑥6𝑅𝑊2 + 𝑘5𝑓3 + 𝐺𝑎𝑚𝑊𝑦 ∙ 𝑘2 + 𝑘1𝑓4 + 𝑘3𝑓4 + 𝑘4𝑓5 
 

𝑓1 = (𝐽𝑊𝑦𝑦 ∙ 𝑥4 ∙ 𝑅𝐿2) 
𝑓2 = (𝐺𝑎𝑚𝑊𝑥 ∙ 𝑥2 − 𝐽𝑊𝑥𝑦 ∙ 𝑥7) 
𝑓3 = (𝐺𝑎𝑚𝑊𝑧 ∙ 𝑥2 − 𝐽𝑊𝑥𝑦 ∙ 𝑥7) 

𝑓4 = (𝑚2 + 𝑚3) 
𝑓5 = (𝐺𝑎𝑚2𝑦 + 𝐺𝑎𝑚3𝑦 + 𝑑2𝑚2 + 𝑑2𝑚3) 

𝑓6 = (𝐽1𝑧𝑧 + 𝐽2𝑧𝑧 + 𝐽3𝑧𝑧 + 𝑑2
2𝑚2 + 𝑑2

2𝑚3) 

𝑓7 = ((𝐽𝑊𝑧𝑧 − 𝐽𝑊𝑥𝑥)(𝑐𝑜𝑠(𝜃4))
2 + 𝐽𝑊𝑥𝑥 + 𝐺𝑎𝑚2𝑦 ∙ 𝑑2 + 𝐺𝑎𝑚3𝑦 ∙ 𝑑2 − 𝐽𝑊𝑥𝑧 𝑠𝑖𝑛(2𝜃4)) 

 
𝑘1 = 𝑅𝑊2𝑥1 

𝑘2 = 𝑅𝑊2𝑥2 

𝑘3 = 𝑅𝑊2𝑥3 

𝑘4 = 𝑅𝑊2𝑥4 

𝑘5 = 𝑅𝑊2𝑥5 

 

𝑥1 =2884285410699290357225448803192012800000 
𝑥2 =27785461105920929370806398484480000000000 
𝑥3 =6338253001141147007483516026880000000000 
𝑥4 =12676506002282294014967032053760000000000 
𝑥5 =328130729748204767489753183095139336192 

𝑥6 =15485975402083386940193234943429541015625 
𝑥7 =25353012004564588029934064107520000000000 

 
The Coriolis and Centripetal vector, d(γ), is the second variable and has been listed below. 
Again, some large constants and expressions are shown as single variables. 
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𝑑(𝛾) =

[
 
 
 
 𝑟𝑊

2�̇�4
2
(100000(𝐺𝑎𝑚2𝑦 + 𝐺𝑎𝑚3𝑦) + 22753(𝑚2 + 𝑚3) + 100000(𝑑2𝑚2 + 𝑑2𝑚3))

100000𝑟𝐿
2

0
𝑑(3) ]

 
 
 
 

 

 
𝑑(3) = 

𝑘3(𝑘1𝑥1𝑓1 + 𝑑2𝑘1𝑥1𝑓2 + 𝑘2 cos(𝜃4) 𝑓3 + 𝑘2 sin(𝜃4)𝑓4 + 𝑘1𝑥2𝑓2 − 𝐽𝑊𝑥𝑧𝑘3𝑥1 cos(2𝜃4) +𝑘3𝑥4𝑓4 sin(2𝜃4))

𝑅𝐿2𝑥4
 

 
𝑓1 = 𝐺𝑎𝑚2𝑦 + 𝐺𝑎𝑚3𝑦 

𝑓2 = (𝑚2 + 𝑚3) 
𝑓3 = (𝐺𝑎𝑚𝑊𝑥 ∙ 𝑥3 − 𝐽𝑊𝑥𝑦 ∙ 𝑥1) 
𝑓4 = (𝐺𝑎𝑚𝑊𝑧 ∙ 𝑥3 − 𝐽𝑊𝑦𝑧 ∙ 𝑥1) 

𝑓5 = (𝐽𝑊𝑥𝑥 − 𝐽𝑊𝑧𝑧) 
 

𝑘1 = 𝑅𝑊�̇�2 
𝑘2 = 𝑅𝐿�̇�4 
𝑘3 = 𝑅𝑊�̇�4 

 
𝑥1 = 14073748835532800000 
𝑥2 = 3202200072548777984 
𝑥3 = 14073748835532800000 
𝑥4 = 7036874417766400000 

 
Finally, the vector of generalized gravitational forces, 𝐺(𝛾), is shown below. 
 

𝐺(𝛾) = [

0
−9.81𝑚3

−20 ∙ 𝐺𝑎𝑚𝑊𝑥 cos(𝜃4) − 20 ∙ 𝐺𝑎𝑚𝑊𝑧 sin(𝜃4)
] 

 
Thus, with equations of motion fully defined, we conclude the mechanical design section of this 
document. In the following section we will discuss the electrical design that powers the robot. 
 

2.2 Electrical Design 
 
NILE’s electrical system was designed to support all the power and data distribution needs of 
the robot. From the conceptual design process, we knew that the robot would have a fixed point 
from which we could access 120 VAC mains power. Furthermore, we would need to power three 
motors, the combination of two fluid lines, three soil sensors, the HVEC, and whatever other 
components would be needed to control the robot. 
 
To ease integration and replicate an industrial scale implementation of the NILE system, the 
electrical design was split into three major subsystems. First, the central tower subsystem 
contains the main power supply in addition to the system determination computer and the 
hardware microcontroller. Then, the trolley subsystem contains the HVEC and stepper drivers in 
addition to the trolley PCB which amalgamates sensor data. Finally, the end effector sub 
effector contains the soil sensors, HVEC, and stereoscopic camera. In an industrial system the 
exact configuration would follow a similar pattern to take advantage of the economies of scale 
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from multiple, independent trolleys. In the following sections we will discuss the power 
regulation and distribution through the system in addition to the data flow through the various 
sensors and computers.  
 
2.2.1 Power Distribution 
 
 

Figure 16. Power Flow Diagram 
 

As depicted in figure 16, the robot primarily operates off a 24V, 25A, 600W DC power supply 
which is powered by mains. This voltage is split amongst four fuses to safely power the 
regulators, motors, and HVEC. This ensures that the power supply and components will be kept 
safe in the event of a short circuit. Three voltage levels are used through the system, 24V, 12V, 
and 5V. 24V is used to power the regulators, the trolley motor, vertical stepper motor, and HVEC. 
12V is used to power the wheel motor and solenoids. Finally, 5V is used for the System 
Determination Computer (SDC), Hardware Microcontroller (HM), and most miscellaneous digital 
sensors. All circuits within the robot operate from common ground for safety and electrical 
simplicity. 
 

