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Involving Multi-disciplinary Undergraduate Students in the Design and 
Development of an Innovative Device for the Detection of Plant Nematodes 

 
ABSTRACT 
This work-in-progress paper presents the contributions of a group of multi-disciplinary 
undergraduate students in the different phases of designing and developing an innovative device 
for the non-destructive rapid detection of plant nematodes (PN). Working as a team, 
undergraduate students majoring in mechanical engineering technology (MET), electronics and 
computer engineering technology (ECET), and computer science (CS) have been working on the 
mechanical design and prototype development, electronics and control, and software design and 
development components of the project supported by the US Department of Agriculture (USDA) 
since 2020. 
 
PNs are parasites that attack plants through their roots and can negatively affect many crops of 
agricultural importance. Once established, PNs can be widely dispersed by several factors, 
including machinery, handheld planting equipment, movement via shoes and clothing, 
movement of soil, and many other mechanisms as their eggs live and hatch in the soil. Since 
juvenile nematodes penetrate the host plant roots to develop into adult females with eggs 
presenting as a cyst attached to the plant roots, it is possible to detect the morphological 
differences between healthy and infected plants by examing their roots. A minirhizotron with a 
camera module mounted on a precise linear motion system driven by a stepper motor and 
controlled by a microcontroller is developed to image plant roots. By applying custom-designed 
image processing algorithms, suspected areas representing cysts of PNs can be identified. 
  
This paper shows the design, prototype development, and experimental tests of the first model 
that integrates the minirhizotron probe, the microcontroller, and a touchscreen with a graphic 
user interface (GUI), the second design that separates the minirhizotron probe and a hand-held 
controller with a GUI and cables for communications between the two parts, and the ongoing 
wireless network capable minirhizotron probe that can be accessed via a web-browser based 
GUI. 
 
INTRODUCTION 
PNs have become significant pests that can negatively affect numerous agriculturally important 
crops. Their penetration of host tissues via mostly root systems can lead to the disruption of 
water and nutrition uptake and flow, resulting in underdeveloped plants and significant 
agricultural losses. In addition, they can be problematic within the nursery industry since the 
industry needs to continuously obtain maximum seedling and plant production, often with the 
same or similar stock plants and in close proximity to one another. The nursery environment 
provides ideal conditions for the reproduction and dispersal of nematodes’ cysts and adult 
females. Once nematodes become established in a nursery setting, sold for planting, and 



established in the ground, these PNs can become widely dispersed by a number of factors, 
including machinery, handheld planting equipment, the movement via shoes and clothing, the 
movement of soil, and many other mechanisms. Timely inspection and detection are critical to 
the control of these PNs. 
 
PN diagnostics are difficult via visual inspection by host plant symptoms, and 
molecular/laboratory diagnostics are typically time-consuming and costly. Visual inspection of 
plant roots may destroy healthy plants and plant tissue. The need to develop new innovative 
ways and equipment to detect cyst nematodes is crucial. This paper presents an in-progress 
project to develop an innovative portable minirhizotron-based device and method for rapid in-
situ nondestructive inspection and detection of PNs. A group of multidisciplinary undergraduate 
students has been involved in developing the device, including researching, designing, 
prototyping, and testing all hardware and software.   
 
METHODS 
Female PNs normally attack host plants by penetrating their root systems to absorb nutrition for 
reproduction. In this process, abnormalities such as a cyst full of PN eggs will develop and attach 
to the host plants’ root systems before being released to the surrounding soils for hatching. The 
key to the success of the proposed device relies on the detection of morphological differences 
between healthy and PN-infected host plants’ root systems. The team proposed a portable probe 
that can be positioned in the vicinity of the host plants’ root systems to capture the image of the 
host plants’ root structure and abnormalities due to PN infection if there are any. The ultimate 
goal is to visibly and quickly identify the differences between healthy and PN-infected host 
plants’ root systems while, at the same time, differentiating normal surrounding soil. Moreover, 
by developing and applying image analysis algorithms to analyze the obtained images, the 
existence or absence of the PNs can be determined. 
 
