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Figure 11: Phenobot encountering a small obstacle with a fixed mast and a self-leveling mast

Operational Constraints

The Phenobot has operational requirements that constrain size as well.
One operational requirement is that Phenobot will need to be easily moved from the
laboratory to a trailer or truck to do this the robot must be able to drive through the doors that
are present in Sukup Hall at lowa State University. This constraint sets an upper limit to how
tall the vehicle is when the mast is fully retracted.

Another Operational requirement is that the vehicle must operate 8 hours per day.

This operational requirement is 2-fold. First this operational requirement helps set the weight
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of the vehicle as well as the capacity of the battery. The weight of the vehicle is set by the 8-
hour constraint by looking at how much tractive effort a vehicle needs to move in different
conditions. This tractive effort reflects on how much torque the vehicle needs which is
directly related to power. Along with low vehicle weight an efficient vehicle requires a drive
configuration that doesn’t involve skidding like a differential type drivetrain.

There is no real limit to the length of the vehicle, as far as the biology, but operationally a
short turning radius would aid in the maneuverability of the vehicle. This length was kept
within reason as the design evolved.

The need to make the vehicle narrower to account of error in the self-driving
algorithm drove all the subsystems inside the vehicle to need to be as space efficient as
possible. This meant the battery could no longer be in one lumped package, as in Phenobot
3.0P. It would now need to be spread out though out the vehicle to allow space for other

subsystems inside the vehicle.

Environmental Constraints

Figure 12: Phenobot will need to operate throughout the entire growth season.
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Environmental constraints of the vehicle are based on typical weather of summers in
the Midwest. The vehicle must be able to operate on the hottest of days for 8 hours. The
vehicle will be subject to dust and wind.

Occasionally the team expects the robot will need to withstand light rainfall as the
weather can be unpredictable most days. Alongside being able to handle the weather,
Phenobot must also be able to be cleaned easily the vehicle is expected to accumulate mud
and dirt in the wet mornings. This means Phenobot should be able to handle a stream of
water from all angles to wash off unwanted dirt when needed.

Sub System Sizing and Selection

Drive configuration

Selecting a drive configuration is driven by the need for the vehicle to be as efficient
as possible. Drive configurations of single path nature were considered without giving
thought to the differential type configuration due to its inefficiency. There are multiple ways
a robot can be steered with a single path drive configuration: Like a typical automobile two
wheels could be steered, all 4 wheels could be steered, or the vehicle could be made
articulated so that the body of the vehicle does the steering. When considering steering the
wheels it was known that this method would add complexity in the power transmission while
taking up more space inside the vehicle. The clear pick was to select an articulated type drive

configuration for its simplicity and efficiency.

Vehicle Architecture

Phenobot 3.0 will be designed to fit with in a 30 inch row spacing for corn it will also
need to achieve side view imaging for plants up to 12 feet tall. Both factors contribute the

largest size constraints. Many different configurations of the vehicle architecture were
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considered using size place holders of each component in the system this was iterated until

the team arrived at a suitable solution.

Power Consumption

To collect the maximum amount of data each day Phenobot must be able to operate
for 1 working day each day. One working day has been defined has 8 hours. Based on a
previous robotic prototype’s energy usages and sizing constraints 24v 100ah battery pack
was selected. This battery pack will allow for 300 watts continuous power useage for 8
hours. A large driving factor for low power consumption will be to keep the vehicle mass
low. The lower the mass the less energy the vehicle will need to move itself through the field.

Because of the size constraints placed on this vehicle the batteries cells needed to be
separated from their packs and placed in the robot as individual cells. This meant that a
different type of battery management system would be needed to manage each cell. A battery
management system from Roboteq was selected that could actively balance the charge in
each battery cell during the operation of the robot and shut the robot down during an anomaly

to help reduce the risk of rapid unplanned battery failure.
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Tractive Effort LBS vs Speed MPH
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Figure 13: Tractive effort plotted vs Speed showing the effect of a wet
field on power consumption

The tractive effort of the vehicle was calculated using the design guide from Danfoss.
Using parameters for rolling resistance and soil condition two scenarios were worked out. A
dry field and a wet muddy field the results of these calculations can be seen below.