2.2.1.1 High-Voltage Elimination Circuit 
 
To eliminate weeds, the NILE Robot generates a high-voltage arc through a flyback transformer.  
Due to their low impedance at high frequencies, flyback transformers operated at resonance 
(around 10-100kHz) can produce an incredibly large voltage at their secondaries. The NILE 
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Robot uses a Zero-Voltage Switching (ZVS) driver to produce such a frequency, where two 
MOSFETs oscillate in an astable multivibrator configuration. This configuration, displayed in 
figure 17, drives a large current into the primary coil of the transformer, which is reflected as an 
incredibly large voltage on the secondary. With our prebuilt driver, we estimated voltages as 
high as 120kV on the secondary, as we could draw 4cm arcs under air’s breakdown voltage of 
30kV/cm. 
 

 
Figure 17. High-Voltage Elimination Circuit 

 

2.2.1.2 Power Budget 
 
The NILE Robot’s power supply can provide sufficient power in all cases. In the impossible case 
that all subsystems are running, only 89% of the supply’s maximum rating is used. This is an 
impossible case as the software only allows one motor/stepper to be running at any time. 
Additionally, the HVEC can only turn on if no motors are running. Therefore, this comprehensive 
case demonstrates that the system will always have sufficient power. Figure 18 lists power 
requirements of each electrical subsystem. 
 

 
Figure 18. Maximum Potential Power Consumption 

Device Voltage (V) Maximum Current (A) Power (W)

Main Power Supply 24.00 25.00 600.00

Vertical Stepper Motor/Driver 24.00 3.20 76.80

Trolley Motor/Driver 24.00 5.20 124.80

HVEC 24.00 5.00 120.00

24V-12V Buck Regulator 12.00 30.00 360.00

Wheel Motor/Driver 12.00 15.00 180.00

Water Solenoid 12.00 0.45 5.40

Total Consumption 15.45 185.40

% of Maximum Device Rating 52% 52%

Input Side Consumption @ 95% Efficiency 24.00 8.13 195.16

24V-5V Buck Regulator 5.00 5.00 25.00

NVIDIA Jetson Nano 5.00 2.00 10.00

Arduino Mega 5.00 0.20 1.00

Total Consumption 2.20 11.00

50% Variance from PCB Components 3.30 16.50

% of Maximum Device Rating 66% 66%

Input Side Consumption @ 90% Efficiency 24 0.76 18.33

Total Consumption 17.30 535.09

% of Maximum Power Supply Rating 69% 89%

Power Budget | Everything Running
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2.2.1.3 Power Box 
 
A waterproof enclosure mounted to the side of the central spire contains all critical power 
supply systems. Inside is the 24V power supply which routes through a fuse box. This splits off 
supply voltage in four separate lines, one for the HVEC, one for trolley drivers, one for the 12V 
buck regulator, and one for the 5V regulator. By using fuses, there is an additional safety against 
short circuits, as high current devices such as the HVEC and motors can get their own fuse. 
These external lines all route out of the power box through a waterproof insert. Mains power is 
brought to the power supply through an external waterproof IEC C14 plug. This plug contains a 
switch which allows for external power to be shut off quickly.  
 
Additionally, the power box shown in figure 19 contains the Jetson Nano. It is powered by a 
24V->5V buck regulator which resides next to it. The Jetson is connector to the Arduino and 
RealSense camera through two USB cables that also route out of a waterproof insert. 
 

 
Figure 19. Power Box Layout 

  
2.2.2 Data Distribution 
 
Data interfacing throughout the robot is done primarily through two PCBs, the Hardware and 
Trolley PCBs, as shown in Figure 20 below. These boards interface through ribbon cable 
harnesses and pass sensor/driver information to and from the HM. Digital (I2C, SPI) signal lines 
are brought into each board through JST-XH connectors. In principle, this was done to keep 
integration speedy but in hindsight, these connectors broke easily and were time-consuming to 
crimp. Regardless, this set up allowed for succinct data transfer, allowing the SDC to control the 
HM (and by proxy, the entire robot) via ROS. 
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Figure 20. Data Flow Diagram 

 

2.2.2.1 Hardware PCB 
 
To interface with the full system, the Hardware Microcontroller uses a custom PCB shield. It 
contains several JST-XH connectors to connect to the system’s many harnesses in an 
organized manner. Two low-side MOSFETs are present on the board to drive the fluid solenoids. 
A screw terminal powers the board with 5V power from the 24->5V buck regulator, reducing the 
power load on the USB-connected Jetson. Finally, there are three status LED lights forming the 
colors of the NILE logo as depicted below in figure 21. A yellow light indicates power, green light 
indicates I2C SDA status, and the blue light is a user definable PWM. 
 

 
Figure 21. Hardware PCB 
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2.2.2.2 Rotational Enclosure Electronics 
 
The rotational enclosure provides a waterproof space for the HM and assorted sensors/drivers. 
Near the central axis of the robot is an AMT203-V absolute encoder which records the gantry’s 
rotational displacement. It connects over SPI into the HM and provides a sufficient 4096-count 
resolution.  The limit switch for aligning the trolley is placed on the exterior of the enclosure and 
routes to the HM. To reduce the long wires going to the wheel motor to just two, its BTS7960 
motor driver is placed here. This driver runs off the 12V power line and takes in PWM from the 
HM. Finally, an opto-isolated relay allows the HM to control 24V power to the HVEC. This full 
setup can be seen in figure 22 below. 
 

 
Figure 22. Rotational Enclosure Electronics 

 

2.2.2.3 Trolley Electronics 
 
The trolley is the most electrically complex section of the robot as it must be mobile while 
supporting all drivers and sensors. An image of the trolley PCB interfacing with assorted trolley 
systems is displayed in figure 23. Power and data cables route in through waterproof inserts. 
This includes the 24V motor line which powers the vertical stepper through a DM452T driver as 
well as the trolley motor through a BTS7960 driver. The HVEC 24V line is run to the ZVS driver 
within the trolley, with its ground return path leading back to its relay. All cables from the HM are 
routed into the Trolley PCB, which acts to conglomerate all trolley peripherals. This board again 
uses JST-XH connectors for all interfaces with emphasis on keeping long-distance signals as 
digital transmissions for noise reduction. Leaning into this, an AD7995 10 Bit ADC is used on the 
board to digitize temperature and moisture data over the I2C line. Encoder values from the 
HEDS-5640 are decoded through the LS7184N quadrature clock converter IC for easier reading. 
 

Absolute Rotary 
Encoder 
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Figure 23. Trolley PCB Interfacing with Assorted Trolley Systems 

 
Throughout integration, this end of the robot received a lot of attention as the long ribbon cables 
were subject to attenuation and interference. To help this, capacitors were added on select 
digital lines to filter out noise. Ensuring that the sensor systems receive adequate 5V power, an 
additional 24V->5V buck regulator is used, running off the 24V motor line, seen in figure 24. 
 

