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Abstract 

In 2050 the world’s population is projected to be over 9 billion people, creating a 

need for more agriculture production than ever before. One way to increase production of 

crops is to get them planted in an optimum planting window. This allows the crops to 

take the most advantage of the longer days during the growing season thus increasing 

their yield. 

The growing size of farms and reduced amount of farmers puts more pressure on 

each remaining farmer to mechanize more heavily, and to get more acres planted faster in 

order to get crops planted in time. Most areas have an optimal planting window of a few 

weeks. This drives a need for planters to get bigger so one man can plant more acres in a 

day. Besides getting bigger, planters are also getting able to accurately plant faster. Today 

many of the new planters are “high speed,” meaning they are able to plant at speeds of 7 

to 10 mph. 

The typical research and discussions of high speed planters tend to focus on the 

speed effects on the seed placement, emergence, planting rates, active downforce 

systems, metering systems etc. There is little discussion on the effects these higher 

planting speeds have on the draft requirements of the row unit itself. There needs to be 

more knowledge about the relationship between soil and planting tools in order to 

optimize power and performance of the tools to minimize fuel consumption, labor, and 

soil compaction.  

In order to test the draft forces of various tillage and planting tools in different 

field conditions there needs to be a machine that can repeatedly test multiple tools in 

multiple field conditions over a wide range of speeds. This paper is about the 

development of such a machine. The Cultivation Assessment Test Apparatus (CAT App.) 

is a device used to pull tillage and planting tools at a consistent depth at different speeds 

measuring the draft and downforce requirements during tests.  
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Chapter 1 - Literature Review 

In 2050 the world’s population is projected to be over 9 billion people (United 

Nations, 2015), creating a need for more agricultural production than ever before. As 

there are no other continents to be discovered we have to use what we have for cropland 

more efficiently. Currently, 12% of the global land area is being used for agricultural 

crops, this is, land that supports crop production that isn’t used for infrastructure, 

grasslands, forests, or barren (United Nations, 2011).  

The growing size of farms and reduced amount of farmers puts more pressure on 

each remaining farmer to mechanize more heavily, and to get more acres planted faster in 

order to get crops planted in time. Most areas have an optimal planting window of a few 

weeks (University of Nebraska-Lincoln, 2016). This drives a need for planters to get 

bigger so one man can plant more acres in a day. Besides getting bigger, planters are also 

getting able to accurately plant faster. Today many of the new planters are “high speed,” 

meaning they are able to plant at speeds of 7 to 10 mph (Anderson, 2016).  

Today’s bigger, heavier equipment is able to get more done in a day, but poses 

damaging effects to the soil by compaction because it requires bigger tractors with more 

horsepower. As quoted from an article from the AgWeb Farm Journal, “‘Horsepower 

requirement is definitely a conversation that needs to occur when switching to a high-

speed planter,” says Jacob Swanson, John Deere product manager. “It simply takes more 

horsepower to go faster, and that’s accentuated in rolling terrain or softer soils’” 

(Anderson, 2016). Compaction resulting from this heavier equipment reduces the air 

available to plant roots, reduces water infiltration rates, and limits root growth. 

We need ways to minimize the weight of these machines to better utilize the soil’s 

potential for crop growth. We can minimize the weight of agricultural vehicles by 

optimizing the tools that interact with soil to perform their designed function with the 

least amount of power required to do that function. If the same function can be performed 

by a lighter vehicle, compaction will be minimized and thus there will be more crop 

growth potential. Furthermore, a lighter vehicle will also increase fuel efficiency making 

our natural resources last longer, and increasing the producer’s profit margin. 

In the ASABE standard for Draft Relationships for Tillage and Seeding 

Equipment, planter draft is largely only effected by the rolling resistance of the transport 
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wheels, gauge wheels, and press wheels (Harrigan, 1994). According to the standard, 

when calculating planter draft for planters the machine parameters effected by speed are 

both multiplied by zero, therefore suggesting that there is no effect of speed on planter 

draft requirements.  

Nearly all modern planters use a double disc opener set-up to form a furrow for 

the seed. The double disc openers are essentially two coulters that are at a slight angle to 

each other to form a wedge that will cut through the soil and residue and move the dirt 

around the seed delivery mechanism. In the 1994 ASABE standard, coulters show a 

linear relationship with speed. In a study of rolling resistance of pneumatic agricultural 

implement tires, it was found that there is a relationship between rolling resistance and 

velocity that is impacted by soil compaction (Pierrot, 1968). In the automotive industry 

tire rolling resistance is being studied and refined to improve fuel economy due to the 

increase of rolling resistance with speed (Redrouthu, 2014). Though automobiles travel at 

considerably higher speeds then agricultural planters in the field, per row unit on a typical 

planter there are at minimum, two gauge wheels, and two closing wheels. On a 24 row 

planter, that’s 96 wheels engaging the soil. A small change in rolling resistance of these 

components will be multiplied by nearly 100. 

The typical research and discussions of high speed planters tend to focus on the 

speed effects on the seed placement, emergence, planting rates, active downforce 

systems, metering systems etc. There is little discussion on the effects these higher 

planting speeds have on the draft requirements of the row unit itself. There needs to be 

more knowledge about the relationship between soil and planting tools in order to 

optimize power and performance of the tools to minimize fuel consumption, labor, and 

soil compaction. Studying the draft requirements of planters and becoming more 

knowledgeable about the relationships the row unit has with the soil can direct the 

exploration of new designs to require less downforce and less draft thus reducing the 

vehicle power and traction requirements, which in turn will reduce the vehicles impact on 

the soil by creating less compaction. 

Current methods of studying draft requirements of tillage and planting 

implements and their tools are shown in Figure 1. Soil bins (Image of Soil Bin and 

Processor, 2018) and tractor and implement configurations (Research Tools, 2018). Soil 
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bins are used to study the draft forces on isolated tools in a soil media that can be 

replicated for very precise and repeatable tests (Liu, 2002). Tractor and implement 

configurations vary from drawbar hitch dynamometers to instrumenting tools on the 

machine to measure their individual draft as part of the implement. This later method of 

testing tillage or planting draft helps give overall data for the entire tool, is mobile and 

allows real field conditions to be tested.  

 

 

Figure 1: Current testing methods for measuring draft. Soil bin (left), Drawbar 

dynamometer (right). 

 

To bridge the gap between these two methods of testing there needs to be a 

machine that can both be mobile--testing real field conditions, and be precise--isolating 

the tillage and planting tools from the rest of the implement. As seen in the diagram in 

Figure 2, the Cultivation Assessment Test Apparatus (CAT App.) fills the gap between 

the two existing methods. 
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Figure 2: Gap in existing testing methods for tillage and planting tools 
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Chapter 2 - Design 

During the development of the CAT App. the design process, depicted in Figure 3 

(Research Guides, 2018), was used to come about to a final design that would be a good 

solution to meet the design criteria. To meet the project scope the CAT App. design has 

evolved from an original gantry and winch concept to a multi-use test bed with auxiliary 

hydraulic power ports, a Category 1 vertical quick hitch, a hydrostatic transmission, on a 

40 foot track with a ball type trailer hitch and a removable axle. CREO Parametric was 

used to model designs in order to evaluate their effectiveness and manufacturability while 

developing the design. Several iterations and designs were modelled and discussed in 

order to get a machine that would meet the specified criteria. 

 

 

Figure 3: Engineering design process 



6 

 Identify Constraints 

The first step in this process was defining the scope of the project by creating the 

list of design criteria to focus the design of the machine to meet the needs of project. The 

goal of the project was to develop a device that could be used to test tillage and planting 

tools for draft and downforce variations in order to optimize their geometries to reduce 

their draft and downforce requirements. To reach this goal the design criteria for what 

became the CAT App. was as follows: 

 Mobility to test in different fields and locations, 

 Speed ranges seen by planting and tillage tools in the field (0-10 mph), 

 A variable drive to select any speed within its range, 

 Ability to accommodate a large variety of tillage and planting tools, 

 Precise measurement of: draft, speed, downforce, and position, 

 Ability to set tools at all conventional working depths, 

 A test length 1/1000 of an acre for a 30 in row (17 feet 5 inches), and 

 Repeatability of all testing aspects in real field conditions. 

 

 Research the Problem 

As soon as the problem was defined research began to learn what other things had 

been done in this field of study to solve similar problems. Research was also done to 

learn more about the details of each of the design constraints. Along with researching 

what had been done in this area of study before, committee members, peers, other faculty, 

and professor were all consulted at different times throughout the design process. They 

helped refine the design, and provided opinions and things to consider that helped guide 

the design of the CAT App. This process of research and consulting took place regularly 

throughout the design of the machine. 

 

 Imagine/Develop Possible Solutions 

The first solution proposed to meet the design criteria was a C-channel frame with 

a carriage much like a trolley for a crane that would be pulled by a winch mounted at the 

front of the track (Figure 4). After developing this possible solution it became evident 



7 

that the design problem wasn’t as simple as what was first thought. The problems with 

this first design concept were mostly with the propulsion system of the carriage. It would 

be difficult to moderate the speed of the winch accurately accounting for the change in 

the spool diameter as the cable began creating consecutive layers around the spool. Also, 

higher speeds would be hard for the winch to attain. Returning the carriage to the “home” 

position would require either, another winch and cable on the other side of the track or 

someone to manually push it back between tests.  

 

 

Figure 4: Initial gantry and winch design concept 

 

To address the issues found with the initial concept, other propulsion systems 

were investigated, though maintaining the track form of the machine. The benefits of the 

track design are that it eliminates variables such as wheel slip, ground roughness, and 

topography variations in the field. These benefits give the machine many of the 

advantages of a soil bin, only mobile. Firstly, an electric drive for the propulsion of the 

carriage was investigated. Using an electric motor coupled to a gearbox (shown in white 

in Figure 5) powering output shafts going to the outside of the tracks would provide the 

power to move the carriage. Drive sprockets would then be mounted to the output shafts. 

Additional idler sprockets would be mounted to the rear of the track. Roller chain could 

then be attached to the carriage with the front end of the chain being attached to a load 

cell to measure draft. Electric motors have the advantages of smooth power delivery to 

the carriage, less noise, ease of control, and repeatability. 
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Figure 5: Gear box and output shafts 

 

A problem with this design was that having electric motors with enough power to 

propel the carriage and tools engaging the soil forward at the speeds desired would 

require three phase power. Three phase power would be easily available for indoor 

testing, barring the specific need to test outdoors, in the field. Three phase generators in 

the field would solve this problem, but the cost of such a generator would have exceeded 

the budget for the project. Another issue was with the chain pulling the carriage, along 

with the need to shield that chain, since it would be moving rapidly and in the open. Also, 

the chain would need to be supported over the length of the track since track lengths were 

expected to be well over 20 feet long. If not supported, the chain would oscillate 

vertically and interfere with draft measurements as well as the control of the speed. The 

greatest concern with the chain was safety and how to shield it appropriately, and still 

allow for the carriage to move. 