From the graph we can see when the robot is in wet/muddy conditions more energy
will need to be available for the vehicle to keep moving forward effectively at 1mph. This
will reduce the working time on wet days.

Wheel Sizing

When selecting wheel size for a robot one must consider the terrain the robot will
need to overcome. If the terrain is expected to have an obstacle of a certain dimension the
robots wheel radius should be larger than that obstacle. Generally, the larger the wheels are,
the more efficient a robot will be at navigating rough terrain.

For the selection of Phenobot’s wheels many options were considered. The maximum

obstacle size expected in the test plots would be between 4 and 6 inches in height. Obstacles
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of this magnitude aren’t expected to occur often, but it would be important for the robot to be
able to overcome these. For this project, a 16in diameter wheel was selected. This will ensure
efficient travel through the field.

Suspension

When rolling over much smaller obstacles the large wheel diameter will have an
easier time. Because it requires much less torque to effective lift the mass of the vehicle over
the obstacle. Another way this can be reduced is by using a type of suspension such that the
entire vehicle’s center of mast does not need to be lifted to over come an obstacle. For
Phenobot it was decided this would be done as well in an effort to make the vehicle as
efficient as possible.

Gearbox Design

Phenobot 3.0’s design requires 6 different gearboxes for its function these gearboxes
are the Drivetrain, Steering, Mast roll/telescoping, midlevel up down and low-level camera
gimbal. This section will describe the thought process behind each gearbox.

Drivetrain Gearbox

The Phenobot 3.0P robot utilized a brushed DC motor (Ampflow F30-150), 20:1
planetary (Apex Dynamics AE-070-20), 2.67:1 chain reduction stage, and a cam and pawl
differential (Honda).

The drivetrain gearboxes in the prototype performed very well because of this the
design for Phenobot 3.0 will closely mirror them with a few differences. The new gearboxes
will have a fully enclosed design this will allow them to be a wet case design. The rotating
assembly inside the gearcase will be in oil. This will keep everything lubed up and increase
the life of components inside. With the design of Phenobot 3.0 the ground clearance is going

to be maximized as much as possible. To do this the size of the final rotating assembly will
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be limited. Limiting the size of the rotating assembly means the use of the Honda Cam and
pawl differential is no longer beneficial. The flange on this differential to mount the input
sprocket is much too large and would limit the ground clearance available. Another problem
with the past gearboxes was that the splined shafts needed for the Honda differential could
not be purchased. The driveshafts used in the prototype were made in house and it was
difficult as the necessary tooling was not available. To avoid this problem differential gears

were selected out of a John Deere 320X lawnmower transaxle made by TUFFTORQ.

Figure 15: Section View of Differential

Buying the replacement parts for this transaxle meant the axles, retainment rings and
differential gears could all be used as purchased parts. A differential carrier was designed to

hold the TUFFTORQ parts.
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Another differing part of the design for this gearbox was the addition of a right-angle
planetary gearbox from APEX Dynamics. The form factor required by the new architecture
required 2 battery cells be placed close to one another to make room for the drive motor. In
the prototype configuration the gearboxes were wider than the space available. The right-

angle gearbox handled these challenges perfectly.

Figure 16: LEFT: Phenobot 3.0 drive gearbox RIGHT: quartered section of the gearbox
showing the chain reduction and differential

Steering Gearbox

After finding the problems with using a linear actuator for the steering a new gearbox
was needed. The quick fix that was put into place on the Phenobot prototype was an
AMPFlow E30-150 motor with a apex dynamics AE070-20 planetary gearbox with a 2:1
reduction to the steering pivot. This steering update worked well it had a fast action that
made controlling the robot a lot easier than the previous linear actuator. The only drawback

was it could use a bit more reduction. In muddy conditions the robot had a hard time steering.
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The removal of the linear actuator was also a huge savings in space making room for the
batteries in the robot architecture.

To make the gearbox fit the form factor needed in the new Phenobot3.0 architecture
an extra gear reduction was added after the planetary gearbox and before the final reduction.
This reduction was done with a timing belt. The timing belt will act as a shock absorber in
the system for any fast changes of direction of the steering. This extra reduction also helped
us meet our goal of fitting the assembly in the form factor required by the new robot

architecture.