Based on a preliminary literature review, the team pursued a design for the proposed device 
similar to the minirhizotron, which utilizes transparent underground structure for solid and plants 
root study. The device consists of a motorized mechanical system that controls a modular camera 
traveling along a previously buried clear tube to take images of the suspected plants' root systems 
for further analysis. The device integrates mechanical motion control, digital imaging, and image 
analysis components into a portable handheld device for on-site rapid detection of PNs. The team 
followed the product design processes to build the prototype, including concept design, 
specifications development, alternative designs, analysis, prototype construction, experimental 
tests, and optimization to finalize product. The design and development of the proposed device 
involve three major components requiring multi-disciplinary collaboration:  

1. Mechanical Design and Prototype Development: design and prototype the integrated 
device to include all the mechanical mechanisms, battery, camera module, controllers, 
and other related components. 



2. Control System: design and prototype a control system, including both hardware and 
software, to drive the mechanical mechanisms, take images, and interact with users. 

3. Image Analysis: develop image processing algorithms for analyzing and identifying 
possible PNs on the images taken by the probe.  

 
CONCEPTUAL DESIGN 
Based on a review of minirhizotron devices and their applications in studies of plant root 
systems, the team developed a two-module conceptual design: a handheld portable controller in 
which controllers, battery, data storage, graphic user interface (GUI), and a touch screen for user 
interface are housed, and a minirhizotron style probe in which a digital camera module, stepper 
motor for precise motion, and LED lights for illumination are integrated. The probe is placed 
partially into the soil surrounding plants to be inspected, allowing the digital camera to take 
images of the plant root system while traveling along the probe. The two modules will 
communicate via a set of detachable cables. Figure 1 shows the conceptual design of the 
proposed portable device.  
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Figure 1:  Function block diagram of the proposed device 

 
PROTOTYPE DESIGN AND DEVELOPMENT 
Fully Integrated Design 
The initial approach is an integrated design in which both the probe and controller are assembled 
into one portable device. The unit integrates a Raspberry Pi 4B (Pi) single-board computer 
(SBC) as the central controller, an Iverntech NEMA 17 stepper motor with a minimum of 1.80 
step angle integrated with 310mm T8 lead screw shaft to move an eight-megapixel Arduicam 
camera module with autofocus capability mounted on the lead screw, a five inches touchscreen 
for the GUI user interface, a Geekworm stepper motor controller, and a LED light for 



illumination. Figure 2 shows the CAD models of the interior and fully assembled device, and 
Figure 3 shows the fully assembled prototype. 
 

     
Figure 2:  CAD models of the interior and fully assembled integrated deseign 

 

 
Figure 3:  Fully integrated prototype 

 
Two-Module Design 
In the initial experimental tests using the fully integrated all-in-one prototype, although it 
successfully took images of the plant’s root systems, it was observed that the system was top-
heavy when the probe was inserted into the soil. The touch screen is also located at the ground 
level requiring the operator to lower down in order to operate the unit. The fully integrated 
design also makes assembling, maintaining, and repairing the device challenging. Therefore, a 



two-module design to separate the probe and the controller was proposed. The controller 
integrates the 5” touchscreen, the Pi 4B SBC, the stepper motor controller, and batteries, while 
the probe consists of the stepper motor, the camera module, and the LED light. The two modules 
will communicate via three detachable cables for the camera signal, stepper motor control, and 
power supply to the probe. Figure 4 and Figure 5 depict the CAD models of the fully assembled 
probe and controller. Figure 6 shows prototypes of the two-module design probe compared to 
the fully integrated design, and the controller prototype. 
 