Early designs of the track included heavy rail I-beams from PBC Linear. These I-

beam rails allowed for combination bearings that were designed for radial loads when 

engaging the flanges of the I-beam, and also had a roller for going against the web of the 

I-beam when an axial load was present. Having two bearings on each side of the I-beam 

would allow the carriage to keep the tracks from spreading apart due to their length. The 

bearings are shown in Figure 7 in an early rendition of the carriage. The 8 bearings for 

the carriage were quoted at $810.13, and two I-beams at 19.5 feet each were $975.00. 

This was a significant cost and other options were looked into for cost savings, especially 
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after the machine length doubled to 40 feet long to allow for acceleration and 

deceleration distance for higher speed tests. 

In order to attach a wide variety of different tools a Category 1 three point (Cat. 1 

3-pt) hitch was considered. A 3-pt hitch would enable any currently produced small 

agricultural implements to be attached to the CAT App. as well as to a tractor if true field 

tests were desired with the same tool, as seen in Figure 6. This would give a lot of 

flexibility to the tools that could be used, and the kind of testing that could be done with 

them. Generic toolbars could be made using square tubing sizes (such as 3 in., 4 in., and 7 

in. square tubes) used by most agricultural equipment to mount tools to the frame. This 

design allows direct fitment of tillage and planting tools to the toolbar used for either 

testing with the machine or testing with a small tractor. 

 

 

Figure 6: Great Plains twin row unit hitched via 3-pt to an M9000 Kubota Tractor 

 

Initially a true 3-pt hitch was designed to work exactly like a 3-pt on the back of a 

tractor, with two lift-arms and a single top-link (see Figure 7). Parts for the top-link and 

lift arms could be sourced from Tractor Supply Company, a local retailer that carries such 

parts that are a direct fit to some utility tractors such as an older 8N Ford. Instead of using 

hydraulics to lift the 3-pt., linear actuators could be used to raise the lift arms in order to 

be more easily controlled with a program without a lot of additional hardware. Two 

actuators working in tandem could be used to increase their lift capacity, but it would still 

be limited since the design of a 3-pt leaves the actuator at a mechanical disadvantage due 

to the geometry. 
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Figure 7: Three point hitch design 

 

 A true 3-pt hitch would work to raise and lower implements, and works on a 

tractor to give more ground clearance with longer implements when raised. However, the 

depth would be difficult to control for tests without the addition of gauge wheels which 

would interfere with the ability to measure downforce at the carriage with a single load 

cell. Also, a true 3-pt hitch would allow the tool to move a little from side to side, and 

wouldn’t hold the tool rigidly, which would affect the data from tests by introducing 

unknown variabilities from unmeasured tool movement. 

 

 Create and Build a Prototype 

To test the drive sprocket and fixed chain design and to learn more about the 

details of a gantry machine that is programmed, a concept of the machine in a scaled 

version was made (Figure 8). This test version gave a test run of the program, and aided 

as a stepping stone to get a better idea of what was needed for the design of the machine. 

The scaled version was a DC motor powered by a 12V battery that sat on a carriage. The 

DC motor with accompanying gearbox was mounted to a steel frame which mounted to 

the linear bearings that held the carriage. The 24T-35 sprocket was then mounted to the 

output shaft of the gearbox. This drive sprocket, along with two 19 tooth idler sprockets, 

to create sufficient chain-wrap around the drive sprocket, with a 35 roller chain, propelled 

the carriage of the gantry forward when the motor was turned on. The 35 roller chain was 

linked solidly to the rear of the gantry frame, and linked to an S-Type load cell that is 
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mounted to the front of the gantry frame. Two constant force strip springs were selected 

to simulate a tillage tool draft load on the carriage. These springs were hooked to the 

carriage and to the rear of the gantry frame. The carriage was mounted on four linear 

bearings that were free to slide on two shafts that acted like the track. The design 

included the same design of the finished CAT App. of having a sprocket mounted on the 

motor and an idler sprocket on either side of the drive sprocket. This tested the designed 

set up of the draft measurement and the propulsion system for the CAT App. A 

LabVIEW program was developed to control the test machine.  

 

 

Figure 8: Preliminary model for testing design concepts of the machine 

 

From tests on this initial prototype knowledge was gained about details involved 

with programming a carriage to move along a fixed track. Learned concepts from 

creating the code in LabVIEW for this initial prototype gave a better understanding of 

things that needed to be considered for the selection of components for the final design. 

Besides being helpful in learning LabVIEW details particular to this type of system, the 

initial prototype tested the function of the drive sprocket and idler sprocket configuration. 

From this prototype build it was shown that the drive system could be used in the final 

design due to its successful outcome in the initial prototype. 
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Chapter 3 - Final Design 

In order to size the components of the final design draft forces of a wide variety of 

tillage and planting tools were calculated at speeds of zero to ten miles per hour. To 

calculate draft forces of various tillage and planting tools the ASABE standard for Draft 

Relationships for Tillage and Seeding Equipment (Harrigan, 1994) was used. All the 

tabled data from this standard was inserted into Excel, and the width of a single foot of 

that implement or a single tool was used for calculating the draft requirements of each 

type of tool. Conventional operating depths were used in the calculations as well. The 

calculations of the draft for the all the tools (excerpt of spreadsheet in Figure 9 below) 

were then used to calculate the size of the drive sprockets and the size of the chains used 

to propel the carriage down the track. Low duty cycles were expected for the chain so 

tensile strength of the chain was used for selecting the appropriate size of chain based on 

a Martin Sprocket and Gear, INC. Catalog 60, which had sizing and design information 

for chains and sprockets. 50 heavy (50H) chain was selected for the drive chains for the 

CAT App. 
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Figure 9: Excerpt from draft calculations spreadsheet 

 

 Variable Drive 

To provide a variable drive that was mobile, a hydraulic drive was chosen. To 

power the CAT App. it was decided to use a 31 Hp Briggs & Stratton engine due to its 

availability at a significant discount, and for its size. According to the draft calculations 

and hydraulic pump and motor combination calculations this amount of power would 

allow for a moderate selection of minor tillage and planting tools to be tested by the 

machine until a more powerful engine could be purchased with additional funding. 

Draft calculations were also used to size hydraulic components for the CAT App. 

The pump and motor were sized to be able to supply the desired speed range and the most 

torque possible with the 31 Hp engine available. All the valves, hoses, and other 
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components were sized for a flow capacity of at least 25 gpm and 2500 psi in keeping 

with the maximum output of the pump motor combination. 

A schematic of the hydraulic system is given in Figure 10. Hydraulic flow is 

created by a 1.654 cubic inch per revolution Prince pump to deliver up to 24.3 gpm flow 

at 2500 psi to the 1.80 cubic inch per revolution Cross Hydraulic motor when the engine 

is set to 3500 rpm maintaining the motor below its rated max speed of 3000 rpm. A 30 

gallon reservoir was available for use for the project and its capacity was found to be 

adequate during testing due to the low duty cycle of the machine. Full flow to the motor 

will allow a speed range of zero to 12.5 mph calculated with no load and no pressure loss 

through the hoses and other hydraulic components. At full pressure (2500 psi) the draft 

the motor is capable of pulling by the machine is 938 pounds based solely on the pump 

and motor’s rated outputs. The speed and pull force are reduced to approximately a speed 

of 10.5 mph, and 795 pounds of pull force, if the machine would have an 85% efficiency 

of the hydraulic system in accordance with the formulas given by (Trinkel, 2014). It is 

important to note that the carriage itself puts a draft load on the machine when it is being 

moved and accelerated. The carriage’s weight is approximately 1,200 lbs plus the weight 

capacity of the linear actuator of 786 lbs, giving a total weight of 1,986 lbs to be 

accelerated and pulled along the track in addition to the tool being tested. 

 

 

Figure 10: Hydraulic schematic the CAT App. hydraulic system 

 

The hydraulic system’s pressure is regulated by a Prince RV-2H pressure relief 

valve with a range of 1500 to 2500 psi (for component data sheets see Appendix A, for 
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Component pricing see Appendix B). The system uses a Brand Hydraulics flow control 

valve that can moderate the flow from 0-30 gpm. This flow control valve is electronically 

controlled by varying the amperage input to the valve. An Axiomatic solenoid driver 

(model number RSD-PCB-5V-1.2A) is used to either accept a voltage input from the 

potentiometer on the control panel, or a pulse width modulated (PWM) voltage input 

from the program. The direction of the carriage is controlled by a Northman Fluid Power 

directional control valve. This valve is a three position, double solenoid, open center 

direction control valve that switches between positions by supplying 12V to either 

solenoid. The direction control valve is mounted on a Northman Fluid Power single-

station subplate (model number M03-06-S-2) to allow easy plumbing to the motor with 

hydraulic hose with ¾ in NPT ends. The open center position of the direction control 

valve allows for the pressure to be removed from the system in the center or neutral 

position of the valve. This free flow of fluid through the system in the neutral position 

reduces component wear and reduces the amount of heat added to the oil while the 

machine is between tests. A summary of the specifications for the CAT App. can be seen 

in Table 1 below. 
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Table 1: CAT App. specifications 

 

 Track 

The track type was inspired by a roller coaster track design and was a cost 

reduction from the earlier I-beam design giving a track and bearing material cost savings 

of $1611.53. This cost savings is only the difference in material costs; differences in 

fabrication costs were not part of the calculated budget since the labor wasn’t outsourced. 

There are three parts to the track; the track support frame made from four inch square 

tubing with ¼ inch wall thickness, a three inch schedule 80 pipe for the carriage to 

follow, and bracing supports that tie these two pieces together. Increased wall thicknesses 

were chosen to provide frame strength during transportation and to weigh down the track 

so the machine could apply adequate downforce to keep tools at the desired depth without 

picking up the track or sliding the track with the pull force of the carriage instead of 
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moving the tool in the ground. The track is made of 4 pieces of track that are 20 feet long 

(the three inch pipe sticks out an additional foot in each corner of the track). Each of 

these pieces weighs approximately 500 lbs. The front and back halves of the track are 

held together with a three foot piece of 3.5 inch square tube with a ¼ inch wall thickness 

that slides into the mating 4 inch square tubes on each side. Four ¾ inch bolts on each 

side of the track are used to hold the two halves together.  

