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Abstract

Agricultural field planting operations encounter great spatial and temporal variability.
Research has shown that seeding depth and soil loading, produced by planting equipment,
affect early crop growth as well as crop yield. For these reasons, control system development
for seeding depth, planter down force, and press wheel force provides an opportunity to
maximize crop yield potential by achieving greater precision in planting depth and more
uniform soil loading.

Effective feedback control of these systems requires an improved knowledge of soil-
planter interaction forces and how the force distribution changes with planting depth. An
experiment was conducted in an indoor soil bin at the United States Department of Agricul-
ture National Soil Dynamics Laboratory in Auburn, Alabama to determine the force distri-
bution due to soil-planter interaction forces on a John Deere MaxEmergeTM Plus agricultural
field planter row unit. The experimental design included two factors, planter configuration
and planting depth setting, and four replications, which were run in a uniformly prepared
Norfolk Sandy Loam soil. Data were collected for four-bar link angle, gauge wheel arm angle,
vertical force on the gauge wheels, planting furrow depth, gauge wheel rut depth, and press
wheel rut depth, as well as draft and vertical forces acting on the toolbar.

An analysis of variance with mixed effect models was conducted on the response variables
previously mentioned. A change in target planting depth from 2.54 ¢cm to 7.62 cm produced
a 112% decrease in the gauge wheel rut depth. The same change in planting depth setting
produced an increase of 80% and 273% in press wheel rut depths referencing the undisturbed
soil surface and gauge wheel rut depth respectively. Across planting depths, vertical force
on the double disc opener was not significantly affected; however, a trend of increased force

with increased depth was observed. Vertical force decreased on gauge wheels by 48% and
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increased on press wheels by 55% as planting depth increased. While a significant change in
the distribution of total vertical load supported by the planter was not observed for every
component interacting with the soil, the percentage supported by the gauge wheels was
significantly decreased.

Two linear regression models were produced to estimate planting furrow depth. The
first model utilized rut depth measurements and included gauge wheel arm angle (GWAS),
an indicator of planting depth setting, and press wheel rut depth referencing the undisturbed
soil surface. The model resulted in an adjusted R?*=0.82. The second model used resultant
forces on planter components interacting with the soil. Stepwise elimination of variables
resulted in a model including only GWAS with an adjusted R*=0.78. It is not expected that
this model will accurately estimate planting furrow depth for soil conditions outside those
present during the experimental data collection, and highly uniform conditions within the
soil bin may have contributed to the elimination of variables that would be present in models
predicting planting furrow depth for in-field operations.

The response of soil-planter interaction forces, soil rut depths, and planting furrow
depth observed during this experiment clearly demonstrated that a redistribution of forces
occurred as planting depth setting adjustments were made. The data also indicated that
planting depth setting adjustments and actual planting furrow depth are not a one-to-one
relationship. Changes to any planter setting adjustment or force input to the system affected
not only the component adjusted but also the balance of forces acting on the remainder of the
planter row unit components. Results from this experiment and those previously conducted
indicate that actual planting furrow depth is a function of planting depth setting and the
distribution of forces acting on the planter. For this reason, maximizing crop emergence and
yield through improved seeding depth and soil conditions around the seed will likely require
feedback control of all planter adjustment settings working in conjunction with as opposed

to independently controlled systems.

il



Acknowledgments

I would like to thank the Auburn University Department of Biosystems Engineering for
their support and funding of graduate research that provides value to our nation’s agricultural
industry. I would also like to thank the United States Department of Agriculture’s National
Soil Dynamics Laboratory, their faculty and staff, and agricultural engineer Dr. Thomas
Way, whose support was invaluable to the research conducted and the evaluation of results.
Dr. Clarence Johnson, emeritus faculty of the Auburn University Biosystems Engineering
Department, provided support and a wealth of knowledge to the project; for this I am
sincerely grateful.

I would like to thank Dr. Timothy McDonald for his guidance in my graduate course
work and research. I am grateful to my graduate committee members; Drs. Timothy Mc-
Donald, Thomas Way, Jeremiah Davis, and John Fulton; for their time, knowledge, and
guidance through this process. I would also like to thank Gregory Pate of the E.V. Smith
Research Center, for providing the planter used during research; the faculty and staff of
the Biosystems Engineering Department; and the graduate student body of the Biosystems
Engineering Department for their support. I would like to specifically thank three students
whose efforts made my research a success: Aurelie Poncet, Pengmin Pan, and Chennen
“Kevin” Xue.

I would like to thank my family and friends for their support and my father, Dr. David
Bridges, for his guidance through my graduate research. Finally, I would like to thank my
wife, Lindsay, and my two children, Sims and Miller, for their dedication to me and for their

sacrifice during this time.

v



Table of Contents

Abstract . . . . . . e ii
Acknowledgments . . . . . . .. iv
List of Figures . . . . . . . . . . e viii
List of Tables . . . . . . . . . xiv
1 INTRODUCTION . . . . . e e 1
2 REVIEW OF LITERATURE . . . . .. ... ... . . . ... 6
3 PRELIMINARY WORK . . . . . . ... 9
3.1 CAD Model Development . . . . . ... ... ... ... ... ... ... .. 9
3.2 Planter Row Unit Adjustment Mechanisms . . . . . . . ... ... ... ... 15
3.3 Data Acquisition System . . . . . . .. ... 22

4 MATERIALS and METHODS . . . . . . . . ... ... . .. .. ... ... 24
4.1 Experimental Design . . . . . . . . ..o 24
4.2 Sensor Calibration . . . . . . . . . . . 35
4.3 Spring Down Force System Calibration . . . . . .. .. ... ... ... ... 39
4.4 Soil Bin Preparation . . . . .. ..o 43
4.5 Planter and SoMat DAQs Experimental Data Collection . . . . .. ... .. A7
4.6 Manual DAQ Experimental Data Collection . . . . . . ... ... ... ... 55
4.7 Data Formatting and Manipulation . . . . . . ... ... ... ... ... 60
4.8 Four-Bar Linkage Forces . . . . . . . . . .. ... oo 61
4.9 Gauge Wheel and Press Wheel Position and Force . . . . . . . ... ... .. 63
4.10 Planter Force Distribution . . . . . . . ... ... ... oL 68
4.10.1 Configuration 4 . . . . . . . . ... 69

4.10.2 Configuration 3 . . . . . . . . .. 70



4.10.3 Configuration 2 . . . . . . . ... 72

4.10.4 Configuration 1 . . . . . . . . . ..o 73

4.11 Data Analysis . . . . . . . . .. 74

5  RESULTS and DISCUSSION . . . . . . . . .. .. 75
5.1 Soil Bin Uniformity . . . . . . . . . ... 75
5.2 Planting Furrow Depth . . . . . . . . . . ... o 76

5.3 Physical Effects of Planter Depth Setting Adjustments on Soil Surface Profile

and the Planting Furrow . . . . . . .. .. . oo 79
5.3.1 Rut Depths . . . . . . . . 80
5.3.2 Gauge Wheel Rut Depth . . . . .. ... ... ... ... ... .. .. 85
5.3.3 Planting Furrow Depth Prediction. . . . . . . ... .. .. ... ... 85

5.4 Effect of Planter Depth Setting on Soil-Planter Interaction Force Distribution 86

5.4.1 Planter Component Forces Results . . . . . ... ... ... ... .. 87

5.4.2 Planter Component Forces Discussion . . . . . . . .. ... .. .... 98

5.4.3 Force Distribution . . . . ... ..o oo 100

5.4.4 Planting Furrow Depth Prediction. . . . . . . ... .. .. ... ... 102

6  CONCLUSION . . . . s 104
6.1 Review of Objectives . . . . . . . . . . . 104
6.2 Future Work . . . . . . . ..o 107
Bibliography . . . . . . . 109
Appendices . . . ... 111
A John Deere Spring Down Force System Calibrations . . . . . . ... ... .. .. 112
A.1 Low Down Force . . . . . . . . . . .. .. 113
A.2 High Down Force . . . . . . . . . ... . 115

B Data Collection Programs . . . . . . . . .. .. ... 117
B.1 Planter Data Data Collection Program . . . . . .. .. ... ... ... ... 117
B.2 Component Calibration Data Collection Program . . . . . . ... ... ... 120

vi



C  USDA National Soil Dynamics Laboratory Indoor Soil Bin . . . . . .. ... .. 123

C.1 Norfolk Sandy Loam Soil Properties . . . . . . . . . ... ... .. ... ... 123
D R Code . ... . . e 127
D.1 Formatting Raw SoMat Data . . . . . .. ... .. ... ... .. .... .. 127
D.2 Formatting Raw LabVIEW Data . . . . ... ... ... ... ... ..... 132
D.3 Combine LabVIEW and SoMat Data Sets . . . . . ... .. ... ... ... 134
D.4 Data Analysis . . . . . . .. L 136

vil



1.1

3.1

3.2

3.3

3.4

3.5

3.6

3.7

List of Figures

An illustration of the anatomy of a John Deere MaxEmerge = Plus planter.
(1)Toolbar, (2)Toolbar mount, (3)Four-bar link, (4)Row unit frame, (5)Seed hop-
per, (6)Metering device, (7)Coulter assembly with detrash wheels, (8)Double disc
opener, (9)Gauge wheels, (10)Press wheels, (11)Spring down force system adjust-

ment, (12)Planting depth adjustment, (13)Press wheel force adjustment.
Measurement of component part weights in the lab. . . . . . ... .. ... ..

Weldment assembly produced in Autodesk® Inventor from individual component

parts. (1)Angle iron components (2)Formed plate. . . . . ... ... ... ...

Down force system compression coil spring constant keomp (N/mm) is calculated

as force (N) per unit deflection (mm). . . . .. ... ... ... .. L.

Press wheel force tension coil spring constant k¢e,s (N/mm) is calculated as force

(N) per unit deflection (mm). . . . ... ..o Lo

Mounting spindles and boss on the planter row unit frame which were measured
with the FaroArm. (1) Double disc opener spindle (2) Gauge wheel arm mounting

boss. . e
Position of the Global XY Z coordinate system for the planter row unit.

CAM2 software visualization of the spindle and mounting boss features measured

with the FaroARM 3D coordinate measuring machine. . . . . . . . . . .. ...

viil



3.8 Spring down force mechanism. (1) Coil spring (2) Adjustment handle (3) Slide

(4) Force arm. . . . . . ..

3.9 Planting depth adjustment mechanism. (1) Adjustment handle (2) Revolute joint
(3) Rocker (4) Gauge wheel arm. . . . . . . ... ... ... ... ... ...

3.10 Press wheel force adjustment mechanism. (1) Press wheel assembly (2) Coil

spring (3) Adjustment handle (4) Revolute joint. . . . . ... ... ... .. ..

3.11 Planter data aquisition system. (1) NI USB-6225 data acquisition module (2)
Analog Devices 5B38 signal conditioners (3) 12VDC voltage regulator (4) 5VDC

voltage regulator. . . . . . ...

4.1 Plot number layout in soil bin 1 at the USDA National Soil Dynamics Laboratory.

Experimental treatments were completely randomized within the soil bin.

4.2 Power and dyno carts positioned in the unused area at the south end of the soil

bin. . . . e
4.3 Planter configurations tested in the soil bin. . . . . .. ... ... 0.
4.4 Planter depth setting adjustment, shown in position 9-9. . . . . ... ... ..
4.5 Planter data acquisition system enclosure. . . . . . .. ... ... L.

4.6 Configuration of the SoMat data acquisition system’s load cells on the dyno cart

at the USDA National Soil Dynamics Laboratory. . . . . . ... ... ... ..

4.7 Manual measurement of internal angle FLAS, in degrees, between the rear surface

of the toolbar mount and the lower surface of the four-bar link. . . . .. .. ..

4.8 Manual measurement of internal angle GWAS, in degrees, between the horizontal

surface on the lower frame and the gauge wheel arm. . . . . . . .. .. ... ..

X

25



4.9 Calibration of the gauge wheel load pin for each planting depth setting.

4.10 Calibration of the spring down force system for four-bar link angle FLAS.

4.11 Down force settings for the John Deere MaXEmergeTM Plus planter. . . . . ..
4.12 DFy calibration for medium spring down force setting. . . . ... . ... ...

4.13 Applying water to and grading the soil in the soil bin. (a) Water application (b)

Grading. . . . . . ..

4.14 Tilling the soil using three side-by-side passes across the width of the soil bin.
(a) Tillage pass one along the left hand side of the bin. (b) Tillage pass three

along the right hand side of the bin. . . . . . . .. .. ... ... ... ... ..
4.15 Compacting the soil in the soil bin with the roller cart. . . . . . ... ... ..
4.16 Prepared soil bin at the USDA National Soil Dynamics Laboratory. . . . . . .
4.17 Volumetric soil water content data collected with a FieldScout TDR-300 meter.
4.18 Bulk density samples collected from ten locations within the soil bin. . . . . . .

4.19 Locations within the soil bin where bulk density samples and cone penetrometer

data were collected. . . . . . . L

4.20 Press wheel force adjustment position used for the duration of the soil bin exper-

IMENt. . .

4.21 Four-bar links positioned level to the concrete surface prior to zeroing the load

cells. . .

4.22 Planter in configuration 1 while SoMat load cells were zeroed. . . . . . .. ..

38



4.23

4.24

4.25

4.26

4.27

4.28

4.29

4.30

4.31

4.32

4.33

4.34

4.35

4.36

4.37

4.38

5.1

Toolbar height measured from the soil surface to the bottom of the toolbar mount.

Planter in configuration 4 while SoMat load cells were zeroed. . . . . ... ..

Configuration 4 data collection. . . . . . . . . . ... ...

Variable descriptions and reference surfaces for planting furrow and rut depth

data collected manually. . . . . . . . ... oo

Reference measurement used to calculate planting furrow and rut depth values.

Rut measurements for (a) gauge wheels and (b) press wheels. . . . . . ... ..
Planting furrow depth measurement method for configurations 1 and 2 treat-
ments. ... L
Dyno load cell free body diagram to solve for four-bar link forces. . . . . . ..

Four-bar link free body diagram. . . . . . . .. .. .. ... ... ...

Position of press wheel hub axis in global XY Z. . . . . ... ... ... ... ..

Press wheel assembly geometry. . . . . . . . .. .. L.

Press wheel assembly free body diagram. . . . .. ... ... ... ... ....

Configuration 4 free body diagram. . . . . . . .. .. .. ... ... ... ..

Configuration 3 free body diagram. . . . . . . . ... .. ... ...

Configuration 2 free body diagram. . . . . .. .. .. .. ... ... ..

Configuration 1 free body diagram. . . . . . . .. .. .. ... ... ... ..

Planting furrow depth measured to the undisturbed soil surface. . . . . . . ..

x1

23

54

25

26

o8

29

60

62



5.2

9.3

5.4

9.5

0.6

5.7

0.8

2.9

5.10

5.11

5.12

5.13

5.14

Al

A2

B.1

Planting furrow depth measured to the gauge wheel rut. . . . . ... ... ...

Gauge wheel rut depth measured to the undisturbed soil surface. . . . .. . ..

Press wheel rut depth measured to the undisturbed soil surface. . . . . . . ..

Press wheel rut depth measured to the horizontal surface of the gauge wheel rut.

Free body diagram for the general solution of the planter force distribution.

Vertical force measured on the double disc opener by planting depth setting.

Standard Deviation of vertical force on the double disc opener by planting depth

setting. . . . . .

Standard Deviation of vertical force measured on the gauge wheels by planting

depth setting. . . . . . . .

Vertical force measured on the gauge wheels by planting depth setting.

Vertical force on the press wheels by planting depth setting. . . . . . .. .. ..

Total draft force on the planter row unit by planting depth setting. . . . . . ..

Configuration 4 data collection. . . . . . . . . .. .. ... L.

Vertical force distribution on planter components contacting the soil for configu-

ration 2 treatments. . . . . . L L L L

Low spring down force calibration. . . . . . . .. ... .. ... ... ... ...

High spring down force calibration. . . . . . . ... .. ... ... .. .....

Planter data collection front panel. . . . . . . . . . ... ... ... ......

x1i

81

83

84

88

90

91

92

94

95

97

99



B.2

B.3

B4

B.5

B.6

Left hand side of planter data collection block diagram. . . . . . ... .. ... 118

Right hand side of planter data collection block diagram. . . . .. .. ... .. 119
Sensor and component calibration data collection front panel. . . . . . ... .. 120
Left hand side of calibration data collection block diagram. . . . ... ... .. 121
Right hand side of calibration data collection block diagram. . . . .. .. . .. 122

xiil



4.1

4.2

4.3

4.4

4.5

4.6

5.1

Al
A2
C.1
C.2
C.3
C4
C.5
C.6

C.7

List of Tables

Theoretical calibration for depth settings on a John Deere MaxEmerge™ Plus
planter. . . . .. 30

Response variable descriptions for data collected by the planter and SoMat DAQs. 34

Soil variable descriptions for data collected prior to conducting the experiment
inthesoil bin. . . . . . . ... 35

Calibration of load cell pin for vertical force on the gauge wheels (Fgwy ) per

planting depth setting. . . . . . . .. . ... 39
Linear regressions for spring down force system. . . . . . . ... ... ... .. 42
Variable descriptions for forces acting on the planter in free body diagrams. . . 69
Initial conditions of prepared Norfolk Sandy Loam soil in the soil bin. . . . . . 75
Linear regressions for “low” setting on the spring down force system. . . . . . . 114
Linear regressions for “high” setting on the spring down force system. . . . .. 116
General Norfolk Sandy Loam Soil Information. . . . . . . ... ... ... ... 124
Mechanical analysis of Norfolk Sandy Loam in the soil bin. . . . . . . ... ... 124
Gravel content and specific gravity of Norfolk Sandy Loam in the soil bin. . . . 124
Chemical properties of Norfolk Sandy Loam in the soil bin. . . . . . .. ... .. 125
Mineralogical analysis of Norfolk Sandy Loam in soil bin. . . . . . . .. ... .. 125
Soil moisture retention of Norfolk Sandy Loam in soil bin. . . . . . ... .. .. 125
Rheological properties of Norfolk Sandy Loam in soil bin. . . . . ... ... .. 126

Xiv



Chapter 1
INTRODUCTION

The anatomy of agricultural field planters has varied significantly with time, planting
method, field conditions, crop, and most recently technology. The emergence of precision
agriculture opened the door for variable rate, force monitoring, and control technologies
that were unheard of prior to the adoption of GPS and GIS systems. Many agricultural field
planters in operation today are configured similarly to the John Deere MaXEmergeTM Plus
planter shown in figure 1.1.