Figure 17: LEFT:Steering Gearbox  Right: Steering Gearbox Section View

Mast Gearbox

The mast motor and gearbox were very undersized for the Phenobot prototype. The
robot Architecture did not allow enough space for the gearboxes. For the Phenobot 3.0 robot
this was kept in mind. The two halves of the robot would be connected via a tube and the
mast would rotate about the tube to function as the self-leveling actuator. This allows for a

much larger mast gearbox and motor. The mast gearbox is two gearboxes and two motors.



25

The first combination controls the roll of the mast the second controls the top telescopic

portion of the boom.

Figure 18: LEFT Mast Gearbox RIGHT: Phenobot with mast fully extended

This telescopic portion is modular. This is intended to be a place where different
types of booms could be added on like a horizontal boom for when the plants are young in
the emergence stage. To achieve the telescopic nature of the boom a round 3-inch ID carbon
fiber tube was paired with a square 2-inch ID carbon fiber tube. The square tube is stabilized
inside the round tube using 3D printed roller blocks and neoprene rollers of 55a durometer.
The rollers are held in location to ensure there is a preload on the carbon fiber tube. This

ensures the mast will not have any backlash when extended. This is important as any
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backlash would add to any error that is already in the localization system. To drive the
telescopic portion a winch system was designed. This winch would pull the telescopic
portion up and down so jamming would not be an issue. A dynema rope was used so rope
stretch would be a non-issue.

Lower Canopy Camera Gearbox

Variations of ear height drove the decision to make a secondary height adjustment
system for the mast. This system will allow for 4 feet of variation while the robot is

traversing the field.

F_igyre 19: LEFT: Lower Canopy Camera Gearbox RIGHT: Section View showing rack and
pinion

This system is designed to be removable as it will not always be needed. A
clamping rack gear was designed. The rack gear has an AM equipment motor with the
appropriate gears attached to allow the camera assembly to move up and down. The camera
assembly uses neoprene rollers to provide a preload to the carbon fiber tube so there is

minimal backlash in the system like the design of the telescopic portion of the mast.
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Camera Gimbal

There is not enough room to mount cameras in a low enough position on the mast to
be able to image the field floor. This lack of room is due to the thickness of the mast gearbox
and the limited field of view of the cameras. Instead a camera gimbal was decided to be
mounted at the rear of the vehicle. Since the vehicle experiences a high roll rate this camera

gimbal is needed to keep the cameras pointed at the correct portion of the plants.

Figure 20: Stereo camera gimbal for imaging plants close to the ground

To do this a gearbox was designed using an AM equipment motor. This motor has a
worm gearbox built in. The gearbox’s main purpose would be to allow for easier mounting
for the camera to the mechanism. Mounting the camera directly to the motor shaft would be

troublesome.
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Stereo Module Design

Having many cameras on a robot taking images at a high rate introduce design
challenges. If the cameras were all connected to a central computer, the number of wires
going from the cameras on the boom to the central computer would be enormous. This
amount of wires would be difficult to manage in a nice way. If the wires could be managed,
there would still be a bandwidth problem. The central computer most likely would not be
able to save the images fast enough. Obtaining consistent lighting in the field can be
challenging. The team decided to add LED flash lamps to the camera module. These flash
lamps would need to flash at the same rate as the data collection and be bright enough to
eliminate lighting variation. Adding lights to the system meant even more wires to manage if
done with a central control computer. The amount of wires would also make it hard to
reconfigure the mast. A different solution was needed as the amount of wires needed was not
going to be a sustainable choice.

The team decided against using a central computer and instead decided to include a
Nvidia Jetson in the camera module that would save the images and a light driver to flash the
flash lamps. The camera modules would be controlled wirelessly from the main computer.
With this approach only, power wires would be needed at each camera this would greatly
reduce the cable management issues.