 
Figure 4: CAD model of the probe 

 

 
Figure 5:  CAD model of the fully assembled controller 

 

    
Figure 6: Controller and probe prototype compared with the all-in-one prototype 

CONTROL SYSTEM 
The control system functions as the 'brain' of the device coordinating all the proposed functions 



of the device. The Pi SBC was chosen for this project because of its processing power and the 
availability of third-party products for expansion. The Pi 8GB RAM model was used to ensure 
an efficient execution of all control and image processing algorithms required for both image-
taking and post-processing. The Pi was also equipped with a 32GB microSD card for both the 
Raspbian OS for Pi and storage of the image files. the Pi to work independently without a laptop 
or computer system in the field, the controller code has been set up without either keyboard or 
controller. Only a Pi itself is needed to operate the entire system. After having the two modules 
connected and then turning on the power switch on the controller, the system automatically 
enters the GUI waiting for user interactions. The GUI allows an operator to perform functions 
such as adjusting the camera to focus, setting the starting position of the camera, running the 
image-taking procedure, and saving and transferring image files. Figure 7 shows the schematic 
design and control flow of the device. 
 

 
Figure 7: Function blocks and logic flow of the control system 

 
GRAPHICAL USER INTERFACE 
A simple GUI working with touchscreen to perform all system functions is developed. It allows 
users to perform all tasks via button clicks with a few customized controls and adjustments, such 
as setting the camera focus and position manually. Figure 8 shows a sample sub menu to setup 
the camera.  
At the start of the program, the GUI initializes the camera's position by moving it to the top of 
the probe. A user can then start the automatic image-taking process via the GUI. Once the 
process begins, the stepper motor will drive the camera down the probe as it takes photos of 
plants’ root systems surrounding the probe. When the camera reaches the bottom of the probe, 



the camera will be returned to the initial top position completing the image-taking process. The 
image processing algorithms can then be applied to analyze the images and highlight areas 
identified as potential PNs. The results obtained from this process can also be exported to a USB 
flash drive for further study. 
 

 
Figure 8: Sample camera setting GUI 

 
IMAGE PROCESSING 
A plant may have a PN infection when bright spherical galls are present along with its root 
system. The images taken by the camera are stitched together to form a unifying panoramic. 
Subsequently, the panoramic image is converted from the RGB to the HSV color space to select 
saturation and value above a specified threshold to isolate regions in the color range representing 
the targeted galls. An additional pass is performed to remove segments of the image that conform 
to a line representing plant roots and subsequently filter them out. At the end of this process, a 
collection of bright round shapes that are suspected PNs satisfies positive detection criteria. If 
positive detection occurs, the masks are edge detected, expanded, and overlaid onto the image 
for further review.  
 
EXPERIMENTAL TESTS 
The team conducted a series of experimental tests using both the healthy and nematode-infected 
tomato plants in a laboratory environment. Figure 9 shows prototypes of both the all-in-one and 
probe-controller two-module designs being tested using both health and PN-infected tomato 
plants. Figure 10 and Figure 11 show example images of healthy and nematode-infected tomato 
plants' root systems, respectively.  
 
By applying the image processing algorithm to convert the image from RGB to HSV color space, 
identify the ranges of HSV value for the targeted objects on the images, and generate a mask to 
overlay on the images, suspected PN-infection areas will be highlighted. Figure 12 shows the 
raw (left), in the process of being processed (two in the middle) and processed (right) images 
with the suspected PN-infected gall highlighted.    



  
Figure 9:  Experimental testing of the all-in-one and two modules design prototypes 

 

       
Figure 10:  Root systems of healthy tomato plants 

 

       
Figure 11:  Root systems of PN-infected tomato plants 

 



 

Figure 12:  Results of the new algorithms for cyst identification applied to a plant in the lab 

 
CONCLUSIONS AND FUTURE WORK 
By involving a group of more than 12 undergraduate students with majors in Mechanical 
Engineering Technology (MET), Electronics and Computer Engineering Technology (ECET), 
and Computer Science (CS) since June 2020, the team successfully developed the  
 
The team including faculty advisors representing three academic units on campus and three 
undergraduate students with the afore-mentioned three majors are currently working on 
improving the system to equip the probe with a self-sustained power source and network 
capability suitable for extended field deployment. A web browser-based GUI is also being 
developed, allowing remote access to the system with appropriate authorization. By 
incorporating machine learning (ML) into the image processing algorithms, the ultimate goal is 
to be able to identify the species of the PN infecting plants inspected.  
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