The design function of agricultural field planters is to accurately meter seed, at a speci-
fied rate, and to place them in the soil at a desired seed spacing, depth, and soil compaction.
For planters configured similarly to the one shown, a “V” shaped furrow is opened in the
soil by the coulter (7) and double disc opener (8) assemblies as the planter is drawn through
the soil by the toolbar (1) and four-bar linkage assembly (3). The depth of the furrow in
relation to the soil surface, also known as planting or seeding depth, is controlled by the
vertical position of the gauge wheels (9) relative to the double disc opener. This position
can be set with the use of the planting depth setting adjustment (12). Once the furrow is
created, a seed is released by the metering device (6), travels through a seed tube located
between the two opening disc, and is placed at the bottom of the furrow. As the planter
continues to move forward, the soil furrow is closed and consolidated by the press wheels
(10) on the rear of the planter. The planter configuration and components utilized may vary
depending on the crop and conditions experience during planting.

Coulter assemblies vary based on the soil conditions and type of residues present at the
time of planting. Furrow openers may consist of fixed components, such as chisel and runner

openers, or rotating assemblies like the double disc opener on the John Deere planter shown.
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Figure 1.1: An illustration of the anatomy of a John Deere MaXEmergeTM Plus planter.
(1)Toolbar, (2)Toolbar mount, (3)Four-bar link, (4)Row unit frame, (5)Seed hopper, (6)Me-
tering device, (7)Coulter assembly with detrash wheels, (8)Double disc opener, (9)Gauge
wheels, (10)Press wheels, (11)Spring down force system adjustment, (12)Planting depth ad-

justment, (13)Press wheel force adjustment.



Depth control devices vary greatly from depth bands fixed to the opening disc, to gauge
wheels attached to the planter in several positions: on the toolbar, in front of or behind the
opening device, or positioned on either side of the double disc opener. Closing/press wheels
designed to close the planting furrow range in size, shape, and material. Finally, down force
systems provide the force needed to achieve the desired planting depth when the weight of
the planter row unit is not sufficient to do so. Down force systems transfer weight from
the toolbar to individual row units by means ranging from simple, manually adjusted spring
systems to computer controlled pneumatic and hydraulic systems. Setting and configuration
changes of the planter’s components alter distribution of soil-planter interaction forces, which
affect planter performance, crop emergence, and ultimately crop yield potential.

Down force setting, planting depth setting, and press wheel force adjustments are cur-
rently used to control seeding at the desired depth. Because these settings are manually
controlled on many agricultural planters, optimal seed depth and soil conditions may not
be achieved for the highly variable environment encountered in the field. Optimal seeding
depth and soil compaction around the seed require planter setting adjustments every time
a change in field conditions is encountered. For this reason, real-time feedback control of
planter adjustments provides a means of increased crop yield potential through improved
planting depth precision and soil loading for the conditions present at the time of planting.

Control system development requires a greater knowledge of planter system dynamics
as a result of interaction with the soil in which it is operating. A dynamic simulation capable
of modeling soil-planter interaction would aid in this development to maximize crop yield
potential through variable planting depth or improved planting depth precision for the highly
variable conditions present during agricultural row crop planting operations. This research
is the first step in the process and is designed to improve understanding of the distribution
of forces on a planter and how they are affected by planter setting adjustments. Current

systems provide the capability to monitor the force exerted on the gauge wheels during



planting operations. Understanding how and why this force changes with planting depth

setting adjustments is the focus of this research.



OBJECTIVES

The goals of this research are to characterize how force distribution on an agricul-
tural field row planter, due to soil-planter interaction, is affected by planting depth setting
adjustment and to understand how the soil surface profile is physically affected by these

adjustments. The specific objectives of the research are:

1. How are gauge wheel and press wheel rut depths affected by planting depth setting?

2. Can gauge wheel rut depth be predicted from planter operating conditions?

3. Can planting furrow depth be predicted by planting depth setting and gauge wheel or

press wheel rut depths?

4. How does soil-planter interaction force distribution change with planting depth setting?

5. Can actual planting furrow depth be predicted by planting depth setting and force

distribution?



Chapter 2

REVIEW OF LITERATURE

Planting depth affects crop emergence and early crop growth. Thomason et al. (2008)
concluded in a study on in-row subsoil tillage and planting depth that seeding depth produced
variation in emergence and yield of corn. According to Knappenberger and Koller (2006) an
increase in corn emergence of 2.4% to 5.4% could be achieved by adjusting seeding depth
according to soil moisture content. Emergence increased with increased planting depths in
sandy regions of the field. Later, Knappenberger and Kéller (2011) stated that emergence
was primarily a function of weather, but that the influence of spatial variation increased
as weather conditions became less optimal. In these conditions emergence increased 1.5%
to 4.4% for corn planted deeper than 80-90 mm in depth. In addition to planting depth,
Erbach et al. (1991) found that corn yield increased when surface pressure produced by
equipment was reduced from 110 to 20 kPa. Hanna et al. (2010) conducted a study on
the soil loading effects of gauge wheels on corn emergence. He concluded that Emergence
Rate Index (ERI), as described by Erbach (1982), was affected by gauge wheel down force
pressure. Corn emerged more quickly with lighter pressure in moist soils and higher pressure
in drier soils. Similarly, the Speed of Emergence Index (SEI), described by Siemens et al.
(2007), was also significantly affected. Seedlings emerged more quickly in moist soils with
reduced down force pressure.

Traditional agricultural row planters have two primary adjustment settings that control
planting depth performance. The down force setting is customarily set prior to planting by
adjusting the spring system until the load produced is just sufficient to maintain firm contact
between the gauge wheels and the soil (Hanna et al. 2010). Hanna et al. (2010) stated that

any force applied to the planter beyond what is required to insert the opening disc into



the soil and maintain contact between the gauge wheels and soil surface could increase load
transmitted to the soil and alter seedling emergence. Planting depth variations can also be
produced by incorrect down force. Hanna et al. (2010) found that planting depths were 8
to 13 mm deeper for the same planting depth setting when higher down force on the gauge
wheels was present.

Previous research findings highlight the potential for improved planter setting control.
Knappenberger and Kéller (2011) stated that optimal planting depth varies spatially in
most heterogeneous fields. This is further complicated by the fact that down force required
by the system is dependent upon the soil properties and crop residues encountered by the
planter (Erbach et al. 1983). Morrison (1988b) stated that if planter settings are adjusted to
produce desired planting depth in higher resistance conditions, then planting depths deeper
than intended will be realized in areas of lower resistance. He suggested, “Ideal total vertical
force on a furrow opener at any one time includes a force adequate to cut residue and open
the furrow to the desired planting depth, a force to keep the depth controls in contact with
the soil surfaces as they pass over surface undulations, and a force to effectively close the
seeded furrow.” Manually adjusted spring down force systems are a function of Hooke’s Law
and do not perform optimally to soil surface inputs (Morrison 1988a). For this reason several
improved down force systems have been evaluated with a few making it to market.

Morrison (1988a and 1988b) conducted research evaluating the performance of two ex-
perimental pneumatic and hydraulic down force systems. The systems performed adequately
over several years of research, but required manual adjustment for the range of down force
values produced. Currently on the market, Precision Planting LLC© is offering pneumatic
and hydraulic down force control systems, AirForce® and DeltaForce respectively (Pre-
cision Planting LLC; 2011 and 2014). Other systems include the ISOBUS Hydraulic Down
Force system (Ag Leader, 2015) and Active Pneumatic Downforce (Deere, 2016). Force on
the gauge wheel is monitored by the Precision Planting LLC© and John Deere®© systems via

load pins on the planting depth adjustment assembly.



It is evident that a single planter setting is not optimal for all conditions encountered
in the field when press wheel force is also considered in the force distribution. Hanna et
al. (2010) stated that, “seed placement and soil conditions created by planting equipment
ideally should optimize soil conditions around the seed.” Planter adjustments should be
utilized to effect early crop growth by those seeking highest yield potential (Hanna et al.
2010).

Many of the independent component forces that affect the complete force distribution
have been extensively researched. Tice and Hendrick (1991) conducted an experiment eval-
uating the performance of 12 mathematical coulter force models. Cochran et al. (1974), in
a study of vertical forces on furrow openers and depth control devices, found that vertical
force increased on both double disc openers with increasing planting depth and gauge wheels
with increased depth (rut depth). Schaaf et al. (1981) stated that when operating depth of
smooth coulters increased from 30 to 70 mm, draft and vertical force increased by 99% and
45% respectively. Johnson and Burt (1990) produced a model to predict total stress induced
on soil loaded by a tire. The interaction of all the forces produced by planter contact with
the soil is important to accurately predict force distribution and how the system will respond

to setting and configuration changes.



Chapter 3
PRELIMINARY WORK

3.1 CAD Model Development

Prior to collecting data or designing an experiment a more complete understanding of
the operational constraints and geometry of the John Deere MaXEmergeTM Plus planter was
needed. It was critical to understand how planter adjustments affected the relationship of
the planter’s components to one another. This understanding guided our expectations of how
the planter would interact with the soil at varying planting depths, enabled the selection of
response variables for the experiment, and aided in the development of equations describing
the planter’s operational force distribution.

Increased knowledge of the planter row unit began with a general evaluation of the
planter’s system of operation and how its adjustment settings altered that operation. The row
unit was completely disassembled. Components that could be separated were individually
weighed on a lab scale (fig. 3.1). Weldments or components that could not be separated
were weighed as an assembly. Individual components were then measured and reproduced
in Autodesk’s® 3D computer aided design package, Inventor (Inventor 2015). Weldment
components were modeled separately and assembled within the CAD package (fig. 3.2). This
enabled the models to be more representative of the OEM product and provided additional
value for future research projects evaluating the components and performance of the planter.
As the modeling of each component was completed, its material and mass properties were

updated to match the data collected during disassembly.



Figure 3.1: Measurement of component part weights in the lab.

Figure 3.2: Weldment assembly produced in Autodesk® Inventor from individual component

parts. (1)Angle iron components (2)Formed plate.

Several components required measurement beyond simple weight or dimensional layout.
Two springs, critical to the operation of the planter and its force distribution on the soil, were

the spring down force compression spring (two springs in the assembly) and press wheel force
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tension spring. No-load measurements were taken on both springs. An Instron® tension and
compression testing machine was used to measure the spring constant of each of the springs,
shown in figures 3.3 and 3.4. Plotting the force per displacement produced spring constants
for the compression and tension springs of 43.16 and 13.9 N/mm respectively. The springs
were then reassembled into the planter row unit to make note of any preload that was present
in the system. The spring down force system produced a preload of 2.47 kN per spring, when
no additional load from the four-bar link system was applied. Preload on the press wheel

mechanism is dependent on the adjustment handle position.
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Figure 3.3: Down force system compression coil spring constant keom, (N/mm) is calculated

as force (N) per unit deflection (mm).
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Figure 3.4: Press wheel force tension coil spring constant kie,s (N/mm) is calculated as force

(N) per unit deflection (mm).

The structural frame of the row unit was particularly difficult to measure. It contained
multiple stamped and machined components that were assembled into a weldment. Two
spindles and a mounting boss, shown in figure 3.5, provide attachment points and rotation for
the opening discs and the gauge wheel arm assemblies respectively. These components were
not manufactured normal to any of the three primary reference planes of the planter row unit
frame. For this reason, a 3D coordinate measuring machine (FaroArm) and 3D measurement
software (CAM2) were used to accurately measure the critical areas of the frame (CAM2
2015). A global reference frame, XY 7, was established along the axis between the two upper

four-bar link attachment holes and a plane along the lateral mid-point of the row unit frame.
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Figures 3.6 and 3.7 detail the global reference frame (XY Z) and the components measured

by the FaroArm.

Figure 3.5: Mounting spindles and boss on the planter row unit frame which were measured

with the FaroArm. (1) Double disc opener spindle (2) Gauge wheel arm mounting boss.
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Global XYZ

Figure 3.6: Position of the Global XY Z coordinate system for the planter row unit.



Started: 01/28/15 Fﬁl‘.lo
Units - Inches

CAM2

Figure 3.7: CAM2 software visualization of the spindle and mounting boss features measured

with the FaroARM 3D coordinate measuring machine.

After every component was modeled, a planter row unit assembly was created. At
this time several of the components were updated to improve alignment and fit. Assembly
mechanisms were created on all moving components of the planter to verify functionality of
the planter model matched that of the actual planter disassembled. The operation of the
planter’s adjustment settings and the geometry and force changes they caused were further

evaluated.

3.2 Planter Row Unit Adjustment Mechanisms

Three adjustments can be made on a MaXEmergeTM Plus planter that will affect planting
depth or force distribution: spring down force, planter depth setting, and press wheel force
adjustments. The spring down force system, figure 3.8, consists of two coil springs, an
adjustment handle, and a rotating force application arm. The adjustment handle acts as the
connecting rod between the slide, capturing the lower end of the springs, and the adjustment

lever on the force arm. Activation angle and spring compression rate of the system are
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controlled by the location of the adjustment handle attachment to the lever on the force arm.
Four notch positions on the lever produce down force settings of: “No”, “Low”, “Medium”,
and “High” down force by changing the travel of the adjustment handle and connected slide

for any given rotation angle.
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Figure 3.8: Spring down force mechanism. (1) Coil spring (2) Adjustment handle (3) Slide

(4) Force arm.
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The second adjustment mechanism on the planter row unit is the planting depth setting,
shown in figure 3.9. A spring loaded adjustment handle can be positioned in a series of
holes along the rear of the lower row unit frame. The adjustment handle assembly rotates
about a revolute joint, normal to the XY plane, below the handle. The rocker, attached
to the lower end of the adjustment assembly, provides an upper hard stop for both of the
gauge wheel arms. The rocker rotates a few degrees in either direction allowing the gauge
wheels to operate with limited independence from one another. As the adjustment handle
is positioned further down the rear of the frame, the rocker moves in the negative X and
positive Y directions. This movement allows the gauge wheel arms to rotate further before
contacting the rocker, increasing the relative distance between the double disc opener and

the gauge wheels and effectively increasing planting depth.
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Figure 3.9: Planting depth adjustment mechanism. (1) Adjustment handle (2) Revolute

joint (3) Rocker (4) Gauge wheel arm.

The final adjustment mechanism controls press wheel force (fig. 3.10). The press wheel
assembly is attached to the lower, rear of the planter row unit frame by a revolute joint. A

tension coil spring is attached, at the front, to a fixed position on the row unit frame and,
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at the rear, to the adjustment handle on the rotating press wheel assembly. The adjustment
handle can be secured in five locations by rotating the handle about the revolute joint at-
taching it to the press wheel assembly. The distance between the fixed and adjustable spring
attachment locations is increased as the handle is rotated in a clockwise direction, increasing
the preload applied to the rotating press wheel assembly. The force that is generated on
the soil and the planter by this assembly is a function of the handle adjustment position
(preload) and the press wheels assembly’s counter-clockwise rotation relative to the row unit

frame.
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Figure 3.10: Press wheel force adjustment mechanism. (1) Press wheel assembly (2) Coil

spring (3) Adjustment handle (4) Revolute joint.
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3.3 Data Acquisition System

A planter data acquisition system (DAQ) was previously developed for experiments on
in-field planting operations of the John Deere MaxEmerge — Plus planter used during the
course of this research (fig. 3.11). The system consists of a National Instruments© (NI) USB-
6225 data acquisition module, four Analog Devices, Inc.© 5B38 load cell signal conditioners,
one 12VDC voltage regulator, and one 5VDC voltage regulator. All of the components were
assembled inside a weatherproof enclosure with power and I/0 signals passed through via
bulkhead Duetsch DT and DTM series connectors. Connectors and wiring were added to the

enclosure for two additional analog I/O channels and one additional discrete I/O channel.

Figure 3.11: Planter data aquisition system. (1) NI USB-6225 data acquisition module (2)
Analog Devices 5B38 signal conditioners (3) 12VDC voltage regulator (4) 5VDC voltage

regulator.

A data collection program using National Instruments LabVIEW " was developed to
record data from the planter, display it real-time, and synchronize data collection with
external systems (LabVIEW 2015). Four channels, three analog input and one discrete
output, were run in a loop displaying their values on the front panel of the virtual instrument

(VI). Data collection began with input from one of two momentary push button switches on
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the VI. Each button started a corresponding one-second or three-second count-down timer
inside the loop. During count-down of the timer, the discrete output was low and data from
the analog inputs was compiled into a multi-dimensional array. Data collection was verified
on the front panel of the VI with a LED indicator. Once the timer count-down completed,
the discrete output was once again high and the array, built during the data collection cycle,
was converted to spreadsheet format and saved. The one- and three-second collection-time
buttons were used during experimental data collection for baseline (bias) and operation data
sets, respectively. The discrete output was used to control and synchronize data collection
through a secondard DAQ. The front panel and block diagram for the experimental data
collection program is included in Appendix B.1. This program was slightly modified to be
used in the calibration data collection of the spring down force system and gauge wheel load
pin. The modified program included an additional gauge on the VI front panel as well as
an indexing value within the array that was logged. This value was used to identify and
separate data sets during statistical analysis. The calibration program front panel and block

diagram are included in Appendix B.2.
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Chapter 4
MATERIALS and METHODS

4.1 Experimental Design

An experiment was conducted with the collaboration of the United States Department
of Agriculture, Agricultural Research Service (USDA-ARS) National Soil Dynamics Labo-
ratory, located in Auburn, Alabama, to meet the five primary objectives of the research.
Experimental design was a completely randomized design with two factors: planter configu-
ration and planting depth setting. There were four replications. Experiments were conducted
in a soil bin containing Norfolk Sandy Loam soil. Norfolk Sandy Loam is poorly graded sandy
loam soil that was excavated from the Auburn University Agricultural Engineering Farm in
Marvyn, Alabama and installed in one of the two indoor soil bins at the National Soil Dy-
namics Laboratory (Batchelor 1984). A full description of the properties and composition
of Norfolk Sandy Loam are included in Appendix C.1.