 
Figure 24. Capacitive Noise Reduction on the Stepper Driver Lines 

 

2.2.2.4 End Effector Electronics 
 
As the main sensor package of the robot, the end-effector contains a thermistor temperature 
sensor and a capacitive moisture sensor. These route into the Trolley PCB, being digitized via 
the onboard ADC. High voltage wires from the HVEC route down to their prongs on the end-
effector to produce an arc. 
 

2.3 Software Design  
 
Due to our goal of creating a completely autonomous system capable of caring for plants from 
sow to harvest, the NILE software design is exceptionally complex. First, the is a significant 
amount of low level I/O operations required to interface with sensors and control drivers. 
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Second, computer vision and machine learning operations to enable autonomy would require 
significant computational power. Due to these separate focus areas, we implemented two 
separate processing units: the Hardware Microcontroller (HM) and the System Determination 
Computer (SDC). 
 
The HM is an Arduino Mega development board responsible for all the low-level communication 
needs of the robot. It is then in bidirectional communication with the SCD via the Robotic 
Operating System (ROS) framework to send data and receive direction. The SDC is a NVIDIA 
Jetson, an embedded computer development board that has sufficient processing power to 
make NILE autonomous. It is further equipped with the Ubuntu 18.04 operating system, 
OpenCV, TensorFlow, and a host of other computer vision and machine learning libraries. A 
high-level block diagram of the software structure can be seen in Figure 25. 
 

Figure 25. System Software Block Diagram 
 

The current software pipeline starts with user-specified commands on the website. Once a 
command is entered into the queue, the Apache2 server forwards the instruction to the SDC 
over the internet. Each command, except for interfacing with the camera, corresponds to data 
that is passed onto the HM through the ROS protocol. Once received, the HM sends control 
signals and polls data to and from the appropriate hardware. Data ready for publishing on the 
website is forwarded from the HM back to the SDC through ROS while commands are still 
executing. Upon completion of a task, the HM sends status flags back to the SDC. This 
workflow is illustrated in Figure 26 below. 
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Figure 26. System Software Flowchart 

 
2.3.1 System Website 
 
To control and monitor the robot, a website was chosen due to its vast cross-compatibility and 
ease of implementation with database services. By using an external site with a database, we 
could centralize all commands and data, removing the need to directly poll the robot for 
information. An Ubuntu Apache2 server was hosted on the http://nilerobot.info domain, 
allowing for basic SSH, HTML, and FTP access. With this, our MySQL database containing all 
system data can be interfaced by the website and the robot.  
 

2.3.1.1 Website Back-End 
 
The back end of the website contains all supporting elements to keep the website hosted and 
data organized. As stated previously, we use a MySQL database to store system data, where we 
create tables with specific columns based on the data’s structure. These tables are described in 
table 2. 
 

http://nilerobot.info/
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Table 2. MySQL Table Definitions 

Table Name Table Columns Column Description 

System Info 
ID Unique row id 
IP Address Local IP of robot, used for VNC connection 
Last Boot Timestamp of last bootup 

Users 

ID Unique row id 
Username Username 
Password User password, hashed 
Role ‘admin’ or ‘guest’ 

Robot Status 

ID Unique row id 
Timestamp Timestamp of current position measurement 
Theta Theta axis measurement (deg) 
R R axis measurement (m) 
Z Z axis measurement (m) 

Queued Commands 

ID Unique row id 
Timestamp Timestamp to queue command for 
Command Robot Control Commands 

“moveTo” – Moves to position 
“homeTrolley” - Homes the trolley 
“homeVert” -Homes the vertical stepper 
“homeRot” - Homes to 0 absolute rotation angle 
“hydrate” – D0 passes measured water amount 
“hvec” – D0, D1 pass on/off times in ms, I0 
passes pulse # 
 “takeImage” – Publishes RealSense image 
“goLive” – Enables live mode on website 
“senseSoil” – Measures soil temperature and 
moisture 
“kill” – Safely exits ROS serial node 

Theta Queued Theta to go to, only for “moveTo” 
R Queued R to go to, only for “moveTo” 
Z Queued Z to go to, only for “moveTo” 
D0 Additional double-type argument 
D1 Additional double-type argument 
I0 Additional integer-type argument 

Completed 
Commands 

ID Unique row id 
Queued 
Timestamp 

Timestamp that the command was queued for 

Finished 
Timestamp 

Timestamp the command was finished at 

Command Robot control command *see queued commands 
Theta Queued Theta to go to, only for “moveTo” 
R Queued R to go to, only for “moveTo” 
Z Queued Z to go to, only for “moveTo” 
Theta Actual Theta measurement at command completion 
R Actual R measurement at command completion 
Z Actual Z measurement at command completion 
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D0 Additional double-type argument that was 
queued 

D1 Additional double-type argument that was 
queued 

I0 Additional integer-type argument that was 
queued 

Message Indicates additional information about command 
status 

Soil Samples 

ID Unique row id 
Timestamp Timestamp of soil measurement 
Theta Theta of soil measurement 
R R of soil measurement 
Z Z of soil measurement 
Moisture Measured moisture of soil, 0-1024 integer 
Temperature Measured temperature of soil, Celsius 

Camera Images 

ID Unique row id 
Timestamp Timestamp of image 
Theta Theta position of image 
R R position of image 
Z Z position of image 
Image Base 64 encoded string with JPEG image 

information 
 
Integral to the entire control scheme of the robot, this database includes the Queued and 
Completed Commands tables. Commands are scheduled via the user on the website by 
inserting entries into the Queued Commands table. Elaborated in 3.2, The SDC Python scripts for 
MySQL Connector and ROS parse through the latest entry on this table, executing it at its 
timestamp. Once a confirmation of success has been received from the HM, the queued 
command is moved into the Completed Commands table to save a comprehensive history of the 
robot’s actions. This structure allows for dynamic and recursive control of the robot, as it can 
queue up commands for itself following field analysis. 
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2.3.1.2 Website Front-End 
 

 
Figure 27. NILE Website Login Page 

 
Before entry into the site, one must log into one of the two user accounts, the website login 
display shown in figure 27 above. Currently, there exists a guest account with username guest 
and password guest in addition to an admin account. This distinction is incredibly important, as 
we only want admins to be capable of commanding the robot. The guest account is limited to 
only viewing database information. This is done at a band-limited rate as well of one update per 
10 seconds, contrasting with the one update per second for the admin account. The main 
display can be seen in figure 28 below. 
 

 
Figure 28. Website Main Display 
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The front-end of the website acts as a real time interface from the database to the user. Using 
the JavaScript module, jQuery AJAX, PHP code can be run on demand to change the site 
contents without requiring a page refresh. This allows for the data to be updated in near “real-
time” (1 second latency, 1 update per second) with zero user interaction required. This appears 
as the dynamic tables relaying MySQL information as well as the live image feed and live 
coordinate position map. For this coordinate map, an external JavaScript module was created 
to draw the robot’s position through an HTML5 canvas element. 
 