Since the track was the component of the machine that was most critical to be 

able to withstand the loads it would see during transportation, a Finite Element Analysis 

(FEA) study was done on the track. To make sure the track could withstand the loads it 

would experience a worst case scenario was assumed during the study. This scenario 

would be supporting the weight of a fully loaded carriage (1200 lbs) with the dynamic 

weight limit of the linear actuator (786 lbs) on the hitch. For the study one side of the 

track was isolated. It was then supported at both ends and loaded with half the load of the 

carriage and half the linear actuator dynamic load limit. Originally the supports between 

the four inch square tubing and the pipe were set at 24 inches on center. After analysis the 

span between the supports was reduced to 10 inches on center to reduce the stress on the 

welded joints of the supports to the pipe and the square tube. With this spacing the stress 

on the joints was reduced to approximately 30,500 psi (Figure 11). The material that was 

used for the construction of the CAT App. is ASTM A36 structural steel. This material 

has a yield stress of 36,000 psi. This gives a factor of safety for 1.18 for the tracks before 

yielding occurs. The worst case scenario loading should rarely be seen, if at all, since the 

track is on the ground during testing, and the axle is mounted below the carriage during 

transport, so none of the carriage weight is on the suspended area of the track during 

transport. 
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Figure 11: FEA static analysis 

 

The carriage runs along the track via four “tri-caster” wheel units. These units are 

removable from the carriage while the carriage is still on the track. The topmost wheel of 

each unit supports the weight of the carriage and the tool being tested. The two side 

caster wheels of each unit, located 120 degrees from the top wheel, keep the carriage 

aligned while going down the track. At either end of the track these units act as a carriage 

stop with the end track pieces that hold the two sides of the track together. A ¾ inch bolt 

on each side is used to mount these end of track pieces to the frame, which can be seen in 

Figure 13.  

 

 Carriage and Hitch 

The carriage was made to house the hydraulic system and keep all the 

components together with the toolbar and hitch as the carriage moves along the track. 

This design of the carriage simplifies getting the power to the toolbar and allows for the 

chains used to propel the carriage to be stationary, eliminating safety hazards of long 

chains moving at fast speeds. The design also reduces the number of cables or hoses that 

need to be hooked to the carriage from the track to only the two cables for the two draft 

measuring load cells at the end of the track. This reduces the weight and complexity of 



19 

having multiple long hoses and cables span the entire length of the 42 foot track. The 

carriage is built around a rear axle out of 2001 Ford Explorer which allowed for a simpler 

design. This axle provides a gear box for necessary reduction of 3.73:1 from the 

hydraulic motor, and a means by which to get that power to the drive sprockets that 

engage the chain along the track. The axle is also the main structural component between 

the two sides of the track, supporting the hitch and hydraulic system as seen in Figure 12. 

In addition, the axle comes with outboard disc brakes that can be used for slowing the 

carriage at the end of a test at a higher speed. 

 

 

Figure 12: Carriage of the CAT App. 

 

The hitch, as shown in Figure 12, is a vertical hitch that acts much like a mast on 

a forklift. A type of quick hitch was made to accept Cat. 1 3-pt toolbars. Dimensions for 

the quick hitch were pulled from the ISO 730 Standard for 3-pt hitches (Clark, 1968). 

Category 1 3-pt was chosen in order for the CAT App. to accept small utility implements 

built for utility tractors under 50 Hp. The quick hitch allows for easy hook up of different 



20 

tools that can also be hooked up easily to a tractor, and prevents the tool from moving in 

any direction except up or down when controlled by the operator.  

To move the hitch up and down a Nook (model number ND8-24-10-B-610-LT-

POT-IP65) ball bearing linear actuator is used. The actuator has 24 inches of travel and a 

dynamic weight capacity of 786 lbs in either direction. The built-in potentiometer in the 

actuator allows hitch height to be read directly from the actuator’s position. The hitch is 

mounted to a 1200 lbs S-type load cell that allows the weight of the tool to be measured 

and any reduction in that weight or additional force applied to put the tool in the ground 

and maintain that tool depth giving the downforce requirement of the tool. A complete 

model of the CAT App. track and carriage can be seen in Figure 13. 

 

 

Figure 13: Full view of the track and carriage 

 

 Mobility 

To make the CAT App. mobile a 2-5/16 inch ball bumper hitch was attached to 

the front of the track using two by four inch rectangular tubing with a 3/16 inch wall 

thickness in an A-frame configuration. A telescoping jack was installed in the hitch for 

safety and ease of unhooking the CAT App. from a tow vehicle, whether in trailer or 

testing mode. A used 10,000 pound trailer axle was available to mount under the CAT 

App. for transporting it. To attach the axle, angle iron pieces are inserted into the track 

between the square tube and the pipe and below the square tube. These angle iron pieces 
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are then clamped around the square tube using a ½ inch bolt as seen in Figure 14. The 

pipe support pieces of the track act as a means to prevent the axle from sliding forward or 

backward during transport. In the last stages of the project two 6,000 pound axles 

replaced the 10,000 pound axle to lower the center of gravity and make axle removal 

easier and safer. 

 

 

Figure 14: 10,000 pound axle with hardware used for transporting the CAT App. 

 

To put the CAT App. into trailer mode, the carriage is moved into position 10 feet 

in front of the back end of the track. Here the carriage is bolted to the track to lock it into 

position. This positioning puts the carriage in the middle of the back section of the track 

and puts the carriage directly above the axle location. The back of the machine is then 

raised with a forklift or a front end loader. While raised, the axle is put into position 

under the carriage to reduce the weight carried by the track, limit the weight on the hitch 

of the tow vehicle, and allow the machine to follow the tow vehicle better around sharp 

turns. Once the weight is fully on the axle, the angle iron brackets are put into place and 

tightened together to securely attach the axle to the track. The CAT App. is now in trailer 

mode as depicted by Figure 15. The process to change between testing mode and trailer 

mode of the machine for transporting takes 20 minutes with one person. 
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Figure 15: CAT App. in trailer mode - on axle with bumper pull hitch installed 

 

 Fabrication and Design Details 

All the fabrication of the CAT App. took place in the Kansas State University’s 

Biological and Agricultural Engineering Department shop. Major tools that were utilized 

for the fabrication of the CAT App. included the following: 

 PlasmaCAM CNC plasma table with Hypertherm Performax 65 

 Torchmate CNC plasma table with Hypertherm Performax 65 

 Haas TM 3P CNC mill 

 Harrison M400 lathe 

 Miller 251 and 200 MIG welders 

 Drake 50 ton Press 

After the designs for the track and most of the carriage were completed, materials 

were acquired to begin fabrication. The tracks were the first things to be made. This gave 

a framework for the rest of the project to be built around. To ensure equal spacing and 

accurate placement of each track support a jig was made that could be clamped to the 

previous support and straddle the square tube the necessary distance, and then the next 

support to be welded to the square tube could be clamped in place to the jig, and welded. 

After the supports were all welded in place, the pipe was laid on top of the supports and 

clamped firmly in place. One edge of the pipe was aligned flush with the square tube. 
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This pipe end would be the middle of the track. The other end of the pipe was allowed to 

stick over the edge to provide for a mounting location for the either end of the chains that 

would be used to propel the carriage forward.  

Once the four track sections were built, the joining 3.5 inch square tubing piece 

was made and the tracks were joined together in the middle to form two 42 foot halves of 

the track. The end track pieces were made after the base of the carriage was installed on 

the track. This ensured that if the final dimensions of the fabricated carriage had any 

variance from the model, the carriage would still fit without complex alterations. 

 After the track was built, work began on the heart of the machine, the carriage. 

The pieces for the carriage were formed as needed. Then the tab-and-slot design was 

utilized for fitting the parts together along with using the casters to bolt pieces together to 

ensure proper alignment. All four of the “tri-caster” units were welded together as 

separate units, then the formed parts that made up the interface where these units could be 

bolted or unbolted from the carriage assembly were bolted together to ensure proper 

alignment. Sections of square tubing and pipe were then used as depicted in Figure 16. 

This process was used to ensure that all four of the “tri-caster” units would be uniform 

and aligned when welded in their proper place as part of the carriage assembly.  

 

 

Figure 16: Alignment clamping of the four "tri-caster" assemblies 
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The idler sprocket bearing mounts and the “tri-caster” assemblies were then 

welded onto the two 3 inch square tubes that bolted to the axle via two 3/8 inch plates 

that were welded to the axle itself. After these few items were in place the axle assembly 

was beginning to take the shape of what would be the carriage. This assembly, seen in 

Figure 17 with some additional parts clamped to it, was installed on the track and tested 

for fitment and for how it would run up and down the track. During these tests the base 

carriage ran smoothly along the track only catching a little in the middle of the track. This 

catching was developed by the track pieces “smiling” due to the top side being the only 

side that was welded on the square tube. With all the welds on the top side of the tube, 

the top of the tube contracted, pulling the ends up. This causes a slight rise in the track 

ends and the middle of the track. 

 

 

Figure 17: Carriage taking shape 

 

After the axle was installed on the track, the engine mounting plate was installed. 

It was U-bolted on to the rear axle where the leaf springs would normally be attached. At 

this time it was observed that the engine mounting plate was only attached at the axle, 

and that additional support could be easily gained by tying the square tube of the engine 

mounting plate to the front of the 3 inch square tube used to hold the “tri-caster” 

assemblies on. This tie-in supported the hitch and the engine plate more rigidly to reduce 

vibrations and strain on the U-bolts holding things to the axle, by supplying a true node 
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for the front hitch mast brace instead of it being braced only by a moment about the axle. 

The hitch mast was then clamped in place, and the supports for the mast were clamped to 

it to make the mast perpendicular to the ground as seen in Figure 17. The supports were 

then welded in place and the hitch mast was welded to its mounting plates. 

The quick hitch was then fabricated. The combination bearings were welded to 

their mounting plates and then temporarily installed for fitment of the parts to the mast 

while things were only tacked together. After everything was aligned the hitch was 

welded to completion and used for final measurements for the design of the mounting of 

the linear actuator. 

The next thing that was fabricated was the mounting for the linear actuator on top 

of the mast. This mounting was designed in conjunction with the mounting for the 

hydraulic reservoir during fabrication, as it wasn’t sure how things would fit or line up 

until things were installed, since the reservoir mounting bracket and straps were used 

from a previous use of the reservoir, and the time wasn’t taken to reverse engineer this 

bracket. The actuator was then mounted to the S-type load cell that would measure draft 

and the load cell amplifier was mounted nearby. The actuator could then be used to hold 

the quick hitch. 

While the carriage was on the track, the carriage was used to hold the tracks 

where they needed to be. The track ends were then cut to length and welded in place. To 

set the square of the track, the track end was clamped to the flat sides of the “tri-caster” 

assemblies facing the track end. The carriage was then positioned in place to set the 

length of the track then clamped in place. This ensured the track was square to the 

carriage and that there was no pinching or pulling of the carriage by the track. The joints 

of the four inch square tube that made the track end and the two 3.5 inch square tubes that 

slid in the end of the track segments were then welded together. The holes were then 

drilled for the ¾ inch bolts to hold the track ends to the track. 