Due to the envelope of usable area inside the bin, the lateral spacing required between
plots, and the longitudinal distance required for acceleration and deceleration, it was deter-
mined that 50 experimental unit plots could fit within the soil bin. Each plot was 45.7 cm
(18 in.) wide and 9.144 m (30 ft) long arranged 10 plots per row with 5 rows covering the
longitudinal length of the soil bin, as shown in figure 4.1. The unused area on the south end
of the bin was occupied by the power cart that was used to pull the dyno cart along the bin

during the test (fig. 4.2).
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Figure 4.1: Plot number layout in soil bin 1 at the USDA National Soil Dynamics Laboratory.

Experimental treatments were completely randomized within the soil bin.
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Figure 4.2: Power and dyno carts positioned in the unused area at the south end of the soil

bin.

With 50 total experimental units available for the experiment, it was determined that
four planter configurations should be tested to improve understanding of individual compo-

nent loadings. The configurations, shown in figure 4.3, were as follows:

1. An operational configuration consisting of a coulter assembly forward of the double
disc opener including detrash wheels that were raised so as not to contact the soil
during the experiment, double disc opener, gauge wheel assemblies, and a press wheel

assembly:.

2. An operational configuration consisting of the double disc opener, gauge wheel as-
semblies, and a press wheel assembly. The coulter assembly including detrash wheels
remained on the planter to maintain the total planter weight and center of gravity as
closely as possible, but the coulter disc was removed and placed on top of the planter

row unit frame.

3. A non-operational configuration consisting of the double disc opener and gauge wheel

assemblies. The coulter disc was removed and placed on top of the planter row unit
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frame as in configuration 2. The press wheel force adjustment was positioned to remove
spring tension from the assembly, and the press wheel assembly was tied to the planter

row unit frame to ensure that it did not contact the soil.

. A non-operational configuration consisting of only the double disc opener. The coulter
disc and press wheel assemblies were removed from contacting the soil as described in
configuration 3. Finally, both gauge wheel assemblies were removed and placed on top

of the planter row unit frame above their operational position.

27



Configuration 1

Configuration 2

Configuration 3

Configuration 4

Figure 4.3: Planter configurations tested in the soil bin.

In addition to the four planter configurations, three planting depth settings were tested.

Planter depth adjustment settings 4-4, 6-6, and 8-8 were selected, as experiment planting
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depth settings 1, 2, and 3 respectively, for their range of nominal planting depth as well
laboratory planting depth calibrations (table 4.1 and fig. 4.4) that were previously conducted
by the Auburn University Biosystems Engineering Department (Simerjeet Virk, Auburn
University Biosystems Engineering Department, unpublished data, 2014). During previous
in-field experiments using these settings, actual planting depths achieved were approximately

2.54, 5.08, and 7.62 cm respectively.
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Table 4.1: Theoretical calibration for depth settings on a John Deere MaxEmerge™ Plus

planter.

Position (L-R)! Planting Furrow Depth (cm)

2-1 1.27
2-2 1.91
3-2 2.54
3-3 3.18
4-3 3.81
4-4 4.45
5-4 5.08
9-9 5.72
6-5 6.35
6-6 6.99
7-6 7.62
-7 8.26
8-7 8.89
8-8 9.53
9-8 9.84
9-9 10.16

The planting furrow depths displayed represent theoretical values derived from a
laboratory calibration. Actual planting depths achieved during in-field operation
may vary.

'Left and right planter depth setting adjustment hole positions, located on the

rear of the lower row unit frame.
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Figure 4.4: Planter depth setting adjustment, shown in position 9-9.

Four replications were used to maximize the power of the experiment within the physi-
cal limitation of space in the soil bin. All of the treatments utilized a constant spring down
force setting (medium), press wheel force setting, soil moisture, soil compaction, and planter
velocity (approximately 0.85 m/s). Due to the fact that an indoor soil bin was used, seeds
were not placed in the soil during the test and seeding rate was not considered. The 48
experimental units required by the design allowed for two empty plots in which an exper-
imental unit could be reproduced if needed. Response variable data were collected using

three systems. The first system was the planter DAQ described in section 3.3 (Fig. 4.5).
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Figure 4.5: Planter data acquisition system enclosure.

The following data were collected at 100 Hz from the planter: four-bar link angle (FLAS)
and gauge wheel arm angle (GWAS) using ASM magnetic angle encoders as well as vertical
gauge wheel force (Fgwy) using a John Deere load cell pin (JD P/N: AA78166). Four-bar link
angle was used to compute planter row unit position relative to the toolbar, apply four-bar
link tension and compression loads correctly, and to estimate spring down force on the planter
row unit. Gauge wheel arm angle was needed to compute gauge wheel position relative to
the planter row unit frame and to provide a continuous variable describing planter depth
setting. Finally, gauge wheel vertical force is needed to calculate the soil-planter interaction
force distribution for each treatment. The planter DAQ also provided an output signal to
synchronize data collection with the second system, the SoMat DAQ.

The SoMat DAQ system is an integral part of the National Soil Dynamics Laboratory’s
dyno cart and was used to collect data at 100 Hz from three 22.241 kN (5000 1bf) draft load
cells, two 8.896 kN (2000 1bf) side load cells, one 8.896 kN (2000 1bf) vertical load cell, and
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one radar ground speed transducer. The six load cells on the dyno cart, shown in figure 4.6,
enable the calculation of loads normal to the three orthogonal planes of the XY Z coordinate
system as well as moments about the x, y, and z axes. All of these loads are critical in
understanding the draft and vertical loads produced by the soil-planter interaction during
operation. Details of each response variable monitored by the planter and SoMat DAQs are

shown in table 4.2.
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Figure 4.6: Configuration of the SoMat data acquisition system’s load cells on the dyno cart

at the USDA National Soil Dynamics Laboratory.
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Table 4.2: Response variable descriptions for data collected by the planter and SoMat DAQs.

Name Description Units Positive Convention

Planter DAQ

FLAS Four-bar link internal angle Degrees CCW rotation

GWAS Gauge wheel arm angle Degrees CW rotation
Fgwy  Vertical force on the gauge wheels kN Positive global Y

SoMat DAQ

DC1  Toolbar draft force center kN Positive global X
DL2  Toolbar draft force left kN Positive global X
DR3  Toolbar draft force right kN Positive global X
SU4  Toolbar upper side force kN Positive global Z
SL5  Toolbar lower side force kN Positive global Z
VC6  Toolbar vertical force kN Negative global Y

Finally, data were collected manually on each treatment as well as randomly across the
soil bin. Prior to beginning data collection volumetric water content (VWC) measurements
were taken at the north end of each treatment plot, and ten bulk density (d,) samples at
0-5 cm and 5-10 c¢m in depth were collected from the north end of treatments at random.
During data collection toolbar height was measured at the beginning and end of each exper-
imental unit. After all experimental units were run, the following soil measurements were
taken within each plot referencing the undisturbed soil surface: five planting furrow depth
measurements, five gauge wheel rut measurements, and five press wheel rut measurements.
Finally, 13 cone penetrometer (CPT) readings were collected in undisturbed soil at random
locations. Table 4.3 details the variables for initial condition data collected on the Norfolk

Sandy Loam soil in the soil bin.
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Table 4.3: Soil variable descriptions for data collected prior to conducting the experiment in

the soil bin.

Name Description Units

VWC  Volumetric water content %
dy,  Bulk density 0-5 cm depth g cm™
dp, Bulk density 5-10 cm depth g cm™

CPT  Cone penetrometer test kPa

4.2 Sensor Calibration

Prior to conducting the experiment in the soil bin the magnetic angle encoders were
installed on the planter left-upper four-bar link and left gauge wheel arm. One hundred data
points were collected for the four-bar link angle (FLAS) at three different angles of rotation.
The internal angle from the rear surface of the toolbar mount to the bottom of the upper-left
four-bar link was also measured for each rotation (fig. 4.7). The 100 data points for each
rotation were then averaged and used with the manually collected internal angles to produce
a linear regression calibration for four-bar link angle in degrees. The regression model, shown

in equation 4.1, produced an adjusted R? and P-value of 1.0 and <0.05 respectively.
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Figure 4.7: Manual measurement of internal angle FLAS, in degrees, between the rear surface

of the toolbar mount and the lower surface of the four-bar link.

FLAS = 76.6462 — 102.72 (4.1)
Where z is the VDC output of the angle encoder.

The gauge wheel arm is offset and recessed into the backside of the gauge wheel during
operation. For this reason, gauge wheel arm angle (GWAS) could not be manually measured
while the gauge wheel was attached to the gauge wheel arm. Therefore, 100 data points were
collected while the gauge wheel arm was contacting the upper hard stop, the planter depth
setting rocker at the deepest setting; and the lower hard stop, the press wheel assembly
frame. After data collection was complete, the gauge wheel was removed from the arm, and

the arm was returned to the two hard stop positions. A manual internal angle measurement
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was made from the longitudinal axis of the gauge wheel arm to the upper horizontal surface
of the lower planter row unit frame at each of the hard stop positions (fig. 4.8). The slope
and intercept of the line intersecting the two points was calculated as the calibration for

gauge wheel arm angle in degrees (eq. 4.2).

Al
1

Figure 4.8: Manual measurement of internal angle GWAS, in degrees, between the horizontal

surface on the lower frame and the gauge wheel arm.

GWAS = 82.106x — 170.31 (4.2)

Where z is the VDC output of the angle encoder.

Due to the change in geometry of the gauge wheel arm assembly in relationship to
the planter row unit frame and load cell pin used to record vertical gauge wheel force, a
different load cell pin calibration was required for each planting depth setting used in the

experiment. A scale was positioned under the planter with blocks under the gauge wheels to
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ensure that the entire weight of the planter row unit would rest on the gauge wheels and no
other component (fig. 4.9). The planter depth setting was set to position 4-4, and the scale
was zeroed. While being supported by the dyno cart, the toolbar was lowered until FLAS
read 90°.

Figure 4.9: Calibration of the gauge wheel load pin for each planting depth setting.

Weights were then stacked onto and off of the planter frame. With each addition or
removal of weight, data were collected from the load cell pin using the planter DAQ at 100
Hz for one second, and a scale reading was recorded. A total of 23 weight readings were
collected for each replication, and three replications were conducted for each of the three
planter depth settings used during the experiment. The 100 data points were averaged for
each weight reading. The average sensor readings and recorded scale values were then used
to produce a linear regression model calibration for Fgwy at each planting depth setting.

The calibration models for Fgwy are presented below in table 4.4.
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Table 4.4: Calibration of load cell pin for vertical force on the gauge wheels (Fgwy) per

planting depth setting.

Depth Setting Model Adjusted R?> P-value
4-4 Fgwy, , =0.7201z 1.0 <0.001
6-6 Fgwy, , =0.7193z 0.99 <0.001
8-8 Fgwy, , =0.7793z 1.0 <0.001

Where Fgwy is in kN, and x is the VDC output of the load cell signal conditioner.

4.3 Spring Down Force System Calibration

The spring down force system was calibrated so that down force applied to the planter
row unit frame by the system (DFy) could be estimated for any FLAS. While supported by
the dyno cart at the National Soil Dynamic Laboratory, a 10,000 lbf tension load cell was
attached with an overhead hoist to the planter frame at the midpoint between the upper
four-bar link attachment points on the planter row unit, as shown in figure 4.10. The planter
DAQ was used to collect FLAS data as well as the output from the tension load cell for the
calibration. The planter down force adjustment was set to medium down force (fig. 4.11),
and the planter was lowered to a position just above the lower travel stop of the row unit.
Static FLAS and load cell data were collected at 100 Hz for one second at this position.
The planter row unit was then raised a couple of degrees FLAS with the overhead hoist and
load cell and another set of static data points were collected. This process was continued,
incrementally raising the planter to just below its upper travel stop and lowering it back
to its starting position. Four replications of this process were completed. The 100 FLAS
and load cell data points for each position were averaged to produce a total of 143 pairs.
Once the averaged pairs were plotted, it was clear that spring down force was applied non-

linearly (fig. 4.12). The data were divided into three independent data sets: constant, ramp,
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and spring. A linear regression was fit to the ramp and spring sections, while the data for
the constant section were averaged to produce a single constant value, shown in table 4.5.
The intersection points between the three sections of the calibration were then calculated
using the constant and two regression equations. The final equation for estimating DFy for
medium down force setting is shown in equation 4.3 below. Calibrations were also developed

for down force settings low and high and are included in Appendix A.

Figure 4.10: Calibration of the spring down force system for four-bar link angle FLAS.
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Figure 4.11: Down force settings for the John Deere MaxEmerge — Plus planter.
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Table 4.5: Linear regressions for spring down force system.

Section Model Adjusted R?> P-value

Constant DFy,  .,=0 NA NA
Ramp  DFy,,,,, = 0.3281x — 26.7851 0.98 <0.001
Spring  DFy,,, = 0.0205z — 0.8031 1.0 <0.001

Where DFy is in kN, and x is the four-bar link angle, FFLAS.
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Figure 4.12: DFy calibration for medium spring down force setting.
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FLAS <81.65° DFy =0
81.65° <FLAS < 84.47° DFy = 0.3281 « FLAS — 26.7851 (4.3)

FLAS >84.47° DFy = 0.0205 % FLAS — 0.8031
4.4 Soil Bin Preparation

Preparing the soil bin so that planting conditions could be as uniform as possible and as
described in the experimental design required multiple processes. First, water was applied
to the soil bin using the water-grading cart (fig. 4.13). Two cycles of water application,
consisting of one pass down the bin and one return pass, were conducted. The bin was
allowed to sit undisturbed for at least four hours to allow the water to infiltrate the soil.
Next, a rotary tiller cart, figure 4.14, was used to till the soil in three side-by-side passes to
cover the bin width, to a depth of approximately 30-35 cm. The water and grading cart was
then used again to grade the soil in the bin. Finally, the graded soil was compacted with one
pass down the soil bin and one return pass of the roller cart (fig. 4.15). The bin preparation
process produces a planting environment that is uniform in soil moisture, compaction, and
surface profile (fig. 4.16). After preparation of the soil bin was complete, the plots were laid
out and flagged. Special consideration was taken to not disturb the soil within each plot;

walking across the bin only at the north and south ends of each plot.
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(b)

Figure 4.13: Applying water to and grading the soil in the soil bin. (a) Water application
(b) Grading.
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(b)

Figure 4.14: Tilling the soil using three side-by-side passes across the width of the soil bin.
(a) Tillage pass one along the left hand side of the bin. (b) Tillage pass three along the right
hand side of the bin.
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Figure 4.16: Prepared soil bin at the USDA National Soil Dynamics Laboratory.
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4.5 Planter and SoMat DAQs Experimental Data Collection

Prior to running the planter, volumetric water content (VWC) readings were taken
approximately one meter south of the north end of each plot along the longitudinal centerline
of the plot. The readings were taken with a FieldScout TDR-300 moisture meter per the
manufacturer’s specifications (Spectrum 2011) and logged within the meter (fig. 4.17). Bulk
density (dy) samples were taken at 0-5 cm and 5-10 ¢cm in depth from the north end of ten
plots selected randomly within the soil bin (fig. 4.18). The samples were taken using soil
cores of known volume and analyzed using the oven dry method and procedures specified
in the USDA Soil Survey Field and Laboratory Methods Manual (Soil Survey Staff 2014).
Soil compaction (CPT) measurements were taken with a Rimik CP-20 cone penetrometer,
using a 30° cone with base diameter of 12.7 mm. Data were collected in undisturbed soil at
13 locations randomly selected within the bin at depth increments of 15 mm to a maximum
depth of approximately 390 mm. The files for each measurement were stored in the meter
and downloaded at a later date. Figure 4.19 shows the plot layout of the bin as well as

locations where the bulk density samples and soil compaction measurements were taken.

Figure 4.17: Volumetric soil water content data collected with a FieldScout TDR-300 meter.
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Figure 4.18: Bulk density samples collected from ten locations within the soil bin.
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Figure 4.19: Locations within the soil bin where bulk density samples and cone penetrometer

data were collected.
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Prior to running the first treatment the planter was assembled in configuration 1, with
spring down force in the medium setting, and the press wheel adjustment was positioned
as shown in figure 4.20. The spring down force and press wheel force adjustments were left
in these positions for the duration of the experiment. Before running the configuration 1
treatments, the planter was lowered onto a wooden block positioned under the double disc
opener. The toolbar was lowered until the four-bar links were determined to be parallel with
the concrete pad that was supporting the planter. A level positioned on the upper four-bar
link was used to verify the parallel condition (fig. 4.21). With the planter row unit weight

resting on the wooden block, the six SoMat DAQ load cells were zeroed (fig. 4.22).

Figure 4.20: Press wheel force adjustment position used for the duration of the soil bin

experiment.

20



Figure 4.21: Four-bar links positioned level to the concrete surface prior to zeroing the load

cells.

Figure 4.22: Planter in configuration 1 while SoMat load cells were zeroed.