Figure 29. Website MySQL Table Section 

 
The website allows for a detailed look at all the MySQL tables that pertain to the robot. Users 
logged in as admin can schedule commands using the top table. Additionally, they can remove 
queued commands through an X. These use HTML forms that both run PHP code to modify the 
database as the user requests. A screenshot of the website display is shown in figure 29 above. 
 
2.3.2 Data Pipelines 
 
Part of the job of the SDC is to be able to receive data and control the HM while interchanging 
data with the online database. For this job, we used two incredibly robust interfaces: MySQL 
Connector and ROS, running off a singular Python script.  
 

2.3.2.1 MySQL Connector 
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MySQL Connector was used to handle all communications between the SDC and the MySQL 
database. It provides a succinct way to issue commands to the database through Python. A 
library was written by the team to handle common processes, such as: requesting the latest 
command, requesting the time until the latest command, moving queued commands to 
complete, publishing coordinates, publishing images, and publishing sensor values. All together 
these enabled full system control and analytics from the website. A general flow chart for this 
operation is shown below in Figure 30. 
 

 
Figure 30. MySQL Interfacing Code Diagram 

 

2.3.2.2 ROS Communication 
 
To facilitate efficient data transfer between the Jetson Nano (SDC) and the Arduino Mega (HM), 
our system makes use of the Robotic Operating System (ROS) protocol. ROS provides 
streamlined serial communication by way of topics and nodes. Each ROS topic corresponds to a 
specific function or peripheral actuated by the Hardware Microcontroller. Figure 31 displays all 
the topics and nodes employed by our system. Commands from the SDC are sent to the HM 
through ROS publishers in a Python script. The HM receives the packaged commands via of 
isolated Arduino ROS subscribers and interacts with the specified hardware. During and after 
the completion of each command, the HM sends back status flags and sensor readings back to 
the SDC through ROS publishers on the Arduino side, this data is received by the running Python 
script and passed to the website via MySQL Connector.  
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Figure 31. Diagram of Python-ROS-Arduino Interface 

 
Initialization of these ROS nodes required scripting on the Jetson Nano with Python scripting, 
and separate code on the Arduino with C-programming. This is displayed in Figures 32 and 33. 
 

 
Figure 32. Python Script for ROS Setup 
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Figure 33. Arduino Script for ROS Setup 

 
2.3.3 Control Algorithms 
 
The control system was implemented as three separate controllers. The controller accepts the 
desired joint variables which are calculated using the robot’s inverse kinematic functions. Each 
desired joint variable is fed into its respective controller. The following control scheme was 
implemented to prevent the end effector arm from brushing against plants: 
 

1) The end effector and trolley are zeroed 
2) The gantry is driven to the desired position 
3) The trolley is driven to the desired position 
4) The end effector is driven to the desired position 

 
The control systems for the rotational and radial translations were implemented using PI control 
laws. The control laws receive the current coordinate and desired coordinate as inputs and then 
calculate the following error values: 
 

𝑒 = (𝑥𝑑 − 𝑥) 
𝑒𝑖 = 𝑒𝑖 + 𝑒 ∙ ∆𝑇 

𝑒𝑑 =
𝑒 − 𝑒𝑙𝑎𝑠𝑡

∆𝑇
 

 
These error values are then used with the gains in the following equations to calculate a PWM 
value: 

𝑃𝑊𝑀𝜃 = −1 ∙ (𝐾𝑝,𝜃𝑒𝜃 + 𝐾𝑖,𝜃𝑒𝑖,𝜃 + 𝐾𝑑𝑒𝑑,𝜃) 

𝑃𝑊𝑀𝑑 = 𝐾𝑝,𝑑𝑒𝑑 + 𝐾𝑖𝑒𝑖,𝑑 + 𝐾𝑑𝑒𝑑,𝑑 
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The rotational PWM is made negative due to direction handling of the motor. The gain values in 
the equations above were found experimentally. A Kp value of 250 was used in both controllers 
to give the system better speed at the start, even if the initial error was small. A Ki value of 10 
was also used in both controllers. The integral control was added to prevent the system from 
undershooting. Derivative control was implemented because the integral control would cause 
the system to overshoot when the initial error was large.  A Kd value of 10 in the rotational 
control law and a Kd value of 5 in the horizontal control law were found to prevent the 
overshoot.  
 
The control system for the vertical translation joint was very simple because an external library 
handled the control. The AccelStepper library can control the velocity and acceleration of a 
stepper motor while driving the motor to the desired position. A control function was created 
using functions from the AccelStepper library. The desired height coordinate is transformed into 
a step count and passed to the control function using the equation below. The stepper motor is 
then driven by the AccelStepper functions within the control function until the desired step 
count is reached.  
 

𝑆𝑡𝑒𝑝𝑠 =  
𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝑚)∙400

𝑆𝑡𝑒𝑝𝑠

𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛

0.01905
𝑚

𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛

  

 
2.3.3.2 Arduino Implementation 
 
For algorithmic organization, the control laws described above were encoded into Arduino 
functions using status flags. Each mode of system motion was assigned a Boolean variable to 
prevent multiple control laws from attempting simultaneous execution. Figures 34 and 35 
display this. 
 

 
Figure 34. Boolean Status Flags 

 
Each Arduino control function is then linked to a status flag to denote whether it is has finished 
execution. Completion flags are then passed onto ROS. 
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Figure 35. Control Function Completion Flags 

 
2.3.4 Image Processing 
 
To make informed decisions in caring for the growing zone, our system needed to be able to 
detect, label, and localize plants at different stages of development. To this end, the NILE robot 
was designed to leverage both machine learning and computer vision assessing plants. 
 
2.3.4.1 Machine Learning 
 
Commonly referred to as image classification, the machine learning implemented on the NILE 
robot was primarily concerned with receiving a raw image in real time and being able to 
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categorize the contents with minimal pre-processing. To achieve this, we made use of 
supervised learning with Convolutional Neural Networks (CNN). Mathematically, this approach 
iterates through square segments of an image, performing numerical convolutions along the 
way. The results of these operations are then fed into a deep neural network; an interconnected 
array of scalar nodes whose individual outputs are related to the values of inputs being 
received. A neural network familiar with specific patterns in an image will generate a consistent 
range of outputs when exposed to a new image containing that pattern. The specific neural 
network adopted by the NILE algorithm is the MiniVGGNet, a relatively basic deep neural 
network comprised of 23 nodal layers. This architecture was inspired by a case study in which 
the MiniVGGNet was used to classify 17 common flower species [11]. 
 
Teaching our CNN to recognize plants of interests required that a data set of training images be 
compiled. For proof-of-concept, the NILE robot needed to be able to distinguish between mature 
mache, generic plant sprouts, and dead leaves. By exposing the CNN to a collection of 1,365 
pictures over the course of dozens of training iterations, our system was able to generalize 
patterns in images containing an item from that training category with 99% accuracy. Figure 36 
captures the performance of the CNN against an unfamiliar set of new images. 
 