The carriage was also used as a jig when welding on the angle-iron pieces that 

hold the drive chains in place and the flat strap that holds the cable chain along the track 

frame. To make sure the pieces fit properly through the carriage, two jigs were made to 

clamp to either side of one of the “tri-caster” assemblies. Next the material being welded 

in place was clamped to the jigs. This jig set the placement of the piece so it could be 
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welded to the track. Once welded, the piece was simply unclamped from the jig, then the 

carriage was rolled forward, then the piece was clamped to the jig in the new location and 

welded there. This process, and use of the carriage as a jig along with other jigs sped up 

the fabrication of the machine in a safe way, and ensured everything fit together 

according to the model. 

The placement of the hydraulic components came next. The engine was mounted 

to the engine subplate, then the pump and motor mounts were made. After these were 

mounted, the routing of everything else had to be solved. It was decided to put a plate 

down that could be U-bolted to the engine mounting support frame, and all the hydraulic 

components could be bolted to this plate. As seen in Figure 18, the steel mounting plate 

U-bolted in place with paper taped to it--used to mark the locations of each hydraulic 

component. The plate was then taken off and the marked mounting holes were drilled. 

Then each component was installed with corresponding hardware. Once each 

component’s place was known the required fittings were ordered. During installation of 

all the fittings and hoses Loctite 545 hydraulic thread sealant was used on all pipe thread 

(NPT) connections. 

 

 

Figure 18: Layout of the hydraulic components 

 

After the hydraulic system was plumbed, assembled and filled with fluid, the 

wiring was done to hook up all the controls. To house the controls for the manual control 
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of the CAT App. a control panel was made (Figure 19). The control panel is mounted to 

the top of the front right “tri-caster” assembly. The stand of the control panel is a piece of 

1/8 inch wall two inch square tubing. Holes were cut on the top and bottom of the control 

panel upright to allow the wiring to be ran inside the tube to keep it organized and safe 

from getting caught in moving parts, as well as out of sight as much as possible. The 

controls on the control panel include: 

 Hitch (raise, stop, lower) – rocker switch 

 Direction control valve (forward, neutral, reverse) – rocker switch 

 12V power to controls – safety toggle switch 

 Engine start – Briggs ignition switch 

 Flow control valve – potentiometer wired to solenoid driver behind panel 

 Digital engine tachometer 

 Fuse block – behind the panel out of sight, fuses for each component 

As part of the control panel, the top was designed to hold a laptop that would be the user 

interface to run the machine in automatic mode. 

 

 

Figure 19: First time the CAT App. was operated with all the manual controls 
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When everything was wired up the machine was started for the first time. It was 

run under its own power the entire length of the track. At this time a few safety and 

design concerns were noted. First, the track seemed a little on the short side for high 

speed testing, which was a concern from the beginning--thus the modular track design to 

allow expansion of the track. Second, the carriage was prone to slam into the end of the 

track when coasting without a load. Limit switches were added to kill power in the event 

either end of the track is reached. For further development the caliper brakes of the rear 

axle could be integrated into the control of the machine to aid in test sequences to slow 

the carriage after a test, and to allow for a parking brake on the machine to enhance 

safety. Another observation from these initial machine runs is that it’s important to keep 

the ball valves open on either end of the reservoir unless the system needs to be opened 

for service. During a follow up test of the function of the hydraulic system the valves 

were unknowingly closed prior to the test. When the engine turned over a couple times, 

before the engine even started, the oil filter popped off the threads, making the mess 

shown in Figure 20. 
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Figure 20: Oil spill from popping threads on oil filter 

 

When the filter was replaced and all the hydraulics were back together,the system 

acquired a perpetual drip. The cause of this has been concluded to be overtightening of 

the NPT fittings. To address this the fittings should have been torqued correctly, or a 

different style of fittings chosen such as SAE or JIC fittings.  

After function of the machine was tested, the machine was disassembled and 

prepared for paint. Hecht Interior Painting donated time, equipment and expertise to paint 

the track and the larger components of the carriage. After the paint cured, the machine 

was reassembled.  

Once reassembled the program was tested on the machine in the location shown 

in Figure 21. After the program was proven to be functioning, with no load, it needed to 



30 

go to the field to be tested with a load. In order to get the machine to the field the 

mobility aspect of the machine needed to be made. First the hitch was made then the axle 

was built. Before the machine could be raised to place the axle in position the carriage 

needed a way to lock it in place. The locking device designed to hold the carriage in place 

during transport are tabs bolted to each of the “tri-caster” assemblies which are then 

bolted to the pipe of the track. 

 

 

Figure 21: Assembled CAT App. after painted 
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Chapter 4 - Control 

The CAT App. is a closed-loop controlled machine using sensors for feedback, 

hardware that could be controlled electronically, and a microcontroller to process all the 

inputs and outputs. From the experience gained with the initial prototype, LabVIEW was 

used as the programming language, and a National Instruments (NI) myRIO-1900 was 

used for the microcontroller. As already mentioned, hydraulic components requiring 

control were selected with the capability of controlling them with Proportional, Integral, 

Derivative (PID) control, Pulse Width Modulated (PWM) or simply 0 or 12 volts for on 

or off controls respectively. 

 

LabVIEW 2013 

LabVIEW 2013 was used to create a program that would control the CAT App. 

(see Appendix C for pictures of the LabVIEW block diagram to see the code). The speed 

was controlled through the use of a PID control. A PWM signal was used to control the 

linear actuator in conjunction with the SyRen motor controller (see Appendix A for 

component data sheets, and Appendix B for prices and sources). A relay board was used 

to handle all of the higher load switching for the direction control valve and the linear 

actuator.  

The front panel of the LabVIEW program (Figure 22) was designed to show the 

PID control graph, which shows the desired speed, the actual speed, and the PID output. 

The front panel also displays the left and right draft forces via a gauge, as well as the 

weight on the hitch. Also displayed on the front panel are the speed output, the carriage 

position, the hitch position, and an error message that alerts the operator if the files are 

not saving to the flash drive after each test. The controls on the front panel include the 

proportional and integral gains, the set speed for the test, and the direction of the carriage. 

The hitch was controlled by rocker switch on the control panel but could be added to the 

front panel for more automated tests. The last control on the front panel is the “stop” 

button which ends the program and saves the txt file to the flash drive. 
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Figure 22: Front panel of LabVIEW program used to control the CAT App. 

 

 NI myRIO-1900 

As seen in Figure 23, a sealed toolbox was used to house the NI myRIO-1900 

microcontroller and the rest of the hardware to control the CAT App. and to collect data. 

All the power and sensor connections were made at two connectors at the back of the 

box, making the hardware easy to remove for diagnosis of the program in the lab. A 

laptop running the LabVIEW program was placed above the control panel and strapped 

down to secure it. This location of the laptop allowed everything to be monitored and 

controlled by the operator at one spot. 
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Figure 23: CAT App. with laptop running LabVIEW and the control box housing a 

National Instruments MyRio microcontroller and the hardware to control the CAT 

App. 

 

 Sensors 

The CAT App. measures and records: the carriage speed, the downforce being put 

on the tool to keep it at the desired depth, and the draft of the tool as it is pulled during 

the test. The speed of the carriage is measured by an ACCU-CODER quadrature optical 

encoder (part number 260-N-T-10-S-1024-Q-PP-1-S-FA-1-N) with a 1024 pulse count 

per revolution mounted on the front right idler sprocket shaft. This encoder was available 

for use from a different project, so it is not included in Appendix B. To measure the draft 

of the tool being tested, two chains lay inside the track and were attached to the front of 

the track via two Phidgets 1,210 lbs (550 kg) S-type load cells (part number RB_PHI-

204). An identical load cell was mounted to the top of the mast of the carriage to support 

the linear actuator and the quick hitch that the actuator raises and lowers. This load cell 

was used to measure the downforce of the tools being tested. Next to each load cell a 

SMOWO RW-STO1A load cell amplifier was mounted and wired in-line to ensure signal 

noise reduction to the myRIO for cleaner data. 

The hitch height was measured from the voltage output of the built-in 

potentiometer of the Nook Industries N08-24-10-B-610-LT-POTIP165 ball bearing linear 

actuator. The actuator was controlled by a SyRen 25A regenerative motor driver, from 
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Dimension Engineering, by a set duty cycle (one for raise, one for off, and another for 

lower) and frequency in the LabVIEW program for either the raise, off, or lower. The 

power to the actuator was turned on and off via the Progressive Automations’ LC-202 8-

channel relay module that was controlled by the myRIO’s output signal. The relay 

module was also used to actuate the solenoids on the direction control valve. 

The speed of the carriage was controlled by the flow of the system to the 

hydraulic motor. This flow was regulated by the Brand 0-30 gpm flow control valve. This 

valve was controlled by the current output of the Axiomatic solenoid driver. The solenoid 

driver takes a PID output signal from the myRIO. 

 

 PID Control 

The output of the PID controls the flow control valve output flow to the hydraulic 

motor on the pinion of the gearbox driving the CAT App. forward or backward. Having 

this control over the flow enables the carriage to move at a specified speed in either 

direction of travel. The PID increases its output until the speed, calculated by the encoder 

signal, is matching the desired or set speed. During a test the operator can select from the 

front panel the set speed for the test, and the desired direction of the carriage. The 

selection of the direction begins the test.  

 

 Tuning the PID Control 

Initial tuning of the PID control was done by taking the chain off the drive 

sprocket on the right side of the track. The differential of the rear axle allowed the power 

to be directly transferred to the one side, and the other side being locked at a stop would 

allow true speed measurement of the free side. A short chain was then made to wrap 

around the drive sprocket and the idler sprocket with the encoder attached to it. This 

arrangement allowed the machine to be operated without movement of the carriage to 

define the range of the hydraulic system PID gains more closely to make the tuning of the 

machine safer for tuning the system with the entire carriage moving. After this was done, 

the mass of the carriage was taken into consideration. The small chain was removed and 

the drive chain was reinstalled. While running the machine on the track alone, the 

tendency for the machine to coast became evident, especially since the area where the 
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machine was parked had a slight grade due to a nearby drain. With the coasting, the 

control of the machine had to be changed to not reverse the direction of the motor if the 

speed was too far above the desired speed. The control algorithm was changed to 

approach the desired speed and then letting the PID control the speed instead of the 

hydraulic valves. This change resulted in much smoother results. From these tests with 

the carriage the proportional gain was set at 0.1 and the integral gain was set at 0.01. 

The next phase of tuning the PID control of the carriage speed was adding a load. 

During the first experiment, tests were run at lower speeds obtaining a 0.4 to 0.6 mph 

threshold for the 0.5 mph desired speed. Higher speeds noticed more fluctuation as well 

as the machine struggling to get to the desired speed. A higher proportional gain was 

found to bring the machine to the desired speed faster, but would soon exceed the desired 

speed giving an erratic behavior of the speed creating a lot of periods of accelerating and 

decelerating during the tests as seen in Figures 24. 