After the load cell zero procedure was complete, the planter was moved to plot 1410 and
the depth setting adjustment was moved to position 8-8, depth setting 3. While the planter

was suspended in the air by the dyno cart, baseline data were collected by the SoMat DAQ
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from the six load cells on the dyno cart at 100 Hz for one second. This data set was later
used to determine the bias present in any of the load cells. Next, the planter was lowered
onto the soil at the north end of the plot. The toolbar was lowered until the four-bar links
were determined to be parallel with the planting surface and verified as before with a level.
A toolbar height measurement was recorded from the soil surface to the bottom edge of
the planter toolbar mount, as shown in figure 4.23. The dyno cart with planter was then
pulled toward the south end of the plot by the power cart. Once desired planter velocity
was achieved, data were collected by the planter DAQ and SoMat DAQ at 100 Hz for three
seconds. The power cart, dyno cart, and planter were then decelerated prior to reaching
the south end of the plot. A second toolbar height measurement was then recorded in the
manner previously detailed. Finally, the planter was lifted, via the dyno cart, vertically out
of the soil. The planter was then moved to the next closest configuration 1 plot and the
planting depth setting was adjusted as dictated by the treatment layout. The process from
collection of baseline data to removing the planter from the soil at the end of the plot was

repeated for all 12 configuration 1 experimental units.
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Figure 4.23: Toolbar height measured from the soil surface to the bottom of the toolbar

mount.

After all configuration 1 experimental units were run, the planter was moved back to
the concrete pad adjacent to the soil bin. The coulter disc was removed and secured on top
of the planter row unit frame to prepare the planter for configuration 2 experimental units
as described in experimental design section 4.1. Once again the planter was lowered until
the row unit’s weight was supported by the wooden block under the double disc opener.
The four-bar links were leveled, and the SoMat DAQ load cells were again zeroed. The
configuration 2 experimental units were then run in the same manner as was described for
the configuration 1 experimental units above. The entire process from configuration setup,
load cell zeroing, and data collection was repeated for configuration 3 experimental units.

The planter was once again moved to the concrete pad adjacent to the soil bin. The
GWAS magnetic angle encoder was removed to allow removal of the left gauge wheel assem-
bly. Both gauge wheel assemblies were removed at the bosses on the row unit frame and

secured on top of the frame above their operational position (fig. 4.24).
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Figure 4.24: Planter in configuration 4 while SoMat load cells were zeroed.

The SoMat DAQ load cells were once again zeroed as was done for configurations 1
through 3. The planter was moved to the first configuration 4 plot and baseline data were
again taken while the planter was suspended in the air. Unlike previous configuration treat-
ments, the planter was then lowered until the double disc opener barely contacted the soil
surface. Without gauge wheels providing planting furrow depth control, the dyno cart tool-
bar height was used to regulate furrow depth in place of planter depth setting and gauge
wheels. A measurement was taken from the soil surface to the bottom surface of the planter
toolbar mount. The dyno cart toolbar was then lowered from this position 2.54 cm for depth
setting one, 5.08 cm for depth setting two, and 7.62 cm for depth setting three treatments.
The planter weight, with the exception of the force produced by the interaction between the
double disc opener and soil, was supported by the dyno cart through the four-bar links (fig.
5.13). The height from the soil surface to the bottom of the toolbar mount after setting the

planting depth was then recorded. Data were collected in the same manor as was done for
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configurations 1-3. At the end of the run, height from the soil surface to the bottom of the

toolbar mount was again measured and recorded.

Figure 4.25: Configuration 4 data collection.

4.6 Manual DAQ Experimental Data Collection

After the planter was setup and run for all 48 experimental units, the planter, dyno
cart, and power cart were removed from the soil bin. Planting furrow depth (PD,), gauge
wheel rut depth (GRD), and press wheel rut depth (PRD,f) all referencing the undisturbed
soil surface were then manually measured and recorded. The soil surface profile print, shown

in figure 4.26, details the reference surface for each rut and furrow depth dimension.
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Figure 4.26: Variable descriptions and reference surfaces for planting furrow and rut depth

data collected manually.

Where:

GRD: Gauge wheel rut depth measured from the undisturbed soil surface to the
bottom of the gauge wheel rut in cm.

PRD,¢: Press wheel rut depth measured from the undisturbed soil surface to
the bottom of the press wheel rut in cm.

PRDyg,4: Press wheel rut depth measured from the bottom of the gauge wheel
rut to the bottom of the press wheel rut in cm.

PD,s: Planting furrow depth measured from the undisturbed soil surface to the
bottom of the planting furrow in cm.

PDg,q: Planting furrow depth measured from the bottom of the gauge wheel rut

to the bottom of the planting furrow in cm.

Starting with plots in row 1 and moving southward across the soil bin, a small cable was
suspended above the soil surface from the cart rails along either side of the soil bin. The cable
was randomly positioned laterally across the soil bin above the plots in row 1 and tensioned.
For each plot, a reference measurement was made from the cable to the undisturbed soil

surface just outside the outermost rut or furrow disturbance (fig. 4.27). The reference
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measurement was recorded to be used with rut and furrow measurements taken at this
position within the given plot. Measurements were recorded from the cable to the bottom
center of the gauge wheel rut (GRD), press wheel rut (PRD,), and planting furrow (PD,)
(fig. 4.28). If press wheels or gauge wheels were not included for the treatment in any given
plot, an “NA” was recorded for the corresponding value. If press wheels were included for the
treatment in the plot being measured, a planting furrow depth measurement could only be
made at the end of the plot where the planter was lifted out of the soil. Therefore, planting
furrow depth measurements were only taken at these random positions within the plot for
configurations 3 and 4. Once reference, rut depths, and furrow depth measurements were
made across all plots for the current cable position, the cable assembly was moved southward
across the plot and tensioned for another set of measurements. Reference, rut depth, and
furrow depth measurements were taken as allowed by the configuration of the treatment in
each plot for five random positions. For plots that contained a treatment that would not
allow for furrow depth measurements, configurations 1 and 2, a reference and furrow depth
measurement were taken from three positions at the end of the plot where the planter was
lifted from the soil and the furrow had not been closed by the press wheel assembly (fig.
4.29).
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Figure 4.27: Reference measurement used to calculate planting furrow and rut depth values.
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(b)

Figure 4.28: Rut measurements for (a) gauge wheels and (b) press wheels.
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Figure 4.29: Planting furrow depth measurement method for configurations 1 and 2 treat-

ments.

4.7 Data Formatting and Manipulation

Data recorded by all three systems were imported into R for formatting, computation,
statistical analysis, and graphical representation (R 2015). All R code is included in Ap-
pendix D. Data collected by the planter and manual DAQs were recorded individually and
associated with their unique experimental unit plot number. The SoMat DAQ files, however,
were a grouping of data sets consisting of all data collected from the time the SoMat system
was started until it was reinitialized, usually when a configuration change or other lengthy
break occurred during data collection. For this reason, code was written to analyze the time
stamp on each data point within the set and separate the data into individual files when a
gap in time stamp of 0.03 seconds or greater was observed. The individual files consisted of
a treatment baseline file of approximately 100 data points followed by a treatment run file of
approximately 300 data points. The sequence in which the data were collected was used to
separate and assign file names to the individual data sets. Each experimental unit baseline
data set was averaged to produce a single value per variable, and the averaged baseline values

were compiled into a single data set by experimental unit baseline number. The baseline
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data set included the following variables: plot, Base_ DC1, Base DL2, Base_DR3, Base_SU4,
Base_SL5, Base_VC6, Base_Total DR, Base_Total_Side, and Base_Calc_MPH.

Next, each planter DAQ experimental unit file, consisting of approximately 300 data
points per variable, was modified to include an index variable, providing each row of data
points a unique number. All of the planter DAQ experimental units were merged by plot
number and index number to maintain the order in which the data points were collected.
This was done to ensure proper merging of the synchronous planter DAQ and SoMat DAQ
data sets. The SoMat DAQ files were modified and merged in the same manner as the planter
DAQ files. Finally, the two consolidated data sets were merged by plot and index number
into a single complete sensor data set. The following variables were included in the sensor
data set: plot, ID, config, plant_depth, rep, FLAS, GWAS, JD, time, DC1, DL2, DR3, SU4,
SL5, VC6, Total DR, Total_Side, and Calc_MPH.

The manually collected data were averaged to produce a single value per variable for
each experimental unit, consisting of the following: plot, config, plant_depth, rep, PD,.s,
GRD, and PRD,. Values for planting furrow depth referencing the gauge wheel rut (PDg,q)
and press wheel rut depth referencing the gauge wheel rut (PRDgq) were also calculated
and included. This data set was utilized when calculating the component position and forces

included in the sensor data set.

4.8 Four-Bar Linkage Forces

The first step in computing the force distribution on the planter was to determine how
the loads recorded by the SoMat DAQ load cells were translated to the planter row unit
through the four-bar linkages. This was accomplished by solving the toolbar free body

diagram, which included the load cells and toolbar mount shown in figure 4.30.
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Figure 4.30: Dyno load cell free body diagram to solve for four-bar link forces.

First DFy was estimated using calibration equation 4.3 and populated for each datum
point in the sensor data. A free body diagram of the upper four-link (fig. 4.31) and DFy
produced the resultant force at the spring down force system arm (Fj) and the resultant
force at the attachment point between the toolbar mount and the upper four-bar linkages
(F1) using the sum of moments about point A (eq. 4.4) and a sum of forces in the global
Y (eq. 4.5). The computational values for DC1, DL2, DR3, and VC6 were calculated
using the average baseline for the given treatment minus the running value, and positive
sign convention for load cell values, shown in figure 4.30, was selected to match the sign
convention previously established in the SoMat DAQ system. Positive sign convention for
upper and lower four-bar link forces, Ftl; and Ftly respectively, was selected to be in the
positive global X direction. Positive sign convention for forces F; and Fy was selected to
be in the direction of application as determined by the four-bar link free body diagram (fig.
4.31). Ftly was computed by a sum of moments about point A, eq. 4.6, with a clockwise
rotation positive sign convention. Ftl; was then computed by a sum of the forces in the
global X direction (eq. 4.7). Fy, Fy, Ftl;, and Ftly were recorded in the sensor data for each

datum point collected.
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Figure 4.31: Four-bar link free body diagram.

o DFY(M?;Z? FLAS) (4.4)

F\ = F,— DFy (4.5)

P, — (=DC1(ds — dy) + (DL2 + DR3?(d4 +dy) — VC6(ds) + Fa(dg)) (46)
(dy + dy)sin FLAS

P, = (—=DC1 + (DL2 + DR3) — Ftlysin FLAS) (@)

sin FLAS

4.9 Gauge Wheel and Press Wheel Position and Force

Gauge wheel position is a function of the planting depth adjustment setting. The
planting depth adjustment handle controls the position of the rocker (upper hard stop) which
the gauge wheel arm contacts (fig. 3.9). However, GWAS was a better indicator of gauge
wheel position and enabled the position to be calculated even when the gauge wheel arm was
not in contact with the rocker. The gauge wheel arm rotated about a spindle that was not

normal to any global reference plane, requiring two rotational transformations to calculate
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the gauge wheel hub position in the global XY Z reference frame. Two local reference frames
were created on the gauge wheel arm spindle of the planter row unit frame with their origins
aligned. The first reference frame, xryz, was aligned with the global reference frame XY Z.
The second reference frame, 2'y’z’, was rotated so that the 2z’ axis was aligned axially with
the boss. An Euler angle rotation (R,) was used with a vector describing the gauge wheel
arm (BC) to calculate the position of the gauge wheel hub in the z/y’z" reference frame for
any rotation GWAS (eq. 4.8) (Marghitu 2011). A rotation transformation matrix (Rgp)
was then used to translate the gauge wheel hub position referencing z'y’z’ to local reference
frame xyz (eq. 4.9) (Marghitu & Dupac 2011). Rgp, was determined using two sets of three
orthogonal unit vectors describing the z, y, and z axes of the global and local reference
frames. The gauge wheel hub position in the global XY Z (eq. 4.10) was then given by the
vector describing the position of the local reference frame xyz (AB), the transpose of Rglb,
and the position calculated in equation 4.8 (Marghitu & Dupac 2011). Force on the gauge
wheels in the global Y (Fgwy) was estimated using the planting depth specific calibrations
from table 4.4.

cosy, sinvy, 0
GWhubyryr = | —sinvy, cosvy. 0 [ BC ] (4.8)

0 0 1

Aty Qgry Ayl
Rglb: Qyry  Qyly Ayl (49)

Qg az’y Ay

T
GWhUbXYZ - |: AB :| + |: Rglb :| |: GWhbe’y’z’ :| (410)

Press wheel position in the global X and Y (eq. 4.12 and eq. 4.13) was calculated from
the gauge wheel position at the time the datum point was recorded and the average press

wheel rut measured from within the experimental unit plot, as detailed in figure 4.32. The
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resultant force produced on the press wheels is a function of the tension spring length in
the assembly. The geometry of the system is shown in figure 4.33. The angle between the
fixed and adjustable spring attachment points through the press wheel assembly hinge axis
(YPwspg) Was calculated with equations 4.11 and 4.14. The tensioned spring length (Dy)
was calculated using the law of cosines equation 4.15. The angle between the press wheel
assembly hinge axis and the adjustable spring attachment point through the fixed spring
attachment point (7y3) was calculated using the law of cosines equation 4.16. The angle
between the tension spring axis and the global X Z plane (v4) was then computed using v,
and 3 (eq. 4.17). Finally, the press wheel assembly free body diagram shown in figure 4.34
was produced including the press wheel spring force (Fpws), which was estimated using the
spring length and the spring calibration (fig. 3.4), and resultant forces: press wheel in the
global Y (Fpwy), press wheel hinge in the global X (FpwHx), and press wheel hinge in the
global Y (FpwHy). Fpwy was calculated by a sum of the moments about the press wheel
assembly hinge axis A (eq. 4.18) and recorded for each datum point within the sensor data
set. Positive sign convention for the moment about A was selected to be clockwise rotation.
For each of the forces included in the press wheel free body diagram positive sign convention

was selected for their expected direction of application.
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Figure 4.32: Position of press wheel hub axis in global XY Z.

D, — R2
Ypw = sin ! <—4 Y> (4.11)
Dy
PWX = D5 + D6 COS Ypw (412)

Where Dj is the horizontal distance along global X from the origin to the axis

of the press wheel assembly hinge.

PWy = GWy — Rly — PRDy,q + R2y (4.13)

Where R1y is the vertical component, in the global Y, of the gauge wheel radius.
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Figure 4.33: Press wheel assembly geometry.

Yewspg = 1 — (YPw — 72) (4.14)

Dy = /DZ + D — 2(Ds)(Ds) cos pwspg (4.15)

_D2 —|—D2—|—D2
~eos 1 [ ZPsEDr+ Dy 1.16
= (3o ) (416)
Y4 = 180° — 1 — 73 (4.17)
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Figure 4.34: Press wheel assembly free body diagram.

Fpwsx = Fpws cos vy

Fpwsy = Fpwssiny,

—Fpwsy (Dg cosvpw — 72) — Fpwsx(Ds sinvypw — 72)
—Dg cos ypw

Fpwy = (4.18)

4.10 Planter Force Distribution

The center of gravity for each planter configuration was determined using the CAD
models produced prior to conducting the experiment at the National Soil Dynamics Labo-
ratory. The planter weight (Wt) applied at the center of gravity (C'G) was measured during
the gauge wheel down force pin calibration. This information along with the forces and

positions computed in the previous sections provided everything needed to determine the
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force distribution on the planter row unit due to its interaction with the soil. The positive
sign conventions shown in table 4.6 were applied to all four planter configuration free body

diagrams.

Table 4.6: Variable descriptions for forces acting on the planter in free body diagrams.

Positive
Name Description Units
Convention
Fcty  Force on the coulter in the global Y kN Pos. global Y
Fddy Force on the double disc opener in the global Y kN Pos. global Y
Fgwy  Force on the gauge wheels in the global Y kN Pos. global Y

Fpwy Force on the press wheel assembly in the global Y kN Pos. global Y

Fq Total draft force in the global X kN Pos. global X
Wt Weight of the planter row unit kN Neg. global Y
DFy  Applied down force acting in the global Y kN Neg. global Y

Neg. global X /

Ftl;  Upper four-bar link comp./tens. force kN

Pos. global Y
Neg. global X /
Ftl,  Lower four-bar link comp./tens. force kN

Pos. global Y

4.10.1 Configuration 4

For the most simplified configuration, configuration 4, only the double disc opener was
contacting the soil. Therefore, any force generated in the global X or Y directions was
a result of the double disc opener’s interaction with the soil. The free body diagram for
configuration 4 (fig. 4.35) details the forces acting on the planter row unit. Forces on the
double disc opener in the global Y direction (Fddy) and the global X direction (Fddx) are
simply the difference in baseline and running values for VC6 and Total DR, as shown in

equations 4.19 and 4.20.
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Figure 4.35: Configuration 4 free body diagram.

Fddy,,,,,,, = Base VC6 — V(6 (4.19)

Figonpigs = Fddx.,, ;... = Base Total DR — Total DR (4.20)

4.10.2 Configuration 3

Unlike configuration 4, the four-bar linkage was run parallel to the ground in configura-
tion 3. This requires the weight of the planter, applied at the C'G, as well as any additional
down force generated by the spring down force system to be supported by the components
of the planter row unit interacting with the soil, as shown in the configuration 3 free body

diagram (fig. 4.36). Since Fgwy was estimated from the output of the load cell pin, Fddy
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can be computed by solving the sum of the forces acting on the planter row unit in the
global Y direction (eq. 4.21). Total draft force (Fq) was calculated as the baseline minus
the running Total DR (eq. 4.22).

- G\ —e=

—
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1

Ftls DFy E

Figure 4.36: Configuration 3 free body diagram.

Fddy,,, ., = —Ftlicos FLAS — Ftlycos FLAS + DFy + Wt — Fgwy (4.21)

Ficonigs = Base Total DR —Total DR (4.22)
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4.10.3 Configuration 2

Similar to configuration 3 all of the forces acting on the planter row unit were already
determined with the exception of Fddy. The forces and their positions were detailed in the
configuration 2 free body diagram, shown in fig. 4.37. Fgwy and Fpwy were previously
determined, and F4 was calculated in the same manner as in configuration 3 (eq. 4.22).
Fddy was once again solved using the sum of forces acting on the planter row unit in the

global Y direction (eq. 4.23).