 
Figure 36. Convolutional Neural Network in Action 

 
As a side note for further development, the intent of our design is to combine this image 
labeling with object localization, a technique in which the algorithm iterates through regions of 
interest (ROI) within a target image and performs classification at each step. This would enable 
our system to generate precise coordinates for the location of each detected entity. 
 
2.3.4.2 Computer Vision 
 
In leu of the neural network being able to localize detected plants, the NILE system implements 
a series of computer vision techniques to create bounding boxes around plants based on 
physical appearance. This feature extraction consists of four major steps: Gaussian blurring, 
RGB-to-HSV conversion, color masking, and contour detection. The first stage, Gaussian 
blurring, is performed to counteract the data noise and background of the image itself and get 
rid of very small contours, seen in figure 37. 
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Figure 37. Original Image Versus Gaussian Blur 

  
From there, the image format is transferred from Red-Green-Blue to Hue-Saturation-Value 
representation, where hue describes the color category, saturation defines how vivid the color is, 
and value correlates to the brightness. This can be seen in figure 38. This will allow the vision 
system to properly identify colors even in the presence of shadows and varied lighting 
conditions.  
 

 
Figure 38. Hue-Saturation-Value Color Space Image 

  
To isolate foliage within the image, the Python script then applies a color mask with ranges that 
have been determined heuristically. The result of masking is a binary image containing only 
black and white, where white segments correspond to colors within the desired range, seen in 
figure 39. This binary image is passed into a contour detection algorithm that groups the blobs 
into individual objects called contours. These contours define the regions where plant foliage 
has been detected and is ready for classification by the machine learning inference. 
 

 
Figure 39. Color Masked Image 
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From the list of contours, the algorithm computes a bounding box for each entry and calculates 
its centroid with respect to the center of the frame. 
 

 
Figure 40. Computer Vision Plant Localization 

 
Considering the system requirements, this machine learning and computer vision combination 
represents only an intermediate solution to autonomous assessment of the growing zone, as 
demonstrated in figure 40 above. However, both approaches demonstrate firm promise for a 
future endeavor in which the two algorithms are integrated congruently. 
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2.4 System Integration 
 
Multi-disciplinary system integration of NILE began January 2022 and was completed April 

2022. The first step of this process was the acquiring of off-the-shelf components and the 

manufacturing of custom components. This led into our primary integration challenge, supply 

chain disruptions stemming from shipping slowdowns and integrated circuit chip shortages. 

While most of components arrived in reasonable time frames the 80/20 aluminum extrusion 

components that form the backbone of the NILE mechanical assembly arrived over a month 

late. While some work could progress during this it significantly delayed integration. 

 

The end frame of our robotic solution drives the angular position of the end effector. The end` 

effector is attached to a lead screw which controls its vertical positioning. Also, the end effector 

is attached to the trolley which houses the gantry motors to control the radial position of the 

end effector.  

 

On the central pivot there are two control boxes, the hydraulic box and the electrical box. The 

electrical box houses the jetson and the power supply. All the communication and power wires 

were fed through the energy chain which runs along the top of the gantry. Each wire connects 

either to components in the trolley house or are then fed through another energy chain down the 

vertical, lead screw controlled, joint to connect to the end-effector components. Power and 

communication wires for the end frame motor were fed through the gantry slots and then down 

the end frame slots to the motor housing. The hydraulic box housed one flowmeter and two 

solenoid valves. These fluid lines were also fed through the energy chain along the gantry and 

down the vertical joint to eventually release the water through a mechanical nozzle housed in 

the end effector. 

 

Power throughout the system is distributed from our 24V power supply to four separate lines 

through the fuse box. As elaborated previously, this adds additional safety against shorts for 

high-current devices. Due to the long wires in the system, there was notable attenuation in 

voltage going from the power box to the trolley. This was acceptable for the 24V lines, but it 

caused problems for the 5V devices on the trolley. We opted to add an additional 5V regulator 

on the trolley to fix this, ensuring that the Hardware PCB received adequate voltage. 

 

The flow of information throughout the system required a complex and robust pipeline to go 

between the robot and the database. Sensor information is amalgamated by the Trolley and 

Hardware PCBs, with their digital data interpreted by the HM. This data is packaged and sent 

over a ROS serial publisher to an accompanying ROS subscriber on the SDC. From here, data is 

uploaded to its appropriate table in the MySQL database via MySQL Connector, centralizing all 

information in the system. A user can then access that data via the website, which uses PHP to 

interface with the database. This chain of information goes the other way as well, where 

commands entered on the website can make it to the SDC, then to the HM to control the 

mechatronic systems of the robot. 
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3.0 Testing 
 
After the system was fully assembled and integrated, we performed a variety of tests to verify 
that the specifications had been met. For each specification, one or more tests were developed 
and executed. The tests and their results are summarized below in Table 3 and discussed in 
greater detail in the following subsections. 
 

Table 3. Test Results Summary 

Specification Test Result 

Soil Water Saturation 
Resolution and Operating Range System Error 

Independent Measurements System Error 

Soil Temperature 
Resolution and Operating Range System Error 

Independent Measurements System Error 
Application Efficiency Flow Rate and Application Efficiency Pass 
Fertilizer Application Flow Rate Pass 

Weed Extermination 
Positional Accuracy System Error 

Discharge Voltage Pass 

Plant Location 
Determination 

Plant Location Accuracy Fail 
Plant Location Consistency Fail 

Plant Location Time Fail 

Ingress Protection Ingress Protection Pass 
Communication Communication Pass 

 
Since conducting the tests in mid-April we solved all the system errors that prevented the 
successful completion of the moisture and temperature sensing tests in addition to the 
positional accuracy tests. Unfortunately, there was not sufficient time to reconduct the formal 
tests or complete the plant location determination test. 
 

3.1 Soil Water Saturation 
 
To verify the resolution and operating range of the soil water saturation sensor, we performed 
the following test procedure. 
 

1) Fill three equal sized pots with dirt from the same dry source and label them. 
2) Measure and record the mass of each pot with dirt. 
3) Fill one pot until the water level reaches the dirt level and stays at that level for 1 minute. 

Record the mass of the water filled pot. 
4) Fill one pot with half the mass of water added to the previous pot. Leave one pot 

completely dry. 
5) Utilize the moisture sensor to measure the saturation of the soil in each of the three 

pots. 
 
To pass the resolution and range test the reading from the fully saturated pot was required to be 
between 95% to 100%, the half-saturated pot reading between 45% to 55%, and the non-watered 
pot reading between 0% to 5% saturation. 
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To verify the ability of the system to take independent measurements, we performed the 
following test procedure. 
 

1) Initialize the PhaseSpace Motion Tracker System. 
2) Install 1 or more PhaseSpace LED trackers securely to the end effector. 
3) Home all robot axes then start recording with the PhaseSpace. 
4) Randomly generate a point within the growing zone. 
5) Command the robot to move to the desired point and record motion with the 

PhaseSpace. 
6) Chose a new point within 10 cm of the initial point. 