With the flash lamps and the Nvidia Jetson the stereo modules were going to need to
expel a lot of heat. The lights use 9watts of continuous when flashing at 10hz and the Nvidia
Jetson uses 15watts at peak. To allow for this much heat dissipation the enclosure of the
stereo camera was designed to be a heat sink. These modules were also designed to be highly

modular they will be able to be mounted in each location needed.
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The size of the stereo modules was constrained by a few aspects in order to get the
best results from stereo we needed to have the smallest baseline possible. Baseline is the
center distance between cameras the smaller the base line the closer the stereo cameras
useable distance can be. The lenses available were also a constraint. The lenses were the
main driver behind the baseline dimension as the diameter of the lenses directly drives the
baseline if the cameras are placed exactly adjacent to one another. Another constraint was
finding a lens with a wide enough view/ small focal length with the ability to focus from 0-
infinity. The ability to focus is highly dependent on the F# the larger the F# capability the
smaller the working distance can be. The team wanted a lens with a very large F# but with
very small lenses this is hard because the F# is inversely correlated with the aperture size.

For a very small lens with a large f# the camera would have a tiny aperture.

o

‘..
oNe

Figure 21: LEFT: sketch depicting a rough estimate of the stereo cameras field of view.
RIGHT: Stereo camera module with active lighting and internal computer
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Electronics Enclosures Design

The design of the electronics enclosures had three goals: environmental protection,
ease of manufacturing, give Phenobot a sleek look that smoothly slips through the corn rows
without catching corn leaves.

The previous enclosures for the Phenobot prototype were constructed of aluminum
sheet metal. These enclosures were difficult to build. Each part needed to be meticulously cut
and bent and held in place before welding. With all this work the result was subpar. The
enclosures had gaps that would allow dirt or water in and many sharp edges that would catch
corn leaves and tear them.

A different type of manufacturing was needed. Thermoforming is a manufacturing
process where plastic sheets are heated until pliable and sucked down around a mold. This
type of manufacturing doesn’t require high pressures so expensive tooling is not needed for
prototype parts. This option seemed like the best option for the team due to its low cost and
the ease of assembly it would provide.

Any type of molded part requires that there is a draft angle on the part so that the part
easily removes its self from the mold. To design parts for the Phenobot’s application the use
of draft angles needed to be creatively considered. To start an electronics enclosure was
designed as three pieces: a lid, sides and a bottom. The draft angles posed problems for the
sides and the bottom. The parts were very deep parts which meant the draft angle would have
a much larger effect on the end shape of the part. It was decided to instead make parts using
the draft angle to the advantage of the part instead of a side effect. The result was electronics
enclosures that consisted of 11 unique thermoformed parts.

Material selection for these enclosures was based highly on what the bidders had the

capability of doing. Lane Company suggested ABS plastic. White ABS was selected for the
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reduced amount of temperature rise it would provide in the summer sun and a UV coating
was added to the plastic to help it endure the tests of time in the sun’s radiation.

The design of the enclosures has many rivets. Lane Company agreed to do the
forming and CNC trimming of these parts. Which meant hole locations could be accurately
placed on the surfaces of the formed parts. Looking forward to some tolerance stack up
issues because of varying thickness only half the holes were to be drilled by Lane Company.
The rest of the holes were to be match drilled once the parts were clamped in the correct
locations with respect to one another. This method was time consuming but worked well the

finished electrical enclosures are sleek and easily sealed.

LY .
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Figure 22: LEFT: Electronics enclosure RIGHT: Cross section of electronics enclosure
showing labyrinth seals.

Wiring Harness Design

For this project wiring harness design came very last. After most of the vehicle was
designed and built. Throughout the entire design process a lot of thought had been put into
where the wires would be run through the robot. Many place holders were set for different

kinds of bulk heads, so each part of the robot could be removed easily by unplugging wires.
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The design of wiring harnesses is heavily mixed with the manufacturing. Our process
to develop the wiring harness was to measure the distances in 3D space that the wires would
need to travel and lay them out on a 2D layout board. The board had nails on it to hold the
wires where they are supposed to travel. For wiring harnesses getting all the lengths the same
is important. The team elected to terminate one side of each wire to start and at the end put
the harness in the vehicle and cut all the wires to the correct length at once. This process
made the entire wiring harness a very clean harness.

An excel spread sheet was constructed to show each connection in each harness. This
allowed for the pin to pin lay out to be made so that the manufacturing of the harness was
simplified. The excel sheet output a label for the end of each wire to help make maintenance

easier later.
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CHAPTER 3. MANUFACTURING

The Phenobot 3.0 robot consists of many different types of parts which each require
different types of manufacturing. The major types of manufacturing involved in Phenobot 3.0
are: 3axis and 3+1axis CNC Milling, sheet metal forming, Thermoforming, assembly and
wiring harness layout.