"‘GWK"'

18.34
13.49 ==

Ftl, DF+ E

I ] T

Fddy  Fgwey Fpwy

Figure 4.37: Configuration 2 free body diagram.

Fddy,,, .., = — Ftlicos FLAS — Ftlycos FLAS + DFy + Wt (423)

— Fgwy — Fpwy
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4.10.4 Configuration 1

Configuration 1 is the most complex configuration and therefore required more compu-
tation to solve for all of the forces acting on the planter row unit frame. Fq, Fgwy, and
Fpwy were calculated in the same manner as configuration 3. Using the free body diagram
for configuration 1 (fig. 4.38), Fddy was calculated by summing the moments acting on the
planter row unit about the hub axis of the coulter disc (eq. 4.24). Fcty was then solved
using a sum of the forces in the global Y (eq. 4.25). Fddy and Fcty for configuration 1 were
not included in the statistical analysis. Due to a geometry specific bias that was present in
the baseline draft loads, the values produced by the moment calculation used to solve for

Fddy and ultimately Fcty were incorrect.

PV
r— 36,35 —=r=+G\Wx =

Fcty Fddy  Fgwey Fpwey

Figure 4.38: Configuration 1 free body diagram.
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Flt1(51.21sin FLAS + 36.35 cos FFLAS)
+ F'tl5(30.89 sin FFLAS + 36.35 cos FLAS)

— 36.35DFy — 51.31Wt + Fgwy(36.35 + GWy)

+ Fpwy (36.35 + PWx) + Fy((—=GWy + Rly) — 51.21)
—49.83

FddYConfigl = (424)

Fetygy i = — Ftlycos FLAS — Ftlycos FLAS + DFy + Wt

igl

(4.25)
— Fddy — Fgwy — Fpwy

4.11 Data Analysis

Statistical analysis for all the experimental data was conducted using the open source
statistical and graphical software package R. The function aggregate was used to compute the
mean and standard deviation summary statistics for each variable per treatment. The data
sets created by the aggregate function for the sensor data and manually collected data were
combined to produce a data set with one mean value for each variable within an experimental
unit. This data set was used to perform an analysis of variance with mixed effect models

and to produce linear regression models.
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Chapter 5
RESULTS and DISCUSSION

5.1 Soil Bin Uniformity

Summary statistics were calculated for the initial conditions of the Norfolk Sandy Loam
soil in the soil bin including: bulk density (d;), volumetric water content (VWC), and cone
penetrometer values (CPT) to a depth of 105 mm. The results are displayed in table 5.1.
Soil properties within the bin were considered to be uniform to a depth below the maximum

measured planting furrow depth.

Table 5.1: Initial conditions of prepared Norfolk Sandy Loam soil in the soil bin.

Bulk Density Cone Penetrometer? (kPa)
VWC!
Statistic (%) (g cm™) (mm)

0-5cm 5-10cm 15 30 45 60 75 90 105

min 10.9 1.50 1.55 88 247 505 687 846 78 702
max 19.2 1.71 1.76 164 551 1346 1748 1779 1597 1468
mean 14.5 1.6 1.65 110 360 808 1067 1122 1085 1010

Std. Dev. 2.0 0.07 0.06 23 89 212 264 251 222 206
Ccv 0.14 0.042 0036 02 02 03 02 02 02 02

1 Volumetric Water Content collected with a Field Scout' ~ TDR 300 soil mois-

ture meter.

2 Cone Penetrometer Test data collected at 15 mm depth increments with a

Rimik CP20 cone penetrometer.
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5.2 Planting Furrow Depth

Planting/seeding depth is conventionally defined as a ”soil over seed” measurement
(SOS). For this experiment seed was not placed in the soil, therefore the dynamics of placing
the seed within the furrow and the consolidation of soil over the seed between planting
and germination could not be considered. Planting furrow depth to the undisturbed soil
surface (PD,f) was recorded and used as a related measure of the soil over seed planting
depth. While a definitive relationship between PD,.s and SOS is not known for the conditions
present during the experiment, it is believed that the trends produced by changes in planter
configuration, depth setting, and force distribution were accurately described by the PD,q¢
measure. As was expected a significant difference in planting furrow depth was observed

across all planting depth settings for PD,¢ (fig. 5.1) and PDg,q (fig. 5.2).
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Figure 5.1: Planting furrow depth measured to the undisturbed soil surface.

Error bars represent 95% confidence intervals.

Horizontal red lines represent theoretical planting depth for each planting depth

setting.
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Figure 5.2: Planting furrow depth measured to the gauge wheel rut.

Error bars represent 95% confidence intervals.
Horizontal red lines represent theoretical planting depth for each planting depth

setting.

As discussed in section 4.1 experimental planting depth settings 1, 2 and 3 equate to
planter depth adjustment settings 4-4, 6-6, and 8-8 respectively. PD,¢ of depth setting 1

closely matches the theoretical planting depth from table 4.1, shown in figures 5.1 and 5.2 by
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horizontal red lines ; however increasing planting furrow depth due to depth setting changes
produces diminishing returns resulting in depth setting 3 falling far short of the theoretical
depth of 9.53 cm. This indicates that planting depth setting and achieved planting furrow
depth are not a one-to-one correlation, and additional factors should be considered when
planting depth setting adjustments as made. The diminishing response to depth setting
changes can partially be explained by the negative trend in gauge wheel rut depth to increased
planting depth that will be presented in section 5.3.1. It is also affected by the increasing
total contact area between the planter and soil as planting depth is increased. For any given
down force setting and four-bar link angle, a finite amount of down force is available for
the planter to achieve the desired planting depth. As planting depth increases, this force is
ultimately balanced with the force generated by the components operating within the soil,
and no additional force is carried by the those components rolling along the soil surface. At

this point, increased down force on the planter is required to increase planting depth.

5.3 Physical Effects of Planter Depth Setting Adjustments on Soil Surface Pro-

file and the Planting Furrow

The goal was to determine the physical effects of an agricultural planter row unit on the
soil surface profile and planting furrow depth. Data collected from each experimental unit

were evaluated to answer the following objectives:

1. How are gauge wheel and press wheel rut depths affected by planting depth setting?

2. Can gauge wheel rut depth be predicted from planter operating conditions?

3. Can planting furrow depth be predicted by planting depth setting and gauge wheel or

press wheel rut depths?
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5.3.1 Rut Depths

An analysis of variance using mixed effects models was conducted on the planting furrow
and rut depth data collected during the experiment. Multiple comparisons were conducted
using Fishers Least Significant Difference (LSD) (Piepho et al. 2003). Standard deviations
were not different for PD,o;, GRD, and PRD,¢ across planting depths or planter configura-
tions. Therefore, changes in planting depth setting or configuration did not have an effect
on variation in the previously mentioned variables.

Planter gauge wheels are designed to regulate the vertical position of the planter frame
and double disc opener in relation to the soil surface that is being traversed. Therefore, if
actual planting furrow depth referencing the undisturbed soil surface is desired, gauge wheel
rut depth must be detectable or predictable. GRD, as shown in figure 5.3, trended down
with increasing planting depth setting. A decrease of 112% in GRD was observed between
planting depth setting 1 and depth setting 3. Also, mean gauge wheel rut depths were
negative for configurations 1 and 2 at planting depth setting 3. This indicates that for the
soil type and conditions present during the experiment, there was not enough load carried
by the gauge wheels to re-consolidate the soil that was displaced by the double disc openers.
A negative GRD condition may not be optimal for planting depth precision, because the
gauge wheels are operating on a raised soil bed displaced by the double disc openers. A
more ideal condition would likely be when the gauge wheels have consolidated the soil back
to its original position, but not created a rut, and the load supported by the gauge wheels
is distributed over a larger area.

Additionally, mean rut depth was negative for configurtion 1 and positive for configura-
tions 2 and 3 for data collected in depth setting 2 treatments. This can be explained by the
distribution of forces acting on the planter which will be discussed in section 5.4. As planter
components were removed from contacting the soil in configurations 2 and 3, the load that
was previously carried by those components was partially transfered to the gauge wheels,

increasing the soil consolidation beneath them .
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Figure 5.3: Gauge wheel rut depth measured to the undisturbed soil surface.

Error bars represent 95% confidence intervals. Standard deviations denoted by
the same letter are not significantly different, based on 95% confidence intervals.
A significant difference was observed for values of PRD,.s between planting depth set-

tings 1 and 3 and between depth settings 2 and 3 (fig. 5.4). PRDg,4 was found to be different
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across all planting depth pairings (fig. 5.5). An increase in planting depth from depth setting
1 to 3 produced increases in mean PRD,¢f and PRD,q of 80% and 237% respectively. Press
wheel rut depth is determined by the bearing capacity of the soil to support the force that
is exerted on it by the press wheel assembly. Because press wheel force is directly a function
of the press wheel force setting adjustment and the press wheel’s vertical position relative to
the planter row unit frame, rut depth increasing with planting depth was expected. Mean
PRD,s was more consistent across configurations for planting depth setting 1 than depth
settings 2 or 3. This is likely due to the increased soil consolidation by the gauge wheels
(GRD) and the reduced force produced by the press wheel assembly present in depth setting

1 experimental units.
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Figure 5.4: Press wheel rut depth measured to the undisturbed soil surface.

Error bars represent 95% confidence intervals. Standard deviations denoted by

the same letter are not significantly different, based on 95% confidence intervals.
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Figure 5.5: Press wheel rut depth measured to the horizontal surface of the gauge wheel rut.

Error bars represent 95% confidence intervals. Standard deviations denoted by

the same letter are not significantly different, based on 95% confidence intervals.
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5.3.2 Gauge Wheel Rut Depth

Real-time measurement of gauge wheel rut depth during in-field planting operations
is difficult and will likely require an additional set of mechanisms to measure the position
of the gauge wheel relative to the soil surface. A predictive model based on planter row
unit setup and sensed loads would reduce complexity and potentially aid in planting depth
controller performance. A linear regression model was produced to estimate gauge wheel rut
depth from the independent variables: planting depth setting, configuration, FLAS, DFy,
GWAS, and Fgwy. The best model resulted in an adjusted R? and P-value of 0.64 and
<0.001 respectively. The model included only gauge wheel arm angle, which is a continuous
variable describing planting depth setting, and vertical force on the gauge wheels. (eq. 5.1)
Since this model was produced in uniform soil conditions on Norfolk Sandy Loam soil, an
operational field model for gauge wheel rut depth will most likely require a calibration for

the field conditions present at the time of planting.

GRD = 0.03 « GWAS + 0.40 x Fgwy — 0.75 (5.1)

5.3.3 Planting Furrow Depth Prediction

For the purpose of this research, planting furrow depth is the primary means of evaluat-
ing planting depth performance. As would be expected, PD,¢ and PDg,q were significantly
different for each planting depth setting. Linear regression models were applied to estimate
planting furrow depth from the variables that have been discussed in this section. The first
model, shown in equation 5.2, uses planter depth setting and press wheel rut depth. This

model resulted in an adjusted R? and P-value of 0.81 and <0.001 respectively.

PD,e; = 1.06 % Xpp, + 1.50 % Xpp, +1.94 %« PRD,o; + 1.77 (5.2)
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Where Xpp, and Xpp, are dummy variables representing planting depth settings

2 and 3 respectively.

While this model describes much of the variability in the model, planter depth setting
is not a continuous variable and is not capable of describing the position of the gauge wheel
in an operating condition where the gauge wheel arm is not contacting the planting depth
setting rocker. A more reliable and better fit model, equation 5.3, produced an adjusted R?
and P-value of 0.82 and <0.001 respectively using GWAS in place of planter depth setting
and PRD .

PD,o; = —0.13 * GWAS + 1.83 x PRD,os + 5.37 (5.3)

Due to the uniform soil conditions in the soil bin and the linear application of force
produced by the press wheel assembly tension spring, PRD,.s was a good indicator of planter
frame position in the soil relative to the press wheel assembly. This explains the significance
of PRD, in the planting furrow depth prediction models. However, press wheel rut depth
would not be as reliable a predictor for in-field operations, where soil conditions are more

variable.

5.4 [Effect of Planter Depth Setting on Soil-Planter Interaction Force Distribu-

tion

The goal was to determine the effect of soil-planter interaction force distribution as a
result of planting depth setting. A static system analysis was conducted on the planter using
data collected in each experimental unit as well as known geometric and force relationships

of the planter to answer the objectives below:
1. How does soil-planter interaction force distribution change with planting depth setting?

2. Can actual planting furrow depth be predicted by planting depth setting and force

distribution?
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5.4.1 Planter Component Forces Results

Changing planting depth setting alters the geometry of the planter row unit. As planting
depth setting is increased, the gauge wheels move in the negative X and positive Y directions
relative to the planter row unit frame, as seen in figure 3.9. Similarly, due to the change
in soil surface relative to the planter frame, the press wheels move in the positive X and Y
directions as planting depth setting increases (assuming zero rut depth).

These position changes affect the moment arms that the forces applied to the gauge
and press wheels act through. In addition to the varying geometry of the planter row unit
during planting depth setting adjustments, it was expected that the change in contacting
surface area of the components operating in the soil would directly affect the force produced
on those components. The combination of these factors, as well as soil conditions, produce
varying force distributions on the planter row unit during operation.

CAD model evaluation as well as knowledge gained during operation of the planter in
the soil bin enabled the development of a planter force distribution general solution shown in
figure 5.6. For this solution the following variables should be directly measured or calculated
from related, measured variables: upper and lower four-bar link forces (Ftl; and Ftly), four-
bar link angle (FLAS), down force applied to the planter row unit at the four-bar link
attachment point (DFy), vertical force on the gauge wheels (Fgwy), vertical force on the
press wheels (Fpwy), gauge wheel position in the global XY Z (GWx and GWy), and press
wheel position in the global XY Z (PWx and PWy).
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Figure 5.6: Free body diagram for the general solution of the planter force distribution.

The solutions for unknown soil-planter interaction forces, vertical force on the coulter
(Fcty) and vertical force on the double disc opener (Fddy), are given by a sum of the
moments about the hub axis of the coulter disc (eq. 5.4) and a sum of the forces in the

global Y (eq. 5.5).

Flt,((d)sin FLAS + (a) cos FLAS)
+ Ftly((d — e)sin FLAS + (a) cos FLAS)

— (CL)DFY — (CL + CGx)Wt + Fng(a + GWX)

+ Fp’LUy((I + PWX) + Fd((—GWy + Rly) — d)
(a+Db)

FddYC'onfigl = (54)
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Fetygy, 0 = — Ftlicos FLAS — Fitlycos FLAS + DFy + Wi (5.5)

— Fddy — Fgwy — Fpwy

An analysis of variance using mixed effect models was conducted on treatment mean and
standard deviation values of the following forces: Fddy, Fgwy, Fpwy, and also Fy. Multiple
comparisons were conducted using Fishers Least Significant Difference (Piepho et al. 2003).
While no significant difference in Fddy mean force values were observed between any of
the planting depth settings or planter configurations, a trend of increasing mean force with
increased planting depth setting is apparent (fig. 5.7). Additionally, double disc opener force
standard deviation was significantly reduced in configuration 4 treatments as compared to
configurations 2 and 3. Double disc opener force standard deviation also showed a significant

decrease from planting depth setting 1 to planting depth setting 3 (fig. 5.8).
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Figure 5.7: Vertical force measured on the double disc opener by planting depth setting.

Error bars represent 95% confidence intervals.

90



o
N
!

Avg.

Config.2
Config.3
Config.4

FddY Standard Deviation (kN)
o

0.0

1 2 3
Planting Depth Setting

Figure 5.8: Standard Deviation of vertical force on the double disc opener by planting depth

setting.

Error bars represent 95% confidence intervals. Standard deviations denoted by

the same letter are not significantly different, based on 95% confidence intervals.
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Standard deviation of Fgwy showed no significant change across planting depth or
planter configuration; however a trend of decreasing standard deviation with increasing
planting depth setting, similar to that of the double disc opener, was observed again (fig.
5.9).
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Figure 5.9: Standard Deviation of vertical force measured on the gauge wheels by planting

depth setting.

Error bars represent 95% confidence intervals.
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Fgwy produced a clear trend and a 48% decrease in force with increasing planting depth
setting, as seen in figure 5.10. Significant changes in mean Fgwy were observed between

planting depth settings 1 and 3 as well as depth settings 2 and 3.
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Figure 5.10: Vertical force measured on the gauge wheels by planting depth setting.

Error bars represent 95% confidence intervals. Standard deviations denoted by

the same letter are not significantly different, based on 95% confidence intervals.
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Standard deviation of Fpwy showed no change across planting depth settings or con-
figurations. However, Fpwy changed significantly between planting depth setting 1 and 3

producing an increase of 55% (fig. 5.11).
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Figure 5.11: Vertical force on the press wheels by planting depth setting.

Error bars represent 95% confidence intervals. Standard deviations denoted by

the same letter are not significantly different, based on 95% confidence intervals.
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Standard deviation of total draft force (Fy) changed with planting depth setting and
configuration, however it was non-linear. This indicates that the change in F4q variation
was affected by some other, non-measured, variable to the system. An increase of 64%
in Fq4 was observed when planting depth was increased from planting depth setting 1 to
3. Significant differences in F'd were observed between all three configuration pairings that

included configuration 4, as seen in figure 5.12.
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Figure 5.12: Total draft force on the planter row unit by planting depth setting.

Error bars represent 95% confidence intervals. Standard deviations denoted by

the same letter are not significantly different, based on 95% confidence intervals.
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5.4.2 Planter Component Forces Discussion

The reduced Fddy variation present in the configuration 4 treatments can likely be
attributed to two factors. First, configuration 4 data was collected without the use of planter
gauge wheels, reducing the soil surface profile disturbance that is input to the system under
normal operating conditions. As shown in figure 5.13, the planter’s weight, with the exception
of the force produced on the double disc opener, was supported by the dyno cart. Second, due
to the angle of the four-bar links, no additional down force (DFy) was applied by the spring
down force system during configuration 4 treatments. While no difference was observed in
Fddy, the increasing trend was supported by results from the experiments conducted by
Cochran et al. (1974) and Schaaf et al. (1981).