7) Command the robot to move to the new point. 
8) Stop the PhaseSpace Recording. 

 
To pass the independent measurement test, the actual distance between the robot in both 
positions as recorded by the PhaseSpace was required to be less than 10 cm. 
 
3.1.1 Soil Water Saturation Results 
 
We were unable to complete the resolution and range test due to issues with the capacitive 
moisture sensor integration that were not resolved by the time of testing. During the test 
attempt, the system was capable of correctly identifying 0% and 100% soil saturation. However, 
when attempting to measure the 50% saturated soil the sensor jumped between 0% and 100% 
reads with no discernable pattern. Initial investigations point to an error in the ADC (analog to 
digital conversion) chip used to decode the moisture sensor output as opposed to an issue with 
the sensor itself. 
 
We were unable to complete the independent measurement test due to issues with the stepper 

motor that drives the vertical axis. For reasons yet to be determined, the motor is locked in the 

current configuration and does not respond to commands. For the purposes of the independent 

measurement test we drove the rotational and radial linkages to demonstrate functionality. 

 

 
Figure 42. PhaseSpace Positional Results 
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Figure 42 above shows the output of the PhaseSpace tracking system. The highest points of the 

figure show the LEDs attached to the end effector zeroed at the home or zeroed position 

described in the test. Then the robot translates 10 cm radially to point 2 which is in the middle 

of Figure 42. Finally, the robot is rotated three degrees at point 2 then driven an additional 10 cm 

radially to reach point 3, completing independent measurement test. 

 

Using the PhaseSpace software and robot’s internal position determination we calculated that, 

between points 2 and 3 in Figure 42, the robot rotated -2.11° and translated 9.9 cm. The 

positions of points 2 and 3 can be seen below in Figure 43. 

 

 
Figure 43. Point 2 and Point 3 Locations 

 
This demonstrates precision control with the two points exactly 9.95 mm apart which would be 
sufficient to pass the test. Unfortunately, because of the issue with the stepper, neither point 
was in the growing zone, so it does not pass the test. 
 

3.2 Soil Temperature 
 
To verify the resolution and operating range of the temperature sensor, we performed the 
following test procedure. 
  

1) Fill three equal sized pots with dirt from the same dry source and label them. 
2) Add antifreeze to one pot and place it in a freezer until its temperature is at or below -

10°C. Leave one pot at room temperature. Add boiling water to the final pot and ensure 
that its temperature is at or above 50°C. 

3) Measure the temperature of each pot with the temperature sensor in conjunction with a 
control thermometer. The control thermometer must have a resolution of ±0.5°C or less. 

 
To pass the resolution and range test, the temperature sensor was required to read within 
±0.5°C of the control thermometer. 
 
To verify the ability of the system to take independent measurements, we performed the 
following test procedure. 
 

1) Initialize the PhaseSpace Motion Tracker System. 
2) Install 1 or more PhaseSpace LED trackers securely to the end effector. 
3) Home all robot axes then start recording with the PhaseSpace. 
4) Randomly generate a point within the growing zone. 
5) Command the robot to move to the desired point and record motion with the 

PhaseSpace. 
6) Chose a new point within 10 cm of the initial point. 

7) Command the robot to move to the new point. 
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8) Stop the PhaseSpace Recording. 
 
To pass the independent measurement test, the actual distance between the robot in both 
positions as recorded by the PhaseSpace was required to be less than 10 cm. 
 
3.2.1 Soil Temperature Results 
 
We were unable to complete the resolution and range test due to issues with the thermistor 

integration that were not resolved by the time of testing. The high temperature sample was the 

first tested with a verified temperature of 50.5°C. The temperature as recorded by the robot 

from the point of insertion to 1 minute after are shown below in Figure 44. 

 

 
Figure 44. High Temperature Soil Test 

 

In the figure above, the temperature is shown on the y-axis in °C and the number of readings 

received are in the x-axis. As can be seen, the temperature reads 50°C which is within 0.5°C of 

the actual temperature required to pass the test. 

 

Next, the room temperature sample was tested and verified to have a temperature of 21.5°C. 

 

 
Figure 45. Room Temperature Soil Test 
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As can be seen in Figure 45, the robot’s temperature sensor reading settled on a temperature of 

22°C which is inside the 0.5°C of the actual temperature required to pass the test. 

 

Finally, the cold temperature sample was tested and verified to have a temperature of -10°C. 

 

 
Figure 46. Cold Temperature Soil Test 

 

As can be seen in Figure 46, the output graph does not match the expected result. The readings 

show an initial but slow drop in the recorded temperature followed by a quick spike to 

unreasonably high temperatures which only dropped after removal from the sample. This same 

behavior was repeated on subsequent tests. We are unsure why this occurred as the sensor is 

rated down to -40°C but we suspect the same ADC chip that caused issues during the moisture 

tests. 

 

The independent measurement test for the temperature and moisture sensing operations are 
identical. In summary, the system did not pass the test due to issues with the stepper motor 
that drives the vertical axis. For a full overview of the results see Section 3.1.1. 
 

3.3 Application Efficiency 
 
To verify the ability of the system to meet the flow rate and field application efficiency 
specification, we performed the following test procedure. 
 

1) Set a beaker and scale with a resolution of ±1 g or less under the flow outlet. 
2) Command the microcontroller to output the water at maximum speed for 10 seconds 

then shut off the water. 
3) Record the mass of the water added to the beaker. 

 
To pass the test, a minimum of 401 g of water was required to be recorded in the beaker at the 
conclusion of the test. Furthermore, the volume of water recorded by the flow meters was 
required to be within ±20 mL of the volume calculated from the scale. Finally, the field 
application efficiency was required to be greater than 90% as calculated by the flow meters. 
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3.3.1 Application Efficiency Results 
 
We successfully completed the test and verified the ability of the system to deliver water at the 
required flow rate and resolution. We set up a container and scale under the robot and directed 
the microcontroller to output the robot for 10 seconds. After the time was up, we recorded 654 
g of water in the container as seen below in Figure 47. 
 

 
Figure 47. Application Efficient Test 

 
In addition, the robot recorded the delivery of 669 mL of water with the main flow meter and 665 
mL of water with the trolley flow meter. This is within the ±20 mL range specified and 
represents an application efficiency of 99%. 
 

3.4 Fertilizer Application 
 
To verify the ability of the system to meet the flow rate specification, we performed the 
following test procedure. 
 

1) Set a beaker and scale with a resolution of ±1 g or less under the flow outlet. 
2) Command the microcontroller to output the water from the fertilizer delivery system at 

maximum speed for 10 seconds then shut off the water. 
3) Record the mass of the water added to the beaker. 
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To pass the test, a minimum of 101 g of water was required to be recorded in the beaker at the 
conclusion of the test. 
 
3.4.1 Fertilizer Application Results 
 
We successfully completed the test and verified the ability of the system to deliver liquid 
fertilizer at the required flow rate. As directed in the test procedure, we set up a container and 
scale under the robot and directed the microcontroller to output fertilizer for 10 seconds. After 
that time, we recorded 653 g of water in the container. This is significantly greater that the 101 g 
specified. 
 