3 Axis and 3+1 CNC milling

Many components for the drive train, steering, suspension pivot, and mast were
designed to be milled on a 3 Axis CNC mill. When designing parts for these operations the
number of setups should be kept to a minimum, this reduces tolerance stack up errors in
machining as well as reducing the amount of time for set up for each part.

Setting up each part to be made on a 3 axis CNC machine is similar. A fixturing
strategy first needs to be developed. It helps if this strategy is thought about during the design
process of each part. Typical fixturing involves vices, 3 jaw chucks or custom fixtures.

When fixturing in a vice or chuck stock is saw cut to size and then clamped into place

Sheet Metal Forming

Many of the frame components of the Phenobot robot were designed to be laser cut
and formed. This was to be done via contact manufacturing. The pairing of a laser cutter and
a CNC press brake can produce parts of very high quality. Using this method holes on
opposite flanges can be nearly perfectly lined up after bending.

Thermoforming

Thermoforming was elected to produce the parts for the electronics enclosures. This

process allows for a relatively low-cost mold to be made to make prototype quantities of
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parts. While this process can be low cost when comparing to injection molding, for parts of
the size Phenobot requires the machinery is quite large and expensive so this was to be
outsourced.

Many of the design considerations for the electronics enclosures were made to
increase the manufacturability of the parts. As the parts were designed draft angles and pull
angles were used creatively to achieve the desired shapes of each part.

Thermoforming is a process where a sheet of thermoplastic is heated until plastic
deformation can be achieved. Once heated the plastic is pulled down over a buck and a
vacuum is pulled so the plastic tightly hugs the buck.

The buck is what gives the parts their shape. The buck must have the correct amount
of draft angle to allow for the parts to be easily removed from the buck. It is easier to mold
parts with aspect ratio of shallow depth and wide width rather than deep depth and narrow
width. This is because the plastic will have to deform much less to get to the desired result.
Small details are hard to realize in final parts, if there are any small details suction holes
would need to be placed into the buck for added suction in those areas.

Once the parts are molded there are excess bits of plastic around the edges or in the
middle of the parts that need to be removed before the part can be fully realized. This process
is called trimming and is usually done with a 5-axis CNC router. To hold the parts during this
process vacuum fixtures are made to hold the parts in place while the excess material or holes
are drilled.

Each of these aspects were closely considered during the design of the parts and the
assemblies of the electronics enclosures. Knowing that there could be some variance in the

thickness of the completed parts was important for the specification of which holes to drill.
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To allow for the error in the thickness of the parts only 1 hole was drilled anywhere there
were multiple holes needed to line up. This allowed for the completed parts to be clamped
together and adjust using klico edge clamps. Once the parts were in the correct orientation to
one another the holes were then match drilled and riveted. This ensured all holes lined up and
resulted in good part fitment as wanted.

3D printing

3D printing is a popular new low-cost manufacturing method that can be used to
make light weight complex parts relatively cost effectively. Parts of the mast were printed
with a chopped carbon fiber reinforced nylon called ONYX from Markforged. The printer
used was a Markforged Onyx. The material price is very affordable, so parts can be made for
a very low cost.

Previous 3D printed parts were always done on a Stratasys 3D printer in the
Mechanical Engineering Department, but they did not offer the use of nylon materials.
Stratasys direct was utilized to print some parts out of nylon before the realization that a
Markforged Onyx could be purchased and the printer would pay for itself in just a few parts
as compared to the Stratasys Direct method.

Because 3D printing simplifies manufacturing very complex parts can be designed.
Many features can be designed into one part, this reduces the total weight of assemblies.

Wiring Harness Layout and Assembly

The wiring harnesses for Phenobot were designed to a point to point basis. Each
connection was laid out on a spread sheet of what wire needed to go from pin to pin on
connectors in the harness. Routing through the robot was then decided. The spread sheet
generated labels that would be used in the manufacturing process. Each wire has a label on

each end that tells where each terminal should be connected.
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Manufacturing a wiring harness is difficult in that one needs to know the lengths of
each wire as the harness is being laid out. The harnesses are 3D when connected inside the
robot this makes it difficult to realize the lengths of the individual wires. To avoid this
problem a plywood wiring harness layout was constructed. The 3D lengths were translated
onto a 2D plane with each component that required connections. Nails were placed at each

component and bend in the harness to allow for the wires to be stretched in the correct way.