The significant change in Fgwy was expected and indicated that the planter weight
and spring down force supported by the gauge wheels at planting depth setting 1 was being
redistributed to other planter components as planting depth setting increased (fig. 5.10).
Total contact area of the coulter disc and double disc openers with the soil increased with
planting depth, thereby increasing the vertical force that was produced on them. This further
explains the decreasing gauge wheel rut depth with increasing planting depth setting that
was discussed in section 5.3.1. Redistribution of forces acting on components in contact with
the soil is also seen in the increase of Fgwy as planter configuration is changed from 1 to 3
within any planting depth setting. As planter components were removed, vertical force that

was carried by the components was transfered in part to the gauge wheels.
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Figure 5.13: Configuration 4 data collection.

As previously discussed, Fpwy is a function of press wheel assembly position relative
to the planter row unit frame. This position is controlled by the planting depth setting,
press wheel force setting, and the bearing capacity of the soil. While a significant difference
in mean Fpwy is only seen between planting depth settings 1 and 3, the force trends as
expected. A decrease in mean Fpwy was observed when planter configuration was changed
from configuration 1 to 2 for depth settings 2 and 3 but not depth setting 1. This decrease
may have resulted from the moment that was created about the gauge wheels by the coulter
disc. While planter row unit rotation is limited by the four-bar link assembly, the bushing
to pin (bolt) fit of the system allows for a small degree of freedom. The coulter assembly
produced a clockwise moment about the gauge wheels, which increased with planting depth.
Within the degree of freedom provided by the bushing to pin fit, the press wheel assembly
was the only component generating a counterclockwise moment. When the coulter disc was
removed from the system, Fpwy was reduced.

Total draft force (Fq) increased, as expected, with increased planting depth setting and

surprisingly also as planter configuration increased from configuration 1 to 3. This increase
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in total F4 indicates that Fgwy contributes to total draft more so than Fddy and Fpwy. As
components were removed from the planter in configurations 2 and 3 the forces previously
supported by the coulter and press wheels were transferred in part to the gauge wheels. This
increased force produced the higher total draft forces observed. A linear regression model was
produced to estimate total draft from planter forces, configuration, planting depth settings,
component angles, as well as soil surface profile and planting furrow effects. The best fit
model, equation 5.6 shown below, produced an adjusted R? and P-value of 0.86 and <0.001
respectively. The model confirms that vertical gauge wheel force plays a significant role in
total draft force. While the change in mean Fy4 from configuration 1 to 2 is relatively small
for a single row unit, the decision to operate without coulters could have a significant affect

on required draft force for large multi-row planters.

Fy=—0.05% GWAS +0.24 % Fguy + 1.74 (5.6)

5.4.3 Force Distribution

An analysis of variance with mixed model effects was run on the distribution of forces
produced on the planter components interacting with the soil for planter configurations 2
and 3 as well as all three planting depth settings. Multiple comparisons were conducted
using Fishers Least Significant Difference (Piepho et al. 2003). The force distribution,
shown in figure 5.14, was calculated for each component as a percentage of the total vertical
force produced on the planter by soil interaction. The double disc openers and press wheels
clearly supported an increased percentage of the total vertical force as planting depth setting
increased. However, the change in percentage for these two components was not significant
over the range of data collected in this experiment. Conversely, the percentage of total
vertical force supported by the gauge wheels decreased with increased planting depth setting

and produced a significant decrease between planting depth settings 1 and 3.
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Figure 5.14: Vertical force distribution on planter components contacting the soil for config-

uration 2 treatments.

Error bars represent 95% confidence intervals. Standard deviations denoted by

the same letter are not significantly different, based on 95% confidence intervals.
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5.4.4 Planting Furrow Depth Prediction

In section 5.3.3, planting furrow depth was estimated using GWAS and PRD,.. This
model is not optimal for real-time planting depth control during field operations because press
wheel rut depth is not easily measured during normal planting operations. A more desirable
model would utilize planter row unit settings, configuration, and measurable forces acting
on the planter row unit. A linear regression model was produced to predict planting furrow
depth from planter settings, configuration, and the forces produced on the planter that have
been discussed in this section. Several models showed linear relationships between planting
furrow depth and the variables considered; however, all of the models reveal potential weak-
nesses. The first model, equation 5.7, utilized planting depth setting and configuration and

produced the best adjusted R? and P-value of 0.81 and <0.001 respectively.

PDhey, = 2.09% Xpp, +3.74% X pp, +0.06 % X o igs + 0.63 % Xciongigs — 1.82% Xcon figs +3.97
(5.7)

Where:

Xpp, and Xpp, are dummy variables representing planting depth settings 2 and
3 respectively.

Xconfigss XCongigs: and Xconpig, are dummy variables representing planter con-

figurations 2, 3, and 4 respectively.

Planting depth setting is not a continuous variable and does not account for situations
when the gauge wheel arm is not contacting the planting depth setting rocker. With a total
of 17 independent planting depth settings, a continuous and measurable variable such as
GWAS would be more suitable to real-time planting depth setting control. Also, planter
configurations 3 and 4 would not be used in actual field operations, and because of this a
second model was fit (eq. 5.8). This model does not describe planting furrow depth as well

with an adjusted R? and P-value of 0.76 and <0.001 respectively, but removes the unrealistic
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configuration 3 and 4 terms. Similar to the planting depth prediction models from section
5.3.3 that included press wheel rut depth (PRD,e) (eq. 5.2 and 5.3), vertical press wheel
force (Fpwy) was found to be significant in this model. As was previously stated, vertical
press wheel force is directly related to the rotation of the press wheel assembly in relation
to the planter row unit frame. Due to the uniform soil and operating conditions, Fpwy was
a good indicator of planter row unit frame position relative to the soil surface and therefore

planting furrow depth.

PDrefg =227 % XPDQ + 4.50 * XPD3 —7.0x% Fp'll)y +6.14 (58)

A third model for planting furrow depth was fit replacing planting depth setting with the
continuous variable with GWAS (eq. 5.9). This model better predicts PD,¢f than equation
5.8 but not as well as equation 5.7, with an adjusted R? and P-value of 0.78 and <0.001
respectively. Obviously, this model also has limitations. It can be reasonably expected
that GWAS alone will not be capable of accurately describing planting furrow depth in
field planting operations. This suggests that planter settings and soil conditions during the
experiment were too uniform to describe the range of conditions that will be present in the
field. Greater variation to system inputs such as: soil moisture, soil compaction, four-bar
link angle, and applied down force, may have produced planting furrow prediction models

including other planter operating conditions and force distribution.

PD,es, = —0.30 x GWAS + 11.95 (5.9)

While vertical gauge wheel force is significant when predicting gauge wheel rut depth
and total draft force, it was not a factor in planting furrow depth for the conditions present
during the course of this experiment. Other variables such as: GWAS, FLAS, PRD,, and

Fpwy appeared to be greater indicators of actual planting furrow depth.
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Chapter 6
CONCLUSION

6.1 Review of Objectives

Research has shown that planting depth and soil loading due to vertical force on planter
gauge wheels has a significant effect on emergence, early plant growth, and in some cases
crop yield. To maximize crop yield potential, spatial variability present during the planting
operation must be accounted for, and planter settings should be adjusted to match said
variation. If variations in gauge wheel force input to the soil surface change conditions
around the seed and potentially impact germination, as suggested by Hanna et al. (2010),
press wheel force settings should also be adjusted as planting conditions vary. For these
reasons, real-time control of planter settings for down force, depth setting, and press wheel
force provide potential for improved performance in planting depth and soil surface inputs.
Soil-implement interaction forces are very complex and have been extensively studied at
the component level. However, in order to develop effective feedback control for planter
adjustments, their effect on the distribution of forces acting on the planter row unit must be
more clearly understood.

While operating a John Deere MaxEmergeTM Plus agricultural row planter in a soil bin
with uniformly prepared Norfolk Sandy Loam soil, significant differences in planting furrow
depth (PD,¢), gauge wheel rut depth (GRD), and press wheel rut depth (PRD,) were
observed as planting depth setting was varied. A change in target planting depth of 2.54 cm
(depth setting 1) to 7.62 cm (depth setting 3) produced a 112% decrease in gauge wheel rut
depth, resulting in a negative mean rut depth for planting depth setting 3. For this setting

there was not enough down force supported by the gauge wheels to re-consolidate the soil
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that was displaced by the double disc opener. This clearly demonstrates the effects of force
redistribution that occur as planting furrow depth changes.

Across the same range of planting depth settings, press wheel rut depths, referencing the
undisturbed soil surface (PRD,.f) and the gauge wheel rut (PRDyg,q), produced an increase
of 80% and 273% respectively with increased planting depth setting. For the conditions
present at the time of the experiment, GRD could be estimated with an adjusted R?=0.64
using gauge wheel arm angle (GWAS) and vertical force acting on the gauge wheels (Fgwy).
Planting furrow depth, referencing the undisturbed soil surface (PD.f), was successfully
estimated using GWAS and PRD,¢f at an adjusted R?=0.82 (eq. 5.3). While GRD was not
included in the final models for predicting planting furrow depth, it was included in models
at a lower significance level.

Vertical force on the double disc opener did not change over the range of planting depth
settings and conditions present during the soil bin experiment. However, a trend of increasing
force with planting furrow depth was observed. This trend was consistent with the findings of
Cochran et al. (1974) and Schaaf et al. (1981). Vertical force on the gauge wheels decreased
by 48% as planting depth setting was increased, with significant changes occurring between
planting depth settings 1 and 3 as well as depth settings 2 and 3. An increase in vertical force
on the press wheels (Fpwy) of 55% was observed as planting depth setting was increased
from setting 1 to 3, with significant changes present between all pairings.

Total draft force (Fyq) produced on the planter increased by 64% from planting depth
setting 1 to 3. Significant differences were observed for all planting depth settings and planter
configurations. Interestingly, Fy increased as planter components contacting the soil were
removed from configuration 1 to 3. This indicated that gauge wheel interaction with the soil
contributed to draft force more so than coulter or press wheel inputs. As these components
were removed the vertical force carried by them was partially transferred to the gauge wheels.
This is supported by the presence of Fgwy in the model produced to predict Fd (eq. 5.6).

While the increase in total draft force due to the removal of the coulter assembly is not likely
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to affect planting operation performance for a four or six row planter, farmers using large,
multi-row planters should be aware of the potential impact of this configuration change.

The change in distribution of soil interaction forces acting on the planter, while not
significant for every component across the settings and conditions tested, was as expected
and does not conflict with previous research conducted on individual components. The only
significant change observed in force distribution was that supported by the gauge wheels,
which decreased from 80% to 56% of the total vertical force produced on the planter row
unit.

Finally, a planting furrow depth estimation model was developed using planter settings,
configuration, and soil interaction force distribution. Variables were eliminated through a
stepwise method resulting in a model that included only GWAS (eq. 5.9). The model
predicted planting furrow depth with the soil conditions in the experiment and yielded an
R2?=0.78. Given the spatial variability in soil conditions and crop residues present during in-
field planting operations it is not expected that gauge wheel arm angle alone will accurately
predict planting furrow depth.

The soil bin experiment did not produce the expected change in force distribution on
all components of the planter interacting with the soil. However, significant changes in rut
depth and forces acting on the planter were observed. For components that did not produce
significant changes in force, trends that were expected from previous research were observed.
The changes in observed forces and actual planting furrow depth resulting from planting
depth setting adjustments indicate that the relationship between planter adjustments and
actual planting furrow depth are not one-to-one. A change made to any planter setting
adjustment or planter configuration will affect not only that particular component, but also
the balance of forces acting on the planter row unit as a whole. For this reason, actual
planting furrow depth is a function of planting depth setting and the force distribution
acting on the planter. Gauge wheel force monitoring, while valuable for ensuring proper

wheel to soil contact and understanding gauge wheel soil loading, does not provide all of
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the information needed to describe the operation of the row unit in real-time. Planter
control systems capable of producing optimal planting furrow depth and soil conditions for
germination will also require systems to monitor applied down force, press wheel vertical
force, and possibly double disc opener vertical force.

The results produced in the experiment indicate there is potential for improved planting
depth performance through real-time planter down force, depth setting, and press wheel
force control systems. However, further research into force distribution on planter row unit

components is required.

6.2 Future Work

Future research is needed to expand the range of planter settings and operational con-
ditions tested. To increase the number of planting furrow or seeding depth measurements
that can be collected per treatment, a study should be conducted in-field or in an outdoor
soil bin and seeding should occur. Seeding depth can then be measured within the plot
after the stand is established. The experimental design should be a randomized split plot
including four replications of the following factors: three planting depths, three down force
settings, two press wheel force settings, and two field effect settings (moisture level, soil type,
compaction, or field location). The field effect factor will be dependent upon experiment lo-
cation and whether the study is conducted in-field or in an outdoor soil bin. As stated the
experiment will include 144 experimental units. The following data should be collected at
the time of planting: planter position within the field or bin, gauge wheel vertical force,
four-bar link angle, gauge wheel arm angle, press wheel assembly angle or spring tension,
force on the four-bar linkage, soil moisture, bulk density, and rut depths. Seeding depth
should be measured after stand establishment, and finally yield data should be collected.

Conducting the experiment as described will provide data from an increased range of
planter settings as well as operational conditions and forces that are not represented in indoor

soil bin experiments. If the study is conducted in-field, load pins will need to be installed in
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the four-bar link attachment points and calibrated. Press wheel assembly rotational position
can be measured at the hinge point with a rotational encoder as was done for the four-bar
link and gauge wheel arm. Vertical press wheel force can be calculated from this angular

measurement, or measured directly from a load pin installed at the spring attachment point.
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Appendix A

John Deere Spring Down Force System Calibrations
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A.1 Low Down Force

1.5

1.0 Spring=0.0098x
i -+ Constant
u>_'~ -+ Ramp
o -= Spring

Ramp=0.2712x-23.8808

80 90 100
FLAS (degrees)

Figure A.1: Low spring down force calibration.

Applied spring down force measured in kN at the upper four-bar link attachment

point on the row unit frame.
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Table A.1: Linear regressions for “low” setting on the spring down force system.

Section Model Adjusted R?> P-value

Constant DFy,, ., =0 NA NA
Ramp  DFy,,,,, = 0.2712x — 23.8808 NA NA
Spring DFy,, .., = 0.0098z 0.94 <0.001

Where DFy is in kN, and x is the four-bar link angle, FFLAS.

FLAS <88.06° DFy =0
88.06° <FLAS <91.35° DFy =0.2712% FLAS — 23.8808

FLAS >91.35° DFy =0.0098 x FLAS
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A.2 High Down Force

1.5
Spring=0.0299x-1.1281

1.0
i -=- Constant
oy -+ Ramp
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0.5 Ramp=0.4143x-31.5272
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Figure A.2: High spring down force calibration.

Applied spring down force measured in kN at the upper four-bar link attachment

point on the row unit frame.
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Table A.2: Linear regressions for “high” setting on the spring down force system.

Section Model Adjusted R?> P-value

Constant DFy,, ., =0 NA NA
Ramp  DFy,,,,, = 0.4143x — 31.5272 1.0 <0.05
Spring  DFy,,, = 0.0299z — 1.1281 0.99 <0.001

Where DFy is in kN, and x is the four-bar link angle, FFLAS.

FLAS <76.1° DFy =0
76.1° <FLAS < 79.08° DFy =0.4143 « FLAS — 31.5272

FLAS >79.08° DFy =0.0299 «x FLAS — 1.1281
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Appendix B

Data Collection Programs

B.1 Planter Data Data Collection Program
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Figure B.1: Planter data collection front panel.
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B.2 Component Calibration Data Collection Program
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Figure B.4: Sensor and component calibration data collection front panel.
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Appendix C

USDA National Soil Dynamics Laboratory Indoor Soil Bin

C.1 Norfolk Sandy Loam Soil Properties
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Table C.1: General Norfolk Sandy Loam Soil Information.

Norfolk Sandy Loam

Item Description
U.S.C.S. SP-SM
Agricultural Engineering
. Farm,
Origin Auburn University,
Marvyn, Ala.
1984 soil series name Norfolk Sandy Loam
1984 soil sub-group name Typic Paleudults
1984 soil family name  Fine loamy, siliceous, thermic
1966 soil series name Norfolk Sandy Loam
1972 sub-group name Tpyic Paleudults

* Norfolk Sandy Loam soil data referenced from Batchelor (1984).

Table C.2: Mechanical analysis of Norfolk Sandy Loam in the soil bin.

Particle Size Distribution

Total ‘ ‘ Sand ‘ Silt
Sand  Silt Clay Very Coarse Med. Fine Very 0.05- 0.02-
2 - 0.05- <0.002 Coarse 1-0.5 0.5-  0.25- Fine 0.02  0.002
0.05  0.002 2-1 0.25 0.01 0.01-
0.05

Percent <2 mm

716 174 11.0 6.8 255 166 174 5.3 5.0 12.4

* Norfolk Sandy Loam soil data referenced from Batchelor (1984).

Table C.3: Gravel content and specific gravity of Norfolk Sandy Loam in the soil bin.

Gravel

S ifi
Content Gpem. tc
<2  mm I‘ajfll y
% Total (g cc™)
0.0 2.65

* Norfolk Sandy Loam soil data referenced from Batchelor (1984).
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Table C.4: Chemical properties of Norfolk Sandy Loam in the soil bin.

Cation Organic
Exchange Matter
g Dry Weight pH

Capacity

(ma. 100g™) %) Basis

3 0.0 4.9

* Norfolk Sandy Loam soil data referenced from Batchelor (1984).