3.5 Weed Extermination 
 
To verify the ability of the end effector to reach any point in the growing zone with the specified 
accuracy, we performed the following test procedure. 
 

1) Initialize the PhaseSpace Motion Tracker System. 
2) Install 1 or more PhaseSpace LED trackers securely to the end effector. 
3) Home all robot axes. 
4) Randomly generate a point within the robot’s workspace. 
5) Command the robot to move to the desired point and record motion with the 

PhaseSpace. 
6) Repeat steps four and five one more time. 

 
To pass the test, the positions recorded by the PhaseSpace were required to be within ±5 mm in 
the r and z directions and ±.145° in the θ direction. 
 
To verify the specified discharge voltage, we performed the following test procedure. 
 

1) Measure the distance between the HVEC output prongs. 
2) Place a plant or weed between the HVEC output prongs. 
3) Command the HVEC to activate and verify that arcing occurs between the output 

prongs. 
 
To pass the test, the HVEC end effector was required to cause arcing between the prongs and 
the prongs were required to be a minimum of 0.5 cm apart. Given that the breakdown voltage of 
air is 30 kV/cm this ensures that the required discharge voltage was met. 
 
3.5.1 Weed Extermination Results 
 
We failed the positioning accuracy test and due to insufficient control and issues with the 
stepper motor that drives the vertical axis. The sensor independent measurement tests and the 
positioning accuracy test were performed simultaneously, for a full overview of the results see 
Section 3.1.1. 
 
Perinate to the positioning accuracy test, the robot was commanded to rotate -3° and translate 
10 cm radially. An analysis of the internal measurement systems and the PhaseSpace showed 
that the robot rotated -2.11° and moved 9.9 cm radially. While the radial dimension is well within 
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specification, the rotational accuracy is far outside of spec and the vertical translation was 
nonfunctional. While both the vertical stepper and radial driver are capable of meeting the 
specification, they need further integration troubleshooting and further controller development 
respectively to be brought up to spec. 
 
We successfully tested and verified the system's ability to create the required discharge voltage 
for the purpose of weed elimination. First, the distance between the innermost surface prongs 
was recorded to be 0.75 cm. Then, a sacrificial mache was placed between the HVEC output 
prongs and the HVEC commanded to fire. The HVEC successfully arced and eliminated the 
plant as shown below in Figure 48. 
 

 
Figure 48. Weed Extermination Test 

 

3.6 Plant Location Determination 
 
To verify the ability of the system to determine the location of plant foliage, plant stems, and 
weeds with the accuracy specified, we performed the following test procedure. 
 

1) Place three plants in the growing zone. 
2) Command the system to determine the location of the plants within the growing zone. 
3) Record the number of plants identified and their positions. 
4) Install 1 or more PhaseSpace LED trackers to each plant and to the robot end effector. 
5) Home all robot axes. 
6) Record the positions of the end effector and plants as determined by the PhaseSpace 

system. 
 
To pass the test, the positions of the plants as determined by the NILE system were required to 
be within +2 cm of the positions as determined by the PhaseSpace system. 



   
 

4/29/2022 Novel Irrigation and Land use Efficiency 59 

 
To verify the ability of the system to determine the location of plant foliage, plant stems, and 
weeds with the consistency specified, we performed the following test procedure. 
 

1) Configure a Python script to import 100 pre-classified images not previously introduced 
to the NILE machine learning-based texture analysis algorithm. 

2) Command the object classification algorithm to make a prediction of the contents of 
image; each prediction will be compared to the ground-truth classification of each 
image. 

 
To pass the test, the plant identification algorithm was required to correctly label no less than 
99 of the 100 images presented to it. 
 
To verify the ability of the system to perform the test and analyze the results within the 
specified time, we performed the following test procedure. 
 

1) Command the system to perform a complete scan of the growing zone for plants and 

weeds. Record the time from the initial command to the publishing of the results on the 

web-application. 

 

To pass the test, the total time from the initial command to the publishing of results had to be 

under 12 hours. 

 
3.6.1 Plant Location Determination Results 
 
Due to setbacks with website and kinematics integration, we were unable to perform the first 
test for plant location precision. Additionally, we failed the plant determination test because the 
classification accuracy obtained was lower than the benchmark. A total of 100 new images 
were fed into the trained neural network. Of these 100 images, 87 were classified correctly 
indicating an 87% identification accuracy. The 13 images incorrectly labelled contained irregular 
shadows and obscured angles, while all well-formatted image samples presented no issues to 
the neural network.  
 

 
Figure 49. Successful Classifications 

 
To test plant location prediction with purely computer vision, we supplied an image to the image 
processing software algorithm. In this test, the system was able to identify major plant foliage 
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within the frame and create corresponding bounding boxes for each contour, as depicted below 
in Figure 50.    
  

  
Figure 50. Identification of Plant Foliage  

  
The centroid of each bounding box was computed with respect to the center of the image 
frame. Combining these values with the forward kinematics of the robot allows us to calculate 
task-space coordinates for each detected plant.  
 

  
Figure 51. Localized Coordinates of Detected Plants  

  
Due to complexity of algorithm development, we were not able to test the system’s ability to 
distinguish between healthy plants from weeds. However, the steps performed in this section 
indicated a high level of promise for further development towards those goals. 
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3.7 Ingress Protection 
 
To verify the ability of the system to withstand water and dust ingress as defined by IP55, we 
performed the following test procedure. 
 

1) Let the system run in a powered, or sit in an unpowered state, for a minimum of 5 
day/night cycles in an outdoor environment.  

2) Spray the system with pressurized water from a nozzle (maximum outlet diameter of 6.3 
mm) for a minimum of 5 minutes. 

3) Operate the system for an additional day-night cycle. 
 
To pass the test, the system was required remain operable for the duration of the test without 
cleaning or repairing due to water or dust ingress. During that time, the system was also 
required to take images of the growing zone, water plants, and reach any arbitrary point in the 
growing zone. 
 
3.7.1 Ingress Protection Results 
 
We successfully completed the ingress protection tests and verified the robot’s ingress 
protection level. On April 6th the robot was placed outside in the Space Robotics Lab courtyard. 
As directed by the test, it remained outside while undergoing electrical and software 
development from April 6th to April 11th. During that time, another group was building a small 
boat in the courtyard which spread sawdust throughout the area and on the robot. 
 
Then, on April 11th, the robot was sprayed with water from a 6.25 mm nozzle for 5 minutes as 
directed in the test procedures. See Figures 52 and 53 below which show the test in progress 
and the nozzle used. 
 

 
Figure 52. Ingress Protection Test 
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Figure 53. Ingress Protection Test Nozzle 

 
After the robot dried following the test it was inspected for water damage inside the seals and 
tested for functionality. No signs of ingress or faults were found. Finally, the robot was left 
outside for an additional two days, after which no problems were found. 
 