 

 

Figure 24: PID speed control high P value, Desired speed 2.0 mph (red), PID output 

(white), Actual Speed (green) 

 

To do an analysis of the speed fluctuations from experiment one, all the data 

points--from the time the carriage reached the desired speed until it started its final 

deceleration--were compiled. The average of the draft and of the carriage speed was then 

calculated for each test at each set speed, getting a total average of actual carriage speed 

at all three tests done at each set speed. These results indicated that the machine was 

underpowered, since changing the gains made the problems worse, and that the engine 

was struggling to reach the higher speeds. 

To verify this conclusion, a controlled load testing device was constructed (Figure 

25). Originally, the device was hooked to a tractor via a 3-pt hitch, and the two hoses 

from the motor were connected to the tractor’s hydraulics. The motor, a Sauer Danfoss 



36 

OMT 250, and tire assembly were mounted on a frame that was free to slide forward and 

backward on linear bearings. A load cell was then connected between the sliding frame 

and the frame hooked to the tractor. The tractor hydraulics were used to drive the tire, 

then the operator could lower the spinning tire down to the ground to measure the traction 

or pull force of different tire types or tread patterns. 

 

 

Figure 25: Wheel apparatus for applying controlled load to CAT App. 

 

To alter this device to be a controlled load for the CAT App. the hydraulic hoses 

were removed and replaced with a small closed system. A one-gallon reservoir was made 

and the supply hose was plumbed to the hydraulic motor. The return of the hydraulic 

motor was plumbed to a pressure relief valve, which is connected to a “T” fitting with a 

pressure gauge. On the other side of the “T” fitting a needle valve was connected, and 

finally a hose connected the needle valve back to the tank. This system allowed the wheel 

to build pressure in the system, to an amount specified by the setting of the needle valve, 

while the wheel turned as it was being pulled by the CAT App. Weight for more traction 

could be added on the weight rack to force the tire to spin under the system pressure 

instead of skid along the surface of the ground. 
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The drive sprocket ratios were manipulated to allow the device to build adequate 

pressure to load the machine, and to also get a high enough pressure reading to be able to 

adjust it for different load settings. Four different ratios were tried, ranging from 1:4 to 

4:1. The optimum ratio was found to be at a 2:1 reduction from the wheel to the hydraulic 

motor. This ratio, along with 270 pounds of ballast allowed the CAT App. to pull a draft 

load of 425 pounds, similar to that seen by the Horsch single row unit, with the system 

pressure of the wheel device at 400 psi. At 800 psi the device can stall the CAT App. if 

sufficient weight is added to maintain traction by the wheel. Figure 26 shows the data 

from the CAT App. pulling the wheel device with the 270 pounds of ballast and the 

pressure set at 400 psi with the needle valve. The desired speed was set at 0.5 mph 

depicted by the light blue line. 

 

 

Figure 26: Test data from constant load on CAT App. 

 

The fluctuation in speed from 0.3 to 0.7 mph during the pull is evident from the 

data. The speed makes a sine wave as it tries to hit and maintain the set speed. In higher 

speed tests this fluctuation is amplified, and the machine runs out of test length before the 

speed stabilizes, preventing the collection of consistent data. At higher speeds a lower 
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proportional gain does not allow the carriage to ever reach the desired speed within the 

length of the track. 

After testing in the two experiments it was noted that the potentiometer gain sets 

on the solenoid driver may be limiting the PID output. Also, Figure 24 shows that the 

PID output is not ramping up quickly to its 5V maximum to get the carriage to the set 

speed. This limits the acceleration of the machine. The ramp setting on the solenoid 

driver needs to be modified to see if the PID output can be more responsive to the speed. 

By the time this discovery was made there wasn’t enough time available for further, 

investigation of the PID tuning and the solenoid driver settings. Changes in these settings 

should yield a machine that is better controlled for comparative and repeatable tests with 

much cleaner data. 
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Chapter 5 - Experiment One 

To determine the relationship between planter draft and planting speed, a study 

was done at the Kansas State University North Agronomy farm. Tests were completed 

with use of the CAT App. These tests included the use of a Horsch planter row unit 

(Figure 27). Tests were completed in a no-till field at the North Farm after soybean 

harvest in early December 2017 (see Figure 28). Information was collected by the MyRio 

microcontroller through the LabVIEW program then imported into Excel for analysis. 

Draft of a single planter row unit was compared to the planting speed of that row 

unit using data from these tests. The relationship between planter draft and planting speed 

indicates if a reduction in power requirements should be investigated to optimize row unit 

design for different planting speeds. 

  

 Equipment 

In order to determine the presence of a relationship between planter draft and planting 

speed, tests were done that recorded the draft of the row unit at different speeds. A 

Horsch Maestro planter row unit (Figure 27) was used for the testing tool. To control the 

active downforce system of the row unit, hydraulic pressure was supplied to the row 

unit’s downforce control system by the CAT App. The row unit was equipped with gauge 

wheels, opening discs, and closing wheels. The firming wheel was not installed for these 

tests. Neither were trash cleaners installed on the row unit. Seed was not planted during 

tests, which is independent of the row unit to ground interaction since the Horsch seed 

meters are electronically driven and not ground driven.  
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Figure 27: Horsch planter row unit with Yetter row cleaner 

 

 Planter Settings 

For this study the planter row unit was set at a depth of two inches, at the number 

“7” pin location. The active downforce was set at 180 pounds on the gauge wheels by the 

Horsch control screen. The closing wheels of the Horsch row unit were set in the second 

notch back away from the gauge wheels. The firming wheel was removed to allow the 

test to deal with those components most common to various planter manufacturer’s row 

units: gauge wheels, double disc openers, and closing wheels. The parallel linkages of the 

row unit were set to be parallel with the surface of the ground during the experiment. 

During the tests no seed was planted, nor was there any vacuum provided to the seed 

meters. 

 

 Field Conditions 

Tests were done in a no-till field at the Kansas State University North Agronomy 

farm. Soybeans were harvested from the field the year of the tests. All testing was done in 

the area depicted by Figure 28, below the first terrace of the field. The GPS location of 

this site is 39°12'46.1"N 96°35'49.5"W  
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Figure 28: Google maps picture of the field where testing was completed. Area in 

red encompasses the area of the field that was tested 

 

During the tests the soil VMC (volumetric moisture contact) reading measured on 

an average of 3 probes near the soil sample collection areas: 21.2% on the East end of the 

site, 12.9% in the middle, and 16.4% on the West end of the site. The soil data from the 

Kansas State Soil Testing Lab is summarized in Table 2. From these results the area 

tested ranges from a Silty Clay to a Silty Clay Loam. 
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Table 2: Soil data from the Kansas State Soil Testing Lab as of December 20, 2017 

  

 Procedure 

Tests to acquire data of the draft and speed the row unit was being pulled at were 

set up as follows: three tests were conducted at every speed with speeds in the range of 

0.5 mph to 6.0 mph at 0.5 mph increments. Faster testing speeds were desired, but during 

testing, the CAT App. was limited by power and rail length to achieve those speeds for a 

long enough duration for the acceleration to transition to a constant speed. The CAT App. 

was pulled forward by a tractor after each test, so each test could be done in a new 

location in the field that was undisturbed. 

During a test the carriage was moved to the “Home” position of the track, where 

the encoder was reset to zero. Then the carriage was moved forward to where the closing 

wheels of the row unit would just clear the frame of the CAT App. track. Here the linear 

actuator was extended to lower the row unit until the parallel arms were level to the 

ground. The 24 inch linear actuator was extended until it was 2 inches from the limit of 

its travel. This position was denoted as 2 inches above the lowest possible hitch point of 

the CAT App. on the LabVIEW front panel where it could be monitored. This was the 

hitch height setting for all tests as shown in Figure 29. After the hitch height was set the 

engine of the CAT App. was set to full throttle, which was 3400 rpm. The hydraulic 

system was then pressurized by screwing down a built-in needle valve that is before the 

return to tank. The needle valve was screwed down until the system was at 1500 psi. This 

pressure was enough for the hydraulic cylinder, supplying the active downforce to the 

row unit, to push the opening discs into the ground far enough to put pressure on the 

depth setting pin. After everything was set and ready, the set speed was chosen. Then the 

“Forward” button on the front panel was clicked to direct oil flow to move the carriage 

forward. The PID then ramped up its output until the set speed was reached by the 

carriage. Towards the end of the track the operator then had to click the “Forward” button 
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again to shut flow off to the hydraulic motor powering the carriage to allow the carriage 

to coast to a stop by the end of the track. 

 

 

Figure 29: Side view of the CAT App. carriage as it is performing a test at 0.5 mph 

with the Horsch Row unit 

 

The proportional gain was set at 0.09 for the 0.5 mph tests, 0.25 for tests in the 1.0 

to 4.5 mph range, and at 1.0 for the speeds 5.5 mph and above. During the 5.5 mph tests 

different proportional gains were tried (0.25, 0.3, and 0.5). During testing it was found 

that higher proportional gains allowed for increased acceleration of the carriage, but this 

increase was limited by the power of the 31 Hp Briggs & Stratton of the CAT App. The 

integral time was held constant at 0.01 throughout the study. The derivative time was set 

at the default of zero. 
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Chapter 6 - Experiment Two 

To better understand what the relationship is between planter draft and planting 

speed, and the performance of the CAT App., a second experiment was done at the 

Kansas State University North Agronomy farm. Tests were completed with use of the 

CAT App. These tests included the use of a Great Plains twin row units (Figure 39). A 

National Instruments’ MyRio was used, and the same LabView program was used for 

this experiment as was used for experiment one. Tests were completed in the same no-till 

field at the North Farm, but a year later after corn harvest in late October 2018 (Figure 

28). Information was collected by the MyRio microcontroller through the LabVIEW 

program, then imported into Excel for analysis. 

Draft of the twin row units was compared to the planting speed of those row units 

using data from these tests. The relationship between planter draft and planting speed will 

support the previous experiment’s findings as to if a reduction in power requirements 

should be investigated to optimize row unit design for different planting speeds, as well 

as to help determine the power requirements of the CAT App. 

  

 Equipment 

In order to determine the relationship between planter draft and planting speed, tests 

were done that recorded the draft of the row units at different speeds. A pair of Great 

Plains twin row units (Figure 30) were used for the testing tool. The downforce springs 

were set at their maximum setting for the duration of the experiment. The row units were 

equipped with gauge wheels, opening discs, and closing wheels. No trash cleaners were 

installed on either row unit. Seed was not planted during tests, and the drive mechanism 

for regulating the seed rate was not installed or functional during the experiment. 
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Figure 30: Great Plains twin row units mounted on a 3-pt toolbar 

 

 Planter Settings 

For this study the planter row units were set at a depth of two inches, with the 

selection levers in the third hole forward from the back most holes on both sides of the 

slot. The downforce springs were set at their most aggressive setting. The closing wheels 

of the Great Plains twin row units were set in the second notch back away from the gauge 

wheels. The parallel linkages of the row unit were set to be parallel with the surface of 

the ground during the experiment. During the tests no seed was planted, nor was there 

any vacuum provided to the seed meters. 