Table C.5: Mineralogical analysis of Norfolk Sandy Loam in soil bin.
Mineral Content of Clay Fraction

g —~
£ = <
= o)

R S = %)

® — Q

5 2 % g L8 g 2

=0 » =2 & 0 x U
X-Ray Diffraction Differential Thermal

Determinations Analysis Determinations
- - XXX - - - 42 )

* Norfolk Sandy Loam soil data referenced from Batchelor (1984).

"Montmorillonite
2Interstratified layer silicates
— not detected, xxx abundant

Table C.6: Soil moisture retention of Norfolk Sandy Loam in soil bin.

Soil Moisture Suction
1/3 ATM 1 ATM 3 ATM 15 ATM
Percent Moisture, Dry Weight Basis
7.1 6.6 5.1 3.9

* Norfolk Sandy Loam soil data referenced from Batchelor (1984).
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Table C.7: Rheological properties of Norfolk Sandy Loam in soil bin.

Lower Plastic Limit Lower Liquid Limit Plasticity Index Stickey Point

Percent
Percent Moisture, Dry Weight Basis Number %/Ixf);s}cm&feight
Basis
17.6 20.5 2.9 17.9

* Norfolk Sandy Loam soil data referenced from Batchelor (1984).
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Appendix D
R Code

D.1 Formatting Raw SoMat Data

""" R Script used to format somat data files for data analysis"""

# Import required library
library(xlsx) # deals with excel files
library ( 1lme4)

library (lmerTest)

# set work directory - where files will be found and data exported

setwd ("C:\\Users\\amp0028\\Desktop\\Rees\\somatdata")

# - Stepl: Import the Data and Split in 2 Files ----------

# Import data

file.name <- c("1508.txt","1507.txt","1202.txt","1309.txt","15601.txt") # list of the file

names to be formatted

plot.order <- c(1508,
1507 ,1406,1106,1104,1101,1403,1505,1301,
1202,1203,1404,1504,1305,1306,1307,1408,1310,1210,1110,
1309,1409,1208,1207 ,1407 ,1206 ,1405,1503,1103,1204,1201,1401,

1501,1502,1402,1302,1303,1304,1205,1105,1506,1107,1308,1109,1509)

# creation of global variables

# final dataset storing the experimental values

data.trt <- data.frame(Plot=numeric(), Time=numeric(), DCl=numeric(), DL2=numeric (),

DR3=numeric (), SU4=numeric (), SL5=numeric(), VC6=numeric(),
numeric (),

Total_Side=numeric (), Calc_MPH=numeric())
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30
31
32
33
34
35
36
37
38

39

40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

57

58

59
60
61
62
63
64

# final dataset storing the baseline values

data.baseline <- data.trt

#nb.file <- c(1,8,11,12,13)

index.file <- 1 # indicate plot number

data.baseline.temp <- data.baseline[0,] # temporary data frame to store current section of
baseline
data.trt.temp <- data.trt[0,] # temporary data frame to store current section of

experimental data
for (file in seq(1l,length(file.name))){ # iterate over txt files
# import data
data.i <- read.table(file.name[file],header=T,sep="\t") # import data
location <- "baseline" # start file with baseline
for (row in seq(l,length(data.il[,1])-1)) { # iterate over observations within a file
time.step <- data.i$Time[row+1] - data.i$Time[row] # compare time with successive time
if (time.step < 0.05) { # if time is below threshold
if (location == "baseline") { # and we are looking at baseline data
temp <- as.data.frame(c(plot.order[index.file])) # then look for the plot number we
are working on
temp <- cbind(temp,data.ilrow,]) # attach it to data from the observation we are
considering
data.baseline.temp <- rbind(data.baseline.temp,temp) # and store the data in the
temporary data set for baseline data
} # close smallest if

else if (location == "treatments") { # if we are looking at experimental data

temp <- as.data.frame(c(plot.order[index.filel)) # look at the plot number

temp <- cbind(temp,data.il[row,]) # attach it to the observation considered
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65

66
67
68
69
70
71
72
73
74
75
76

7
78
79

80
81

82

83
84
85
86
87
88
89

90

91
92

93
94

95
96

data.trt.temp <- rbind(data.trt.temp,temp) # and store in the temporary data set

for experimental data

} # close smallest if

} # close middle if

else if (time.step

if (location ==

print (row)

>= 0.05) { # if time is above threshold

"baseline") { # and we are considering the baseline data

location <- "treatments" # after this observation we will move to experimental

data

temp <- as.data.frame(c(plot.order[index.file])) # attribute observation to plot

temp <- cbind(temp,data.ilrow,]) # attach plot data to the line data

data.baseline.

temp <- rbind(data.baseline.temp,temp) # save last baseline line

into the baseline temporary file

data.baseline

<- rbind(data.baseline, data.baseline.temp) # save data from the

temporary file to the final file

data.baseline.

data

temp <- data.baseline[0,] # empty the temporary file for baseline

} #close smaller if

else if (location

print (row)

== "treatments") { # if we are considering the experimental data

location <-"baseline" # after this observation we will move to another baseline

data

temp <- as.data.frame(c(plot.order[index.filel])) # attribute observation data to

plot

temp <- cbind(temp,data.ilrow,]) # attach plot to the line data

data.trt.temp

<- rbind(data.trt.temp,temp) # save last experimental observation

to the temporary file

data.trt <- rbind(data.trt, data.trt.temp) # save data from the temporary data set

to the final data set for experimental data

data.trt.temp

index.file <-

<- data.trt[0,] # empty the temporary file for experimental data

index.file + 1 # moving to next plot....
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97

98

99
100
101
102
103
104
105
106
107

108
109

110
111
112
113
114
115
116
117
118
119

120
121
122
123
124
125
126
127
128
129
130
131
132
133
134

print (index.file) # print to console for control

} #close smaller if

} # close medium if

} # second loop - over observations within a file

temp <- as.data.frame(c(plot.order[index.file])) # attribute observation data to plot
temp <- cbind(temp,data.i[length(data.il[,1]),]) # attach plot to the line data
data.trt.temp <- rbind(data.trt.temp,temp) # save last experimental observation to

the temporary file

data.trt <- rbind(data.trt, data.trt.temp) # save data from the temporary data set to
the final data set for experimental data

data.trt.temp <- data.trt[0,] # empty the temporary file for experimental data

index.file <- index.file + 1 # moving to next plot....

print (index.file) # print to console for control

} # main loop - over file

rm(data.i); rm(data.baseline.temp); rm(data.trt.temp); rm(temp)

rm(file); rm(file.name); rm(index.file); rm(location); rm(plot.order); rm(row); rm(time.step

# o—mmmmm e Step2: Reshape and Export the data --------------

# export baseline data

write.table(data.baseline,file="Baseline_Data_July_9-10_15.txt")

write.xlsx(data.baseline, file="Baseline_Data_July_9-10_15.x1sx")

# export treatment data
write.table(data.trt, file="Experimental_Data_July_9-10_15.txt")

write.xlsx(data.trt, file="Experimental_Data_July_9-10_15.x1sx")

# import data

data.baseline <- read.table("Baseline_Data_July_9-10_15.txt", header=T)
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136
137
138
139
140

141
142
143
144

145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172

colnames (data.baseline) <- c("Plot","Time","DC1","DL2","DR3","SU4","SL5","VC6","Total _DR","

Total_Side","Calc_MPH")

# Compute mean values
data.baseline.agg <- aggregate(list(data.baseline$DCl,data.baseline$DL2,data.baseline$DR3,
data.baseline$SU4,data.baseline$SL5,data.baseline$VC6,
data.baseline$Total _DR,data.baseline$Total_Side,data.
baseline$Calc_MPH),

list(data.baseline$Plot) ,mean,na.rm=T)
#provide header to matrix

colnames (data.baseline.agg) <- c("Plot","DC1","DL2","DR3","SU4","SL5","VC6","Total _DR","

Total_Side","Calc_MPH")

# export mean data for baseline

write.table(data.baseline.agg,file="Baseline_Data_Average_July_9-10_15.txt")

write.xlsx(data.baseline.agg, file="Baseline_Data_Average_July_9-10_5.x1lsx")

rm(data.baseline); rm(data.baseline.agg); rm(data.trt)

# - Step 3: Analysis on Baseline data ---------

data.b <- read.table("Baseline_Data_Average_July_9-10_15.txt")

data.trt <- read.table("configurations.txt",header=T,sep="\t")

data.bm <- merge(data.trt, data.b, by.x="Plot", by.y = "Plot", all.x=F)

# change class of data for amnova

data.bm <- within(data.bm, Config <- factor (Config))
data.bm <- within(data.bm, Plant_Depth <- factor(Plant_Depth))

data.bm <- within(data.bm, Rep <- factor (Rep))

anova.l <- 1lmer (VC6 ~ Config*Plant_Depth + (1|Rep), data = data.bm)
results.l <- anova(anova.l)
lsmeans .l <- lsmeans (anova.1l)

lsmeans .1l.df <- as.data.frame(lsmeans.1[1])
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173| write.xlsx(lsmeans.1.df,"Anova_Baseline_VC6_lsmeans.xlsx")

=, O O 00 N O O b W N =

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Appendix/Format_Somat_Data.R

D.2 Formatting Raw LabVIEW Data

# Set working directory

setwd ("C:/Users/bridgrw/Documents/JD Planter Simulation/Soil Model/R Data/Labview_7_9_15")

# create a list of treatments

treatment<-c(1101,1102,1103,1104,1105,1106,1107,1108,1109,1110,1201,1202,
1203,1204,1205,1206,1207,1208,1209,1210,1301,1302,1303,1304,
1305,1306,1307,1308,1309,1310,1401,1402,1403,1404,1405,1406,
1407 ,1408,1409,1410,1501,1502,1503,1504,1505,1507,1508,1509)

#Create empty data frame

PlanterData<-data.frame (JD_V=numeric(), X4LAS_V=numeric (), GWAS_V=numeric(), JD=numeric(),

X4LAS=numeric (), GWAS=numeric (), plot=character(),ID=numeric(),

Merge=numeric ())

# For Loop to import and combine test files

k<-1:48

for(file in k) {
filename<-paste(treatment [file],".txt",sep = "")
#Import data

templ<-read.table(filename ,header = T,sep = "\t")

# Add plot column to templ file

templ<-within(templ,plot<-as.character(treatment[file]))

templ<-within(templ,ID<-1)
for(line in seq(2,length(templ[,1]))){

templ[line ,8] <- templ[line-1,8] + 1

#Create merge column with "treatment-ID"
for(line in seq(1l,length(temp1[,1]1))){

templ[line ,9] <- paste(templ[line,7],templ[line,8],sep="")
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# Row bind to planterdata

PlanterData<-rbind (PlanterData, templ)

#Remove templ

rm(templ)

## Remove incorrect calibration columns

PlanterData<-PlanterDatal[,c(1,2,3,5,6,7,8,9)]

setwd ("C:/Users/bridgrw/Documents/JD Planter Simulation/Soil Model/R Data")

#Import data

config.table<-read.table("treatment_config.txt",header = T,sep = "\t")
#Import data
calibration.table<-read.table("JD_DF_calibration_Table.txt",header = T,sep =
# remove two uneeded columns (X and X.1)

config.table<-config.table[,1:4]

#Merging tables by planting depth

config.table <- merge(calibration.table, config.table,by="plant_depth",all=T)
#Merging tables by plot

PlanterData <- merge(PlanterData, config.table,by="plot",all=T)

# Reorder PlanterData table

PlanterData <- PlanterDatal[,c(1,12,9,13,7,8,10,11,2,3,4,5,6)]

#Calculate JD pin calibrated values

PlanterData <- within(PlanterData,JD <- a*xJD_V+Db)
sapply (PlanterData,class)
k<-1:length(PlanterDatal[,1])
for(line in k){

if (PlanterData[line ,2]==4)

PlanterData[line ,14]<-"."

}
PlanterData <- within(PlanterData,JD <- as.numeric(JD))

PlanterData <- within(PlanterData,GWAS <- as.numeric (GWAS))

# Rename colums that started with "4"
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colnames (PlanterData) [10] <-"FLAS_V"
colnames (PlanterData) [12] <-"FLAS"
# Rename merge column name

colnames (PlanterData) [6] <-"Merge"

#Set working directory

setwd ("C:/Users/bridgrw/Documents/JD Planter Simulation/Soil Model/R Data/Labview_7_9_15")

#Write file to csv

write.csv(PlanterData,"PlanterData_Labview_7_9_15.csv")

Appendix/Format_Labview_Data.R

D.3 Combine LabVIEW and SoMat Data Sets

# Combine Labview and Somat data files

setwd ("C:/Users/bridgrw/Documents/JD Planter Simulation/Soil Model/R Data")

#Import somat data

somat .data <- read.csv("SomatData_7_9_15.csv",header = T,sep = ",")
#Import Laview data
labview.data <- read.csv("PlanterData_Labview_7_9_15.csv",header = T,sep = ",")

#List of labview plot numbers

labview.plot.num<-unique (labview.data$plot)

#Create Complete.data

Complete.data <- data.frame (ID=numeric(),plot.x=numeric(),config=integer (),
plant_depth=integer () ,rep=integer (),
Merge .x=numeric () ,a=numeric () ,b=numeric(),
JD_V=numeric () ,FLAS_V=numeric () ,GWAS_V=numeric (),
FLAS=numeric () ,GWAS=numeric () ,JD=numeric (),
plot.y=numeric () ,Merge.y=numeric(),time=numeric(),
DCi=numeric () ,DL2=numeric () ,DR3=numeric (),
SU4=numeric () ,SL5=numeric () ,VC6=numeric(),
Total _DR=numeric () ,Total_Side=numeric(),

Calc_MPH=numeric ())
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# Loop to create subset of somat.data and labview.data by treatment
# Subsets will then be merged, and recombined at Complete.data
k <- 1:length(labview.plot.num)

for (treatment in k){

temp.labview <- subset(labview.data,labview.data$plot==labview.plot.num[treatment])
temp.somat <- subset(somat.data,somat.data$plot==labview.plot.num[treatment])
#temp.labview <- subset(labview.data,labview.data$plot==1labview.plot.num[1])
#temp.somat <- subset(somat.data,somat.data$plot==1labview.plot.num[1])
#Merging files
temp.merge <- merge(temp.labview,temp.somat,by="ID",all=T)
#Row bind temp.merge to Complete.data
Complete.data <- rbind(Complete.data,temp.merge)

}

#Remove temp files

rm(temp.labview)
rm(temp.somat)

rm(temp.merge)

# Loop to put Plot numbers in plot.x from plot.y where missing
i <- 1:length(Complete.datal,1])

for (line in i){

if (is.na(Complete.data[line ,2])==T){
Complete.data[line ,2] <- Complete.data[line,15]
}
}
#Remove Merge and extra plot columns (plot.x, config,plant_depth, rep, Merge.x, plot.y,

Merge.y)

Complete.data <- Complete.datal[,c(-3,-4,-5,-6,-15,-16)]

#Rename plot.x to plot

colnames (Complete.data) [2] <-"plot"
#Import treatment configuration data
config.table<-read.table("treatment_config.txt",header = T,sep = "\t")

config.table<-config.table[,1:4]

#Merge with config table

Complete.data <- merge(Complete.data, config.table,by="plot",all=T)

#Reorder table to bring config data to left side

135




66

67
68
69

0 N O O b W N -

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

26
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28

Complete.data <- Complete.datal,c

(1,2,21,22,23,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20)]

#Write file to csv

write.csv(Complete.data,"Complete_SensorData_7_9_15.csv")

Appendix/Combine_Labview_Somat_Data.R

D.4 Data Analysis

# Rees Bridges
# 10/1/15

# Soil Model Data Analysis

#setwd ("C:/Users/bridgrw/Documents/JD Planter Simulation/Soil Model/R Data")
setwd ("C:/Users/Bridges/Documents/Soil Model/R Data")

## Import files

Sensor.data<-read.table("Complete_SensorData_7_9_15.csv",header = T,sep = ",")
Hand.data<—read.table(“Complete_HandData_?_Q_15.csv",header = T,sep = "o
Config.table<-read.table("treatment_config.txt",header = T,sep = "\t")
Baseline.data<-read.table("Baseline_Data_Average_7_9_15.txt" ,header = T,sep = "\t")
# —---mmm Import packages--------------------

require (ggplot2)
require (1lme4)

require (1lmerTest)

# Rename Baseline columns

colnames (Baseline.data)<-c("plot","Base_DC1","Base_DL2","Base_DR3","Base_SU4","Base_SL5","

Base_VC6","Base_Total_DR", "Base_Total_Side","Calc_MPH")
# Remove a,b, FLAS_V, GWAS_V, and JD_V columns that were used to calculate FLAS,

JD value

Sensor .data<-Sensor.datal[,c(-6:-10)]
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# **xConversions***
for (line in 1:length(Sensor.datal[,1])) {
Sensor.data$JD[line] <-Sensor.data$JD[1line] *.00444822 # Convert JD Downforce pin values
from 1bf to Kn

#Sensor.data$FLAS[line]<-Sensor.data$FLAS[line] *pi/180 # Convert FLAS to radians

Hand.data <- within(Hand.data, PDavg <- NA)
Hand.data <- within(Hand.data, PRDavg <- NA)
Hand.data <- within(Hand.data, GRDavg <- NA)
# Correct treatment 1110 planting depth value
Hand.data[10,5]1<-7

Hand.data[10,61<-8.3

for (line in 1:length(Hand.datal[,1])) {

Hand.data$PDavg[line] <- mean(c(Hand.data$PDi[line], Hand.data$PD2[line],Hand.data$PD3[
linel],
Hand.data$PD4[line], Hand.data$PD5[1linel) ,na.rm=T)
Hand.data$PRDavg[line] <- mean(c(Hand.data$PRD1[line], Hand.data$PRD2[line],Hand.data$PRD3
[linel],
Hand.data$PRD4[line], Hand.data$PRD5[1linel) ,na.rm=T)
Hand.data$GRDavg[line] <- mean(c(Hand.data$GRD1[line], Hand.data$GRD2[line],Hand.data$GRD3
[linel],
Hand.data$GRD4 [line], Hand.data$GRD5[1linel]) ,na.rm=T)
}
#-—-—— - Create new variables-------—-——--—--=------—---——-
# Force values

Sensor.data<-within(Sensor.data ,DFy<-as.numeric(NA)) # Force on planter from the down force
system in Global Y

Sensor.data<-within(Sensor.data,Fddy<-as.numeric(NA)) # Force on Double disc opener in Y

Sensor.data<-within(Sensor.data,Fddx<-as.numeric(NA)) # Force on Double disc opener in X

Sensor.data<-within(Sensor.data,Fguwy<-as.numeric(NA)) # Force on Gauge wheels in Y
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Sensor.data<-within(Sensor.data,Fgwx<-as.numeric(NA)) # Force on Gauge wheels in X

Sensor.data<-within(Sensor.data,Fpwy<-as.numeric(NA)) # Force on Press wheels in Y

Sensor.data<-within(Sensor.data,Fpwx<-as.numeric(NA)) # Force on Press wheels in X

Sensor.data<-within(Sensor.data,Fcty<-as.numeric(NA)) # Force on Coulter in Y

Sensor .data<-within(Sensor.data,Fctx<-as.numeric(NA)) # Force on Coulter in X

WtPlt<-as.numeric (262.3333)*.00444822 # Weight of planter + component of the links
# links that are supported by the planter (kn)

Sensor.data<-within(Sensor.data,Fpws<-as.numeric(NA)) # Press wheel spring force

Sensor.data<-within(Sensor.data,Fpwsy<-as.numeric(NA)) # Press wheel spring force in Global

Y

Sensor.data<-within(Sensor.data,Fpwsx<-as.numeric(NA)) # Press wheel spring force in Global

X

Sensor.data<-within(Sensor.data,FpwHy<-as.numeric(NA)) # Press wheel spring force in the

Global Y

Sensor.data<-within(Sensor.data,FpwHx<-as.numeric(NA)) # Press wheel spring force in the

Global X
data,Ftll1<-as.numeric(NA)) # Force

Sensor.data<-within(Sensor. in Upper toolbar link

Sensor.data<-within(Sensor.data,Ftl2<-as.numeric(NA)) # Force in Lower toolbar link

Sensor.data<-within(Sensor.data,F2<-as.numeric(NA)) # Force upward on Downforce spring

system arm from upper link
Sensor .data<-within(Sensor.data,Fi<-as.numeric(NA)) # Force downward on toolbar mount from

upper link, due to downforce spring system

# Coordinates

Sensor
Sensor
Sensor

Sensor

.data<-within (Sensor.
.data<-within(Sensor.
.data<-within(Sensor.