3.8 Communication 
 
To verify the ability of the system to communicate the specified information to the end user, we 
performed the following test procedure. 
 

1) Queue up a command for robot to move to a specific location in the growing zone via 
the website. 

2) Queue a command for the robot to take a temperature measurement at that location and 
time how long it takes for the website to update with the reading with a stopwatch. 

3) Create another future command and verify that you can remove the command 
immediately 

 
To pass the test, the web application was required to display soil health statistics and the 
movement to a new location with live updates pushed to the website. Furthermore, the time 
between the temperature sensor reading starting and the update of the web-application had to 
be less than 60 seconds. 
 
3.8.1 Communication Results 
 
We successfully completed the communication test and verified the ability of the system to 
pass information and receive commands from the user. Communication with the robot was 
established with the admin login at the http://nilerobot.info web application. As directed in the 
test, an arbitrary moveTo command was sent via the Schedule Command table and 
subsequently added to a list of queued commands as shown in Figure 54. 
 

 
Figure 54. Queued Command Table Entry 

 
The robot proceeded to move to the desired coordinate with the robot’s position, command, and 
sensor data updated every one second. 
 

http://nilerobot.info/
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Figure 55. Website Interface Visualizing Movement of Robot.  

 
The Completed Commands table shown below in Figure 56, displays the queuing and successful 
execution of the homeTrolley, moveTo, and senseSoil command sequence. Finally, the senseSoil 
command then added the measurement to the Soil Samples table as shown below in Figure 56. 
 

 

 
Figure 56. Soil Sensing Measurement with Coordinates 

 

4.0 Project Management 
 
Project management is the glue that holds teams together and ensures that all objectives are 
met. For the NILE project, project management was vital in keeping the program on track when 
faced with delays and integration difficulties. The following sections will discuss the overall 
team organization, project planning process, and budgeting. 
 

4.1 Team Organization 
 
To leverage the diverse talent within our team, NILE was split into three sub-teams: mechanical, 
electrical, and software. The mechanical sub-team focused on the computer-aided design, 
structural analysis, and physical assembly of the robotic chassis. The electrical team gave 
attention to the creation of the HVEC, developed the PCBs, and managed the hardware 
connections needed to interface the various peripherals. Meanwhile the software team was 
responsible for creating a custom software environment, developing unique computer vision 
algorithms, and implementing machine learning techniques for image processing. 
 

4.2 Project Planning 
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To ensure that our initiative remained on target to completion, we created a series of weekly 
tasks and deadlines and held regular team check-up sessions. Table 4, below, highlights the 
objectives we outlined at the beginning of the detailed design phase.  
 
Table 4. Detail Design Gantt Chart 

Item/Week 1 2 3 4 5 6 7 8 9 10 11 12  13 

Website Updates                            

Gantt Chart Revisions                           

Verify PCBs                           

Verify ROS and CV comm.                           

Purchasing                           

Talk to Machine Shop                           

Verify ROS abilities to IK                           

PDR review of feedback + Descisions                           

Web Development Plan                           

Grow more Mache                           

ROS IK trajectory simulation                           

Custom parts fabrication complete                           

Mechanical assembly                           

Integrate PCBs                           

Mechatronic system testing                           

Test document draft                           

Controller (close loop)                           

Test positional accuracy                           

Web development                           

Mechatronics/Controller Tuning                           

ML texture and shape analysis                           

ML plant classification                           

Test document                           

Prepare Final Document                           

Prepare Final Presentation                           

Poster                           

 
 
The graphic above captures the progress of design about halfway into the semester. Over the 
course of 13-week period, the NILE team had to shift all mechanical assembly and mechatronic 
system testing to the right on the timeline. This was caused by increased shipping delays due to 
inclement weather and the impact of COVID-19 on the national supply chain. As a result, key 
fabrication tasks and full system integration were not completed until after week 13. This 
backlog also caused all objectives scheduled for week 10 and beyond to shift to week 13, 
causing tight time constraints for evaluating system performance. In the meantime, software 
development for machine learning and the architecture for the system website were accelerated 
to a status of 3 or more weeks ahead of schedule. This became crucial near the conclusion of 
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the design process when we began integrating the website with system mechatronics and 
troubleshooting complex artificial intelligence nuances. 
 

4.3 Budget 
 
Budgeting has been a large part of the project management process from the beginning. As a 
six-person team we were allocated $900 and used slightly over that amount. Table 5 below 
outlines the major purchase requests submitted over the course of the design process. 
 
Table 5. Updated Purchase Totals 

Supplier Subtotal 

8020 $255.56 

Adafruit $33.80 

Amazon $307.03 

STEPPERONLINE $17.90 

Digikey $78.44 

McMaster-Carr $231.83 

Total $924.56 

 
$924.56 nearly in budget but, it must be clear, does not account for the total cost of the system. 
We were able to take advantage of scavenged components and materials in addition to free 
machine shop time. However, now the path has been blazed possible future iterations of the 
system may be able to focus more on cost savings. 
 

5.0 Conclusion 
 
The proof of concept NILE system is on course to address the issues of wasteful watering and 
excessive fertilization. Our system has been developed with scalability in mind so that the 
technology we developed could be used to make a significant difference in the world.  Over the 
course of the year our requirements have been adjusted as we gained experience and a better 
understanding of the problem. We found the capabilities of our design and the level of 
technology available and scaled our requirements accordingly. 
 
Based on our experience building this prototype we have gained significant insight into what is 
necessary to develop a complete system and the time required to do so. Based on this, and our 
ultimate goal of creating a scalable system, if we were to start again, we would focus much 
more heavily on creating a self-contained trolley. As part of this, greater emphasis would be 
placed on making enclosures easier to work in, creating more robust electrical connections, and 
utilizing software engineering best practices during code development. 
 
To any future continuation of the NILE project, never be afraid to pick the novel solution. Our 
weed elimination circuit may not have been the easiest solution but was highly effective and 
inspired many who heard about our project. A focus on the most innovative component, the 
trolley, and foregoing the less scalable aspects would benefit any student continuing the 
project. In addition, avoid having a homogenous team makeup and try to attract students from 
other colleges to avoid specialization while increasing diversity of talent. 
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7.0 Appendix A – Additional Resources 
 
Please see the following sections for links to the GitHub repositories where the NILE documents 
are stored. All resources, information, and documents created by the NILE project are released 
into the public domain and are available for free and unencumbered. Go forth and create! 
 

7.1 CAD and PCB Files 
 
https://github.com/NILE-ERAU/NILE_Hardware  
 

7.2 Main Software Repository 
 
https://github.com/NILE-ERAU/gitrepo  
 

7.2 Website Repository 
 
https://github.com/NILE-ERAU/NILE_Website  

https://github.com/NILE-ERAU/NILE_Hardware
https://github.com/NILE-ERAU/gitrepo
https://github.com/NILE-ERAU/NILE_Website