 

 Field Conditions 

Tests were done in the same no-till field at the Kansas State University North 

Agronomy farm as experiment one. Corn was harvested from the field the year of the 

tests as seen in Figure 31. All testing was done in the area depicted by Figure 28, below 

the first terrace of the field. The GPS location of this site is 39°12'46.1"N 96°35'49.5"W  
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Figure 31: CAT App. on the test field ready for testing 

 

During the tests the soil VMC (volumetric moisture contact) reading was 

neglected to be measured at the time of the tests. The soil data from the Kansas State Soil 

Testing Lab is summarized in Table 3. From these results the area tested ranges from a 

Silty Clay to a Silty Clay Loam. 

 

 

Table 3: Soil data from the Kansas State Soil Testing Lab as of October 29, 2018 

 

 Procedure 

Tests to acquire data of the draft of the row units and the speed that the row units 

were being pulled at were set up as follows: three tests were conducted at every speed 

with speeds in the range of 0.5 mph to 3.5 mph at 0.5 mph increments. Faster testing 

speeds were desired, but during testing, the CAT App. was limited by power, unable to 

reach speeds above 3.5 mph with the twin row units. The CAT App. was pulled forward 

after each test with a tractor, so each test could be done in a new location in the field that 

was undisturbed. 

During a test the carriage was moved to the “Home” position of the track where 

the closing wheels of the row unit would just clear the frame of the CAT App. track, as 

seen in Figure 32. Here the linear actuator was extended to lower the row unit to the 

ground. The 24 inch linear actuator was extended until the opening discs were fully 
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pushed into the soil-usually when the actuator was at the limit of its travel. Then the hitch 

was raised until the parallel arms were parallel with the surface of the ground. This 

position was denoted as 7 inches above the lowest possible hitch point of the CAT App. 

on the LabVIEW front panel where it could be monitored. This was the hitch height 

setting for all tests. After the hitch height was set, the engine of the CAT App. was set to 

full throttle, which was 3400 rpm. After everything was set and ready, the set speed was 

chosen. Then the “Forward” button on the front panel was clicked to direct oil flow to 

move the carriage forward. The PID then ramped up its output until the set speed was 

reached by the carriage. Towards the end of the track the operator then had to click the 

“Forward” button again to shut flow off to the hydraulic motor powering the carriage to 

allow the carriage to coast to a stop by the end of the track. 

 

 

Figure 32: Side view of the CAT App. carriage as it is performing a test with the 

Great Plains twin row units 

 

The proportional gain was set at 0.1 for all tests since it was found that this setting 

gave the best results, and that the machine being underpowered was largely responsible 

for the inability to maintain the set speed at higher speeds rather than the PID gains. The 

integral time was held constant at 0.01 throughout the study. The derivative time was set 

at the default of zero.  
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Chapter 7 - Results 

Data was recorded every 20 milliseconds throughout the duration of the tests. 

After completion of the tests the data was then imported to Excel and analyzed. The raw 

data from each test was then copied into a single spreadsheet to put all the data in order of 

increasing test speeds. A graph was made of all the speed values. For the x-axis of this 

graph a new time column was made that counted up in 20 millisecond intervals for each 

row of data, in keeping with the data collection rate of the program 

  

 Experiment 1 Results 

The speed vs. time graph of the data from Experiment 1 was used to give a visual 

picture of when the machine was pulling the tool around the desired speed consistently – 

not accelerating or decelerating. From this graph the time periods of erratic behavior were 

noted and used to crop out those sections of data that were of no value. The total draft 

force was then graphed against the speed to show whether or not a relationship existed, 

this graph is shown in Figure 33. It is important to note that the total draft shown from the 

data includes the draft of the carriage of the CAT App. 
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Figure 33: Total Draft vs. Speed when testing the Horsch row unit 

 

 Experiment 2 Results 

The speed vs. time graph of the data from Experiment 2 was used to give a visual 

picture of when the machine was pulling the tool around the desired speed consistently – 

not accelerating or decelerating. From this graph the time periods of erratic behavior were 

noted and used to crop out those sections of data that were of no value. The total draft 

force was then graphed against the speed to show whether or not a relationship existed, 

this graph is shown in Figure 34. It is important to note that the total draft shown from the 

data includes the draft of the carriage of the CAT App. 
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Figure 34: Total draft vs. Carriage speed for tests with Great Plains twin row units 

 

 Program Results 

Looking at these results shows a lot of fluctuation in the draft force at any set 

speed during the test. The root cause of these fluctuations is the limited power for the 

machine. More power would enable the machine to accelerate faster and meet desired 

speeds in less time allowing the PID control to be further tuned to work better. The data 

indicate fluctuations in speed versus distance. For example, in Figure 35, the speed 

fluctuates greatly on both the 0.5 MPH and the 4.0 MPH test shown.  
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Figure 35: Data from experiment 1 testing the Horsch row unit 

 

Rises in draft occur during acceleration of the carriage to reach speed. After 

reaching the set speed the carriage decelerates, reducing the draft. These spikes in the 

data can be removed to clean the data and give more definitive results, as was done for 

the graph in Figure 36. However, this process is tedious, and introduces effects to the data 

that are difficult to replicate consistently and exactly for all data in every test. Although 

the machine needs to be further tuned to get cleaner data for more definitive results, 

looking at the data in Figure 36 shows a positive correlation between draft forces and the 

speed at which row units are pulled, thus affirming our hypothesis that there is a 

relationship between planter draft and planting speed.  

Figure 36 also shows a difference in the draft of the two different kinds of row 

units. The higher draft forces from the Great Plains twin row units were expected as there 

was two row units instead of the one in the Horsch row unit test. It’s also interesting to 

note the slopes of both sets of data are similar. However, the data was taken on different 

days and the soil was wetter on the day of the Great Plains test than on the day of the 

Horsch tests, though the moisture of the soil wasn’t measured. Therefore, the data cannot 

be quantitatively compared, but the data does support that the machine can effectively 

acquire draft data of different tools and at different speeds. This ability validates that the 

CAT App. design is able to perform according to the design criteria, which was the 
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purpose of these tests. These tests have also shown areas for design changes or additions 

that can be made to make the machine perform better and more efficiently. 

 

 

Figure 36: Combined results from experiment 1 and 2 

 

 Machine Results 

From these results and from experience operating the machine it is apparent that 

the machine needs a larger power source. Having a larger engine that will be able to 

provide full flow at max pressure will allow the machine to operate more smoothly and 

consistently, eliminating the PID control trying to compensate for an engine operating 

outside its designed performance parameters. A larger displacement hydraulic motor 

would also give the machine more pulling capacity by allowing the system pressure to 

produce more torque. This increase in torque will reduce the speed capabilities of the 

machine. A decrease of up to 4 mph would still allow the machine to test in the high 

speed planting range at speeds of 8 mph, since the machine can currently theoretically 

reach 12 mph when not pulling a tool. Having more torque will aid in providing more 

draft pulling capacity to the machine, allowing the machine to test a wider variety of 

tools. 
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After the machine was running, other uses were thought of for it in addition to 

testing tillage and planting tools. The machine has been used for taking seed images as 

planted by a row unit it at specific depths and speeds as seen in Figure 37. During the 

tests a high speed camera took footage of the corn seed placement and location at varying 

speeds. The CAT App. provided a means to run the active downforce of the row unit, a 

depth control, and a set speed to do these tests. 

 

 

Figure 37: Furrow made with Horsch row unit on the CAT App. to take pictures of 

the seed in the furrow as planted in real time 
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Another test the CAT App. has been used for was an experiment that tested silage 

compaction needs. As seen in Figure 38, a bin of silage was placed under the controlled 

load device used for testing the PID control of the CAT App. Varied amounts of 

downforce were supplied to the silage via the linear actuator. The downforce data was 

used to draw conclusion from the different amounts of compaction on the storability of 

the silage after it was packed. 

 

 

Figure 38: Silage compaction testing 

 

As displayed by these tests, a machine that is mobile, has a hitch that can raise 

and lower, can travel at a desired speed in range of most farming operations, and can 

record draft, speed and downforce data is a very useful piece of equipment that can be 

used for a wide variety of experiments. The design of the machine has potential to be 

further refined, and then used for testing in multiple experiments when more power and 

torque are provided for the carriage. This machine can be used to research draft 

relationships in tillage and planting tools to optimize their function and draft 

requirements as well as many other uses. 
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Chapter 8 - Conclusion 

The CAT App. is a test machine that has many uses and can be adapted for testing 

with tillage and planting tools, wheel to ground interactions, and silage compaction 

testing, just to name a few. Further development of this machine will provide a test bed 

for multiple in-field conditions of different tools, as well as different areas of focus. The 

CAT App. has proven to be a useful test bed for multiple areas of research within the 

Biological and Agricultural Engineering department at Kansas State University. After 

testing the machine, it proved to meet the design criteria sufficiently to various degrees. 

The CAT App. has the following capabilities: 

 Mobility to test in different fields and locations, 

 Speed ranges up to 6 mph, 

 A variable drive to select any speed within this range, 

 Accommodates a large variety of tillage and planting tools, 

 Acquires data of: draft, speed, downforce, and position, and 

 Ability to set tools at conventional working depths. 

Finally, the data collected from tests with the CAT App. can be compiled then graphed to 

show useful relationships between tools and different field conditions as shown in the 

two experiments. Areas to further improve the design of the machine were discovered 

during these tests as well. Further improvements to better meet the criteria are discussed 

in the next chapter. 
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Chapter 9 - Further Work 

During development of the CAT App. several items were discovered that would 

improve the usefulness of the machine. These items include: mobility, power, control, 

and length of track of the machine. Each of these improvements that can be made to 

further the use and ability of the CAT App. are discussed in further detail below. 

 

 Mobility 

Currently the CAT App. is transported by installing an axle underneath the 

carriage when it is bolted down to the track in its transport position, and then angle-iron 

pieces are used to go through the track and clamp it in place. This is a lengthy process 

and involves working around a suspended load. A forklift or tractor with a front-end 

loader is needed to raise the back of the machine off the ground to install and uninstall 

the axle. While this allows for the machine to be transported, it is too lengthy of a process 

to use the axle in between tests. For consecutive tests the machine is dragged forward 

with the hitch raised a bit. The best device found to maneuver the CAT App. in the field 

is a tractor with a front-end loader, that is ballasted in the rear (for installing and 

uninstalling the axle) with a trailer ball hitch mounted on the 3-pt of the tractor.  