.data<-within (Sensor.

data,GWx<-as.
data,GWy<-as.
data,GWz<-as.

data,PWx<-as.

numeric (NA))
numeric (NA))
numeric (NA))

numeric (NA))

#

#

#

Gauge
Gauge
Gauge

Press

wheel

wheel

wheel

wheel

hub in

hub in
hub in

hub in

Global

Global

Global

Global

X

Sensor.data<-within(Sensor.data,PWy<-as.numeric(NA)) # Press wheel hub in Global Y

#Sensor .data<-within(Sensor.data,PWz<-as.numeric(NA)) # Press wheel hub in Global Z

# Distances
Sensor.data<-within(Sensor.data,Di<-as.numeric(NA)) # Vertical Dist along Global XYZ
# from origin to ground surface in gauge wheel rut (includes gauge wheel rut)
Sensor.data<-within(Sensor.data,D2<-as.numeric(NA)) # Vertical Dist along Global XYZ
# from origin to ground surface in press wheel rut (includes gauge wheel and press wheel
ruts)
D3<-as.numeric (16.906) # Vertical Dist along Global XYZ
# from origin to hinge axis of press wheel assembly

Sensor.data<-within(Sensor.data,D4<-as.numeric(NA)) # Vertical Dist along Global XYZ
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# from the hinge axis of the press wheel assembly to the ground surface
# in the press wheel rut (includes the gauge wheel and press wheel ruts)
D5<-as.numeric (19.025) # Horizontal dist along Global XYZ from the origin
# to the hinge axis of the press wheel assembly
Rly<-as.numeric (7.817) # Gauge wheel radius in the Global Y direction
R2y<-as.numeric (6.007) # Press wheel radius in the Global Y direction
D6<-as.numeric (9.02) # Distance from press wheel assembly hinge axis to
# the press wheel hub axis
D7<-as.numeric (4.161) # Distance from press wheel assembly hinge axis to
# the forward (fixed) spring attachment point
D8<-as.numeric (10.088) # Distance from press wheel assembly hinge axis to
# the rear (adjustment) spring attachement point

Sensor.data<-within(Sensor.data,D9<-as.numeric(NA)) # Press wheel spring length

# Angles **Angles are in radians unless denoted otherwise
Gammal<-as.numeric (57.26%pi/180) # Angle of the forward (fixed) press
# wheel spring attachement point to the horizontal axis, through the
# press wheel hinge axis
Gamma2<-as.numeric (23.8%pi/180) # Angle from the press wheel hub to the
# rear (adjustable) press wheel spring attachement point, through
# the press wheel hinge axis
Sensor.data<-within(Sensor.data,GammaPW<-as.numeric(NA)) # Angle of
# press wheel position to the horizontal, through the hinge axis
Sensor.data<-within(Sensor.data,GammaPWSpg<-as.numeric(NA)) # Angle
# about press wheel assembly hinge axis that corresponds to the

# spring length by law of cosines

# Rotation Matrices and required variables
Rglb<-matrix(c(0.9967159764143170000,0,0.08097692486415210000,
-0.00599633136746159000,0.99738978412107300000,0.07195597640953650000,
-0.08001520433337410000,-0.07201368390003420000,0.99418891384215000000) ,
nrow = 3, ncol = 3,byrow = T)
RTglb<-t (Rglb) #Transpose of Rglb
AB<-matrix(c(17.509,-13.724,1.042) ,nrow = 3,ncol=1) #AB vector - vector from global

coordinate system to body coordinate system

BC<-matrix(c(-9.5,0,2.5) ,nrow=3,ncol=1) #BC vector - vector from body coordinate system
origin to hub point in body system----------------
#o—mmmmm e Calculate Key Component Postions ----------------
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137|# LH Gauge Wheel Hub Position in Global XYZ

138 # Variables GWx, GWy, and GWz

139| for (line in 1:length(Sensor.datal,1]1)){

140 if (Sensor.data$config[line] !=4){

141 c1<-cos(Sensor.data$GWAS[line]l *x-pi/180)

142]| s1<-sin(Sensor.data$GWAS[line]l *x-pi/180)
143|Rz<-matrix(c(cl,s1,0, -s1,cl1,0, 0,0,1),nrow = 3,ncol=3,byrow=T)
144| GWhub<-AB+(RTglb %*% (Rz %*% BC))

145| Sensor.data$GWx [line] <-GWhub [1]

146| Sensor.data$GWy [line] <-GWhub [2]

147| Sensor .data$GWz [1line] <-GWhub [3]

148 }

14913

150| # Remove variables c1, sl, Rz, and GWhub

151 rm(c1); rm(s1); rm(Rz); rm(GWhub)

152
163| #-----mm - Toolbar Link Forces-—-=======------- e

154| for (line in 1:length(Sensor.datal,1])) {

155 temp.table<-subset (Baseline.data,plot==Sensor.datal[line,1]) # creates temporary table to
pull baseline data

156 if (is.na(Sensor.data$time[line])==T){

157 Sensor.data$Ftl1[line]l<-NA
158 Sensor.data$Ftl2[line] <-NA
1591 3}

160 elseq{

161 # Upper toolbar link force

162 temp.D1<-3.21875

163 temp.D2<-4.78125

164 temp.D3<-10.0625

165 temp.D4<-10

166 temp.D5<-14.25

167 temp .D6<-6.47

168 run.DCl<-Sensor.data$DCi[line]l-temp.table$Base_DC1
169 run.DL2<-Sensor.data$DL2[line]l -temp.table$Base_DL2
170 run.DR3<-Sensor.data$DR3[line]l -temp.table$Base_DR3
171 run.VC6<-Sensor.data$VC6[line]l-temp.table$Base_VC6
172 run.DL<-run.DL2+run.DR3

173 # Calculating force F2

174 Sensor.data$F2[line]l<-Sensor.data$DFy[linel*(13.75*sin(Sensor.data$FLAS[1ine]l*pi/180))/
175 6.47

176 # Caluculating force F1
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Sensor.data$F1[line]l<-Sensor.data$F2[linel-Sensor.data$DFy[line]

# Calculation for lower 4-1link force

Sensor.data$Ftl2[line]<-(-run.DC1*(temp.D3-temp.D1)+run.DL*(temp.D4+temp.D1) -

run.VC6*temp.D5+Sensor.data$F2[line]l *temp.D6)/

(-8xsin(Sensor.data$FLAS[line]l*pi/180))

# Calculation for upper 4-link forces (combined)

Sensor.data$Ftli[line]<-(-run.DCl-run.DL-Sensor.data$Ftl2[line]l*sin(Sensor.data$FLAS[line]

*pi/180))/

sin(Sensor.data$FLAS[line]l *pi/180)

}

# Remove temp variables

rm(temp.table); rm(temp.D1); rm(temp.D2); rm(temp.D3)

rm(temp.D4); rm(temp.D5); rm(temp.D6);rm(run.DC1); rm(run.DL2); rm(run.DR3)

rm(run.DL); rm(run.VC6)

# LH Press Wheel Hub Position (in Global XYZ) and forces

# Calculate D2, D4, PWy, PWx, GammaPW, GammaPWSpg, D9, Fpws, Fpwy, FpwHy, and FpwHx

temp.table<-data.frame("plot"=numeric(), "PRDavg"=numeric()) # Temp table to pull Hand.data
PRD average value
for (line in 1:1length(Sensor.datal,1]1)) {

if (Sensor.data$config[line]==1]||Sensor.data$config[linel==2) {
temp.table[1,1]<-Sensor.data$plot[line]
temp.table[1,2] <-Hand.data$PRDavg[match(temp.table$plot ,Hand.data$plot)]
Sensor.data$D2[line]<--Sensor.data$GWy[line]+Rly+temp.table$PRDavg
Sensor.data$PWy[line] <- Sensor.data$GWy[line]-Rly-temp.table$PRDavg+R2y
Sensor.data$D4[line] <--Sensor.data$PWy[line] -D3+R2y
Sensor.data$GammaPW[line]<-asin((Sensor.data$D4[line]-R2y)/D6)
Sensor.data$GammaPWSpg[line] <- Gammal-(Sensor.data$GammaPW[line]-Gamma2)
Sensor.data$PWx[line] <-D5+D6*cos(Sensor.data$GammaPW[line])
#Press wheel spring length D9
Sensor.data$D9[1line] <-(D8~2+D7"2-(2*D8*D7) *cos (Sensor.data$GammaPWSpg[linel)) 0.5
Sensor.data$Fpws[line]<-(Sensor.data$D9[1line] -6.75)*79.433%.00444822 # Spring force (

tension) in Kn

# Temp calculation of intermnal angle to calculate force component angle
Gamma3<-acos ((-(D8"2)+D7"2+Sensor.data$D9[1line] ~2)/(2*D7*Sensor.data$D9[line]))

Gamma4<-pi-Gammal-Gamma3
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}

#

Sensor.data$Fpwsy[linel<-Sensor.data$Fpws[linel*sin(Gamma4) # Press wheel spring force
in Global Y
Sensor .data$Fpwsx[line]<-Sensor.data$Fpws[line]*cos (Gammad) # Press wheel spring force

in Global X

# Press wheel resultant force in Global Y (Kg)
Sensor.data$Fpwy[line] <-(-Sensor.data$Fpwsy[line] *(D8*cos(Sensor.data$GammaPW[line]-
Gamma?2)) -
Sensor.data$Fpwsx[line]l*(D8*sin(abs (Sensor.data$GammaPW [line
1-Gamma2))))/

-(D6*cos(Sensor.data$GammaPW[line]))

# Press wheel component forces at press wheel assembly hinge axis

Sensor.data$FpwHy[line]<--Sensor.data$Fpwsy[line]+Sensor.data$Fpwy[line] # Force from
press wheel FBD in Global Y

Sensor.data$FpwHx[linel<-Sensor.data$Fpwsx[line] # Force from press wheel FBD in Global

X

Remove temp.table

rm(temp.table); rm(Gamma3); rm(Gamma4)

#

#

#

Configuration 4 will only have forces on the Double Disk Opener
Calculate Drag and vertical force on opening disk from config 4
# readings VC6 and Total_DR

Variables Fddy and Fddx

for (line in 1:length(Sensor.datal,1]1)){

}

#

temp.table<-subset (Baseline.data,plot==Sensor.data[line,1]) # creates temporary table to
pull baseline data
if (Sensor.data$config[linel==4){
Sensor.data$Fddy[linel<-temp.table$Base_VC6-Sensor.data$VC6[line]

Sensor.data$Fddx [line] <--(Sensor.data$Total _DR[line]-temp.table$Base_Total_DR)

Remove temp.table

rm(temp.table)
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# Calculate Drag and vertical force on opening disk and Gauge wheels
# from config 3 readings VC6, JD, and Total_Dr
# Variables Fddy and Fddx

for (line in 1:length(Sensor.datal[,1])){

#temp.table<-subset (Baseline.data,plot==Sensor.datal[line,1]) # creates temporary table to
pull baseline data
if (is.na(Sensor.data$time[line])==T){
Sensor.data$Fddy[line]l<-NA
}
else if (Sensor.data$configl[line]==3){
Sensor.data$Fddy[line]l<--Sensor.data$Ftli[linel*cos(Sensor.data$FLAS[1line]l*pi/180) -
Sensor.data$Ftl2[linel*cos(Sensor.data$FLAS[line]l *pi/180)+
Sensor.data$DFy[line]+WtPlt-Sensor.data$JD[1line]
}
}
# Remove temp.table

#rm(temp.table)"

# Calculate vertical forces on opening disk, gauge wheels and
# press wheels

for (line in 1:length(Sensor.datal,1]1)){

if (is.na(Sensor.data$time[line])==T){
Sensor.data$Fddy [line] <-NA

}

else if (Sensor.data$config[linel==2){

Sensor.data$Fddy[line] <--Sensor.data$Ftlli[line]l*cos (Sensor.data$FLAS[line]*pi/180) -
Sensor.data$Ftl2[line] *cos (Sensor.data$FLAS[line]l*pi/180)+
Sensor.data$DFy[line]l+WtPlt-Sensor.data$JD[linel-
Sensor.data$Fpwy[line]

}
}
#-—mmm - Calculate Configuration 1 Forces ----------------—-—-—-—-——-—-——-——-——
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288| for (line in 1:length(Sensor.datal,1]1)){

289 temp.table<-subset (Baseline.data,plot==Sensor.datal[line,1]) # creates temporary table to
pull baseline data

290 if (is.na(Sensor.data$time[line])==T){

291 Sensor.data$Fddy[line]<-NA

292 Sensor.data$Fcty[line]l <-NA

293}

294 else if (Sensor.data$config[linel==1){

295 ang<-Sensor.data$FLAS[line] *pi/180

296 Sensor.data$Fddy[line]l <-(Sensor.data$Ftli[linel *(20.16*sin(ang)+

297 14.31%cos (ang))+Sensor.data$Ftl2[line] *

298 (12.16*sin(ang)+14.31*cos (ang)) -

299 Sensor.data$DFy[line]l*14.31-WtP1lt*(14.31+5.89)+

300 Sensor.data$JD[line]l*(14.31+Sensor.data$GWx[line])+
301 Sensor.data$Fpwy[linel*(14.31+Sensor.data$PWx[line])+
302 abs (Sensor.data$Total _DR[line]-temp.table$Base_Total _DR)*
303 (abs(Sensor.data$GWy[line])+R1y-20.16))/-(14.31+5.31)
304

305 Sensor.data$Fcty[line]l <--Sensor.data$Ftli[line]l *cos (ang)-

306 Sensor.data$Ftl2[line]l *cos (ang)+

307 Sensor.data$DFy[line]+WtP1lt -Sensor.data$Fddy[line]l-
308 Sensor.data$JD[line]-Sensor.data$Fpwy[linel

309 ¥

310}

311

312 # Remove temporary variables
313| rm(temp.table); rm(ang)

314
315(# --------mmm - S0il Table--==---==—--=—————————— -

316| #

317|# Create Fd data (Running - baseline of Total_DR)

318| Sensor.data<-within(Sensor.data,Fd<-as.numeric (NA))

319| for (line in 1:length(Sensor.datal,1]1)){

320 Baseline.DR<-subset (Baseline.data,Baseline.data$plot==Sensor.data$plot[line])
321

322 if (is.na(Sensor.data$time[line])==T){

323 Sensor.data$Fd[line] <-NA

324 ¥

325 else {

326 Sensor.data$Fd[line] <--(Sensor.data$Total _DR[line]-Baseline.DR$Base_Total_DR)
327 ¥
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# Remove Baseline.DR

rm(Baseline.DR)

# Aggretate fundtion of Sensor.data to produce Soil.Table

colnames (Sensor.data)

Soil.Table<-aggregate (list (Sensor.data$FLAS,Sensor.data$GWAS,Sensor.data$DFy, Sensor.data$Fd,
Sensor.data$JD),list (Sensor.data$plot),
mean ,na.rm=T)

# Asign column names

colnames (Soil.Table)<-c("plot", "FLAS","GWAS", "DFy", "Fd4", "JD")

# Merge Soil.Table with Config Table
Soil.Table<-merge (Soil.Table,Config.table,by="plot",all=T)
# Reorder Soil.Table and remove 2 unneeded columns

Soil.Table<-Soil.Tablel[,c(1,7:9,2:6)]

# Merge Soil.Table and averages from Hand.data
# Add columns to Soil.Table

Soil.Table<-merge (Soil