Figure 23: Wiring harness layout fixture

During the construction of each harness only one end of each wire was terminated.
This allowed for all the wires of the harness to be bundled at the very end and be cut and

terminated to the exact length once in the vehicle. This kept a clean look to the harnesses.
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CHAPTER 4. TESTING

Initial testing of the Phenobot 3.0 drivetrain has shown similar results to the Phenobot
3.0P prototype vehicle. The drivetrain pulls approximately 2.5 amps at 24 volts in a steady
state condition when driving on concrete or grassy terrain. The additional steering reduction
has shown better performance as well. More control authority is available to the steering
when even when the vehicle is standing still.

Future work will include testing and calibrating the mast control gains to ensure a

smooth control for the roll control and telescopic mast.
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CHAPTER 5. CONCLUSIONS

The design and manufacture of the Phenobot 3.0 robot has been a large undertaking.
More documentation and manufacturing are required for the completion of all 5 robots.
Future work will be to complete the assembly of the 5 robots and test them. Once that is
complete the robots will be ready to be instrumented and sent to the fields.

For this project to be sustainable more students will need hired to handle the

mechanical and electrical aspects of these robots.



39

REFERENCES

Bao, Y., Nakami, A. D., & Tang, L. (2014). evelopment of a Field Robotic Phenotyping
System for Sorghum Biomass Yield Component Traits Characterization. 7004, 1-10.
https://doi.org/10.13031/aim.20141901199

Bao, Y., Tang, L., Srinivasan, S., & Schnable, P. S. (2018). Field-based architectural traits
characterisation of maize plant using time-of-flight 3D imaging. Biosystems
Engineering, 178, 86—101. https://doi.org/10.1016/j.biosystemseng.2018.11.005

Cavender-Bares, K. (2017). Patent No. 9,582,002.

Danfoss Power Solutions. (2015). Applications Manual: Selection of Driveline Componets.
UNITED STATES.

EarthSense, Inc. (n.d.). Retrieved May 6, 2019, from https://www.earthsense.co/

Greenhouse and Growthroom Scanalyzers — LemnaTec. (n.d.). Retrieved May 6, 2019, from
https://www.lemnatec.com/products/high-throughput-phenotyping-
solutions/greenhouse-scanalyzer/

Hawkesford, M. J., & Lorence, A. (2017). Plant phenotyping : increasing throughput and
precision at multiple scales. Functional Plant Biology, 44, v—vii.
https://doi.org/10.1071/FPv44nl_FO

Mueller-sim, T. (2017). Development of a Ground-based Robot for High-Throughput Plant
Phenotyping. (August).

Mueller-Sim, T., Jenkins, M., Abel, J., & Kantor, G. (2017). The Robotanist: A ground-based
agricultural robot for high-throughput crop phenotyping. Proceedings - IEEE
International Conference on Robotics and Automation, 3634—3639.
https://doi.org/10.1109/ICRA.2017.7989418

Nikos, & Bruinsma, J. (2012). World Agriculture Towards 2030/2050 The 2012 Revision
(For the Food and Agriculture Organization of the United Nations). (12).

Robot | TERRA-MEPP. (n.d.). Retrieved May 6, 2019, from https://terra-
mepp.illinois.edu/about/process/robot

Rowbot. (n.d.). Retrieved May 6, 2019, from https://www.rowbot.com/
Virlet, N., Sabermanesh, K., Sadeghi-Tehran, P., & Hawkesford, M. J. (2017). Field

Scanalyzer: An automated robotic field phenotyping platform for detailed crop
monitoring. Functional Plant Biology, 44(1), 143-153. https://doi.org/10.1071/FP16163



40

Young, S. N., Kayacan, E., & Peschel, J. M. (2018). Design and field evaluation of a ground
robot for high-throughput phenotyping of energy sorghum. Precision Agriculture.
https://doi.org/10.1007/s11119-018-9601-6