In order to reduce the amount of equipment needed to support the CAT App. for 

changing between testing and transporting modes, a self-raising axle could be used. The 

axles will need to be separate since any axle tube would hit the track and interfere with 

the testing area unless it were in the rear-most position of the track, but then it would 

make the turning radius too large to be able to maneuver it in urban areas. The proposed 

design is to attach an axle assembly to each side of the track, as seen in Figure 39. 
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Figure 39: Better mobility concept model 

 

The axle assemblies would be welded to the track with a pivot point and a point 

for a cylinder to raise and lower the axle. The hoses from the cylinder on the right axle 

assembly can be routed through the square tubing of the track to connect to the hoses on 

the left axle assembly. The two hoses from the left axle assembly can then be routed 

through the square tubing of the left track to connect to the tractor’s hydraulic valves via 

quick couplers. The operator could then raise and lower the machine from the tractor cab 

like any other agricultural implement. During transport, cylinder stops could be placed on 

the cylinders to prevent them from seeping down if there is a leak in the system. These 

stops will also be used when working around or on the machine when it is up in the air. 

Use of hydraulically operated axles will allow for increased mobility between test sites 

and better maneuverability in the field. 

 

 Power 

Besides an increase in mobility, more power to operate the carriage is needed. 

Initial tests were tried with two Horsch row units; however, one unit had to be removed 

since the CAT App. was unable to pull both row units in the ground at depths greater than 

1.25 inches. More power would also enable faster acceleration times giving longer 

effective test lengths. The current engine was selected to stay within budget of the 

machine and to get the machine going. This engine is a 31 Hp Briggs & Stratton V-Twin 

carbureted engine. The K-State Quarter Scale Tractor Team has determined this engine to 



58 

have 28 Hp peak output calculated from a prony brake dynamometer. Preliminary 

calculations done during the design of the CAT App. showed that this engine could pull 

an adequate variety of minor tillage and planting tools that would fit within the tracks of 

the machine. These calculations, however, did not include the acceleration, and powering 

of the carriage the tool would be pulled by.  

More power would allow for a larger displacement hydraulic motor to be selected 

to provide more torque to the pinion of the rear axle and thus more pull force. A more 

powerful engine would also be able to produce the needed flow by maintaining higher 

engine speeds to create that flow at the maximum system pressure to produce the full 

amount of torque from the hydraulic motor to give more pull force at the higher speeds 

that the tests require. The hydraulic system was designed for a flow of 25 gpm which the 

current pump can output at its max rpm of 3500. The majority of the system is rated for a 

flowrate of 30 gpm with the exception of the pump, motor, and the direction control 

valve, and its corresponding subplate. These three components can be directly replaced 

with a different component of a max flowrate of 30 gpm to maximize the systems power 

output. These changes will better utilize the CAT App. and allow the machine to include 

major tillage operations its scope of testing. 

The proposed solution to maximize the power of the current system with as little 

money as possible is to get a larger displacement motor and run the machine at the rated 

25 gpm using a diesel engine between 50 and 60 Hp which would provide the low end 

torque for pulling and not over speed the pump that is rated for 3500 RPM. A gasoline 

engine would have to run at higher RPM to provide its best power, and the pump would 

need to be replaced with one that could operate at higher speeds. Putting a larger engine 

with more torque would maintain the maximum flowrate of the pump, since it would not 

lug the engine down to maintain the system pressure of 2500 psi. at the full flowrate of 

the pump. 

 

In-Cab or Tablet Control 

The controls of the CAT App. are currently mounted on a control panel which is 

mounted to the carriage. This requires the operator to walk with the carriage while a test 

is being performed. When the machine is able to do tests at speeds above 4 mph this will 
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create a safety issue. A braking mechanism could also be installed using the disc brakes 

of the axle the carriage is propelled by to stop the carriage from coasting when the 

operator shuts the test down. 

In order to control the CAT App. more easily and safely, putting the controls 

inside the tractor would eliminate the need to enter and exit the tractor cab multiple times. 

This improved control could be accomplished by mounting a laptop with LabVIEW 

program on a RAM mount in the cab and hard wiring controls to a control box in the cab. 

To do this the wires would need to be routed through the cable chain on the left side track 

and then through the frame to the cab. Another option would be to simply use wireless 

connections and use a tablet in the cab of the tractor to operate the machine. Moving the 

controls would allow a lot more tests to be conducted during a day, and would make 

running the tests safer and less fatiguing for the operator. 

 

 Track Length 

In order to test speeds greater than 4 mph, which the machine could do once it has 

more power, the track will need to be longer to give enough time for the carriage to 

maintain its desired test speed for an adequate test. Two additional 20 foot sections of 

track can be made and easily inserted on each side of the track to make the machine 

another 20 feet longer. With this addition supports will need to be made to prevent the 

track from sagging excessively when the track is off the ground. To make the track joints 

stronger, the pipes above the four inch square tubes should be tied together as well. The 

jointing method for the individual track lengths will also need to be easy to assemble and 

disassemble, as the center track piece on both sides of the track will need to be removed 

when the machine is transported in order for turns on the road to be made. Also, without 

adequate supports between the tracks, the back of the track will tend to wander from side-

to-side in relation to the hitch because of the length. 

 

 Machine Translation 

During the conception of the mobile soil bin, it was intended that the current 

tracked machine would only be the X-axis of the final machine. The final gantry system 
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would include a Y-axis as well. On this axis the current machine would translate 

sideways after each test so multiple test strips could be run in a single test.  

Several different methods of translating the machine were discussed, including another 

track for the machine to follow. This idea, however, proves to counter the efforts for the 

machine to be mobile and easily transported to different field conditions and down the 

road. A more favorable idea is to install trailer tires at either end of the track (end and 

home positions) that could be raised and lowered by the machine’s own hydraulic power 

using the auxiliary power outlets. Figure 40 is a conceptual model of this design. 

 

Figure 40: Conceptual model for machine translation 

 

The wheels used for translating the machine would also be hydraulically driven. 

The four wheel assemblies would include a hydraulic motor; a tire, wheel and hub that 

would mount onto the hydraulic motor, and the mounting frame that would pivot on the 

end of the track. The End and Home driven wheels could be controlled at different rates 

to allow the machine to turn as it translates to follow a specific path. A single hydraulic 

cylinder would also be used to rotate the wheel assemblies on either end of the track 

(Figure 40). Rotating up during a test to set the machine on the ground or for transporting 

on the road, or rotated down to pick up the machine for translating to either side between 

tests. 

The machine could also run tests while the track is off the ground, and the 

translating wheels could be controlled at different rates to simulate turning conditions on 
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the tool being tested. This ability opens up more variety of tests and would allow for 

more inclusive tests of types of movement that the tool will be subjected to in use in the 

field. 
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Appendix A - Component Data Sheets 

SMOWO Standard One Channel Load Cell Amplifier RW-ST01A 
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Dimension Engineering SyRen 25 Regenerative Motor Driver 
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LC-202 8 Channel Relay Module 
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Resettable Tach/Hour Meter 
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RB-Phi-204 500Kg S-type Load Cell 
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Cross 1.80 cu in Hydraulic Gear Motor model 40MH18DACSC 
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Northman Fluid Power Single-Station Subplate 
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Prince 1.654 cu in Hydraulic Pump Rear Port Model SP20B27D9H2R 
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Prince Inline Relief Valve Model RV-2H 
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Nook DC Ball Screw Linear Actuator Model ND8-24-10-B 
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Northman Junction Box 
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Northman Fluid Power Solenoid-Operated Directional Valve Model SWH-G03-C3-D12-

10
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Brand Hydraulics Co. Electronically Adjustable Proportional Pressure Compensated 

Flow Control “EFC” Model PEFC12-30-12 
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Axiomatic Remote Mount Solenoid Driver RSD-PCB-5V-1.2A
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Appendix B - Materials and Cost 

CAT App Materials Cost List   

Supplier abbreviations: 

BSW Built-So-Well 

  

FAS Fastenal   

ORS Orscheln's   

SUR Surplus Center   

NOR Northern Tool   

MEN Menard's   

GRA Grainger   

DFP Dakota Fluid Power   

NAP Napa Auto Parts   

EQP Equipatron   

RAD Radio Shack   

JET Jet Ski Plus, LLC   

MOT Motron Industries   

MOU Mouser   

MIN Mini In The Box   

QST Kansas State Quarter Scale Tractor Team   

TYK TYKB Buy   

WTA Wamego Truck and Auto Recycling   

Building Materials    

Supplier Quantity Description Price Amount 

BSW 80 ft 1/4" x 1-1/4" flat  0.9 72 

BSW 12 ft 4" x 1/4" square tubing 10.54 126.48 

BSW 80 ft 1-1/2" x 3/16" angle iron 1.28 102.4 

BSW 80 ft 4" x 1/4" steel square tubing 5.38 430.4 
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BSW 24 ft 2" x 3/16" steel square tubing 1.76 42.24 

BSW 20 ft 3.5" x 1/4" steel square tubing 8.63 172.6 

BSW 84 ft 3" steel sched 80 pipe 9.3 781.2 

BSW 56 sq ft 1/4" steel plate 6.85 383.6 

BSW 8 sq ft 3/8" steel plate 10.28 82.24 

BSW 8 ea 074200 1/2" U-bolts 13.22 105.76 

BSW 40 ft 3/16" x 1-1/4" flat 0.6 24 

BSW 2.5 ft 3" x 3/16" square tubing 5.52 13.8 

BSW 1 ft 4" sched 40 pipe 3.65 3.65 

MOT 2 ea 45" u-rods 73.33 146.66 

MOT 4 ea HUB-054 axial bearings 64.4 257.6 

FAS 4 ea bolt, HCS 3/4 - 10 x 5 Z5 1.9307 7.72 

FAS  misc fasteners  82.46 

 Total Building Materials  $    

2,834.81 

Paint Materials    

Supplier Quantity Description Price Amount 

ORS Painting supplies 120 ORS plastic sheeting    

 32.04  

 

Hydraulic & Power Transmission 

Supplier Quantity Description Price Amount 

WTA 1 ea 3.73:1 rear axle from '01 Ford Explorer 250 250 

SUR 4 ea 18T 1 bore 50P sprocket 8.5 34 

SUR       9 ea   #50-10 H 10ft box of #50 roller chain  22.95    206.55 

SUR 12 ea #50H heavy duty connecting link 0.6 7.2 

ORS  touchup paint  31.74 

ORS  Purple and black paint  13.76 

ORS 3 gal Paint 30.99 92.97 

ORS 6 ea spray paint 5.29 31.74 

ORS 4 ea Rustoleum 3.44 13.76 

  Total Paint Materials  $        336.01 
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SUR 1 ea 1" x 36" keyed shafting 26.95 26.95 

SUR 1 ea 1-1/8" L-110 jaw coupling half 22.95 45.9 

SUR 2 ea Buna-N insert for L-110 jaw coupling 10.15 20.3 

SUR 2 ea 5/8" L-110 jaw coupling half 22.95 45.9 

SUR 1 ea 1" L-110 jaw coupling half 22.95 22.95 

SUR 2 ea 28T unfinished 3/4" bore 50P sprocket 8.25 16.5 

SUR 1 ea 1.80 cu in cross hyd motor 40MH18DACSC 227.95 227.95 

SUR       1 ea   1.654 cu in Prince SP20B27D9H2R hyd pump     209.95     209.95 

SUR 1 ea 4 qt plastic fuel tank 9.95 9.95 

SUR 1 ea 4 position ignitino key switch 6.99 6.99 

SUR 1 ea steel fuel tank 14.95 14.95 

SUR 1 ea swivel tee 11.5 11.5 

SUR shipping and handling 90 90 

NOR 1 ea flow control valve 369.99 369.99 

NOR 1 ea directional control valve 139.99 139.99 

NOR 1 ea single-station subplate 59.99 59.99 

NOR shipping and handling 21.99 21.99 

MEN 1 ea 1-1/4" brass ball valve 23.99 23.99 

MEN 1 ea 1-1/2" brass ball valve 30.59 30.59 

SUR 1 ea 1-1/2" npt hex nipple 9.9 9.9 

SUR 3 ea SAE 10 plug 1.3 3.9 

SUR 1 ea 1-1/4" nptm x 1-1/4" nptf 90 elbow 10.95 10.95 

SUR 1 ea SAE 20M x 1-1/4" nptm 90 elbow 11.95 11.95 

SUR 1 ea SAE 10M x 1/2" nptf 90 elbow 4.8 4.8 

SUR 1 ea 3/4" nptm x 3/4" nptf swivel 90 long elbow 9.1 9.1 

SUR 2 ea 3/4" nptm x 3/4" nptf 90 swivel 6.9 13.8 

SUR 1 ea SAE 12M x 3/4" nptf 90 swivel 7 7 

SUR       4 ea        3/4" x 24" hose     15.95      63.8 

SUR       2 ea        3/4" x 30" hose             17.95          35.9 

SUR 1 ea 1" x 30" 1 nptm x 1 nptm 2750 psi hyd hose 26.95 26.95 

SUR 1 ea 1/4" nptm x 3/8" nptf 90 swivel 2.4 2.4 
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SUR 1 ea 1/2" npt to 3/8" npt bushing 1.65 1.65 

SUR       1 ea        3/8" x 72" hose     14.95     

14.95 

QST 1 ea Briggs & Stratton 31HP engine 1800 1800 

NOR       1 ea         flow control valve, 0-30 gpm               369.99     369.99 

NOR 1 ea single-station subplate, 3/4" npt side ports 59.99 59.99 

NOR 1 ea directional control valve  139.99 139.99 

GRA 8 ea caster wheel 660 lb 3 D x 1-1/4" 17.7 141.6 

GRA 3 ea surge protector 15A 8 outlet  32 96 

NAP 1 ea barricade hose 1.22 1.22 

MEN 1 ea 1/4" barb 90 deg elbow 1.74 1.74 

 Total Hydraulic & Power Transmission $    4,721.66 

Experiment 2 Materials 

Supplier Quantity Description Price Amount 

SUR 1 ea 

1/2" npt 15 GPM Prince WNV-800 needle 

valve 33.95 33.95 

SUR 1 ea 1/2" npt 30 GPM 500-1500 psi relief valve 45.9 45.9 

SUR 1 ea 
2000 psi 2.5 bm dry guage 50 psi 

graduation 
5.95 5.95 

SUR 1 ea 
reservoir filler breather w/ 4" strainer 

basket 
15.9 15.9 

SUR 4 ea 1/2" npt stamped weld-in tank flange 2.25 9 

SUR 8 ea 1/2" nptm x 1/2" nptf 90 swivel 3.4 27.2 

SUR 2 ea 4.00-6 pneumatic tire & wheel assmb 5.95 11.9 

SUR 1 ea 

1/2" x 36" 1/2 nptm x 1/2 nptm SAE 

100R17 hyd hose assmb 3000 psi 10.95 10.95 

SUR 1 ea 

1/2" x 48" 1/2 nptm x 1/2 nptm SAE 

100R17 hyd hose assmb 3000 psi 12.95 12.95 

SUR 2 ea 

1/2" x 12" 1/2 nptm x 1/2 nptm SAE 

100R17 hyd hose assmb 3000 psi 5.85 11.7 
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SUR 1 ea 1/2" x 1/2" x 1/2" nptf tee 4.7 4.7 

SUR 1 ea 1/2" npt to 1/4" npt bushing 1.65 1.65 

  Total Experiment 2 Materials  $        191.75 

 

Electrical & Control Materials   

Supplier Quantity Description Price Amount 

NAP 2 ea battery cable terminal 5.69 11.38 

NAP 1 ea pkg 8 ea clip-on nuts 4.56 4.56 

DFP 1 ea PCB board solenoid driver 155 155 

MOU 40 ea female connector pins 0.48 19.2 

MOU 40 ea male connector pins 0.39 15.6 

MOU 1 ea cable clamp 4.76 4.76 

MOU 1 ea receptacle 4.35 4.35 

MOU 1 ea plug 4.17 4.17 

MOU 1 ea hall effect sensor 26.43 26.43 

NAP 2 ea battery 80.75 161.5 

NAP 1 ea battery m c specialty 89.09 89.09 

NAP 1 ea battery cable terminal 5.69 5.69 

JET 1 ea digital tachometer 28.95 28.95 

MOT 1 ea 

N08-24-10-B-610-LT-POTIP165 

actuator 703.4 703.4 

EQP 1 ea 
Briggs & Stratton 809967 wiring 

harness 
22.28 22.28 

EQP 1 ea 
Briggs & Stratton 692318 key switch 

assmb 
20.12 20.12 

EQP 1 ea Briggs & Stratton 692541 control lever 19.85 19.85 

EQP  shipping & handling  8.87 
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TYK 1 ea 

0-5V (10V) 4-20mA load cell sensor 

amplifier transmitter strain gauge 

transducer 19.99 19.99 

MIN 1 ea relay board 14.9 14.9 

RAD 2 ea switch rocker SP/10A 1.92 3.84 

RAD 2 ea 12V dc toggle switch w/ safety cover 1.99 3.98 

RAD 1 ea 

NTE HS-ASST-9 HS-4 in asstd sizes 

and colors 13.63 13.63 

RAD 1 ea NTE HS-ASST-2 HS-2-1/2 in asstd 

sizes 

9.69 9.69 

RAD 1 ea compact butane torch 19.99 19.99 

RAD 1 ea butane cartridge 2 pk 5.99 5.99 

  Total Electrical & Control Materials  $    1,397.21 

Miscelaneous 

Expenses 

  $750.00  

 GRAND Total Materials 
 

$  10,231.44 

 

 

NOTE: Other materials were used that were not purchased; such as the trailer axles, the 

hydraulic reservoir, optical encoder, miscellaneous hardware and some materials. These 

materials are not included in the total cost of materials given above. 
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Appendix C - Code 

Variable production 
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PID Control 
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Data Recording 
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Write to File 
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Appendix D - Pin and Wire Connections 

 

Component Wire Color Pin Number Pin Assignment

red 1

white 2

red 3

blue 4

black 5

white 6

green/brown 7 Forward

yellow/brown 8 Reverse

white/green stripes 9 PWM signal to Solenoid driver 

green 10 AGND for solenoid driver

- 11

- 12

yellow 13 0V reference

blue 14 Signal 

white 15 5 V Reference

black 16 output signal

brown 17 + 5V

blue 18 GND

shield/clear 19 GND/Shield

black/black 20 GND

green/brown 21 Signal 

white/red/red 22 + 24V

shield/clear 23 GND/Shield

black/black 24 GND

clear/purple 25 Signal 

red/red 26 + 24V

shield/clear 27 GND/Shield

black/black 28 GND

clear/orange 29 Signal 

red/red 30 + 24V

red 31 5 V 

black 32 GND

green 33 Signal A

- 34

- 35

- 36

Optical Encoder 

(continued) white 37 Signal B

Hitch Height

Pinion Speed Sensor 

(not used)

Downforce load cell

Left Draft Load Cell

Right Draft Load Cell

Optical Encoder

Toolbox 37 pin connector

Home Limit Switch

End Limit Switch

Linear Actuator

Direction Control 

Valve

Flow Control Valve
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1 2 3 4 5 6 7 8 9 10
Connection 

Description
EXC + SIG + SIG- EXC - SHIELD 24 v + + mA V + GND Shield

Wire Color 

Downforce
Red green white black shield red N/A clear Black Shield

Wire Color 

Draft
Red green white black shield red/clear N/A green Black Shield

Load Cell Amplifier

From Box to Load Cell AmplifierTo Load Cell

Pin Number
Primary/Secondary 

Signals
Connection/Use

1 +15 V -

2 - 15 V -

3 AGND Solenoid Driver groud

4 AO0 Solenoid Driver output signal

5 AO1 -

6 AGND Hitch Height Reference

7 AI0+ Left Draft signal

8 AI0- To Machine Ground for Reference

9 AI1+ Hitch Height 

10 AI1- To Machine Ground for Reference

11 DIO0/ENC0.A Forward DCV - Relay 2

12 DIO1 Reverse DCV - Relay 1

13 DIO2/ENC0.B Power to linear actuator - Realy 3

14 DIO3/PWM0 Syren 25 Motor controller - Actuator 

15 DIO4/ENC1 Speed/postion - Encoder A

16 DIO5 Limit Switch "home"

17 DIO6/ENC1.B Speed/postion - Encoder B

18 DIO7/PWM1 Pinion Speed Sensor (not used)

19 DGND GND to motor controller and Relay module

20 5 V 5V to relay module

myRio

Connector C
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Pin Number
Primary/Secondary 

Signals
Connection/Use

1 + 5 v -

2 AO0 -

3 AIO Downforce signal (brown)

4 AO1 -

5 AI1 -

6 AGND -

7 AI2 Right Draft signal (orange)

8 DGND -

9 AI2 -

10 DGND -

11 AI3 -

12 UART.RX -

13 DIO0 -

14 DGND -

15 DIO1 -

16 UART.TX -

17 DIO2 -

18 DGND -

19 DIO3 -

20 DIO11/ENC.A -

21 DIO4 -

22 DGND -

23 DIO5/SPI.CLK -

24 DIO12/ENC.B -

25 DIO6/SPI.MOSI -

26 DIO13 -

27 DIO8/PWM0 -

28 DGND -

29 DIO9/PWM1 -

30 DGND -

31 DIO10/PWM2 -

32 DIO4/12C.SCL -

33 + 3.3 V -

34 DIO15/12C.SDA -

myRio

Connector A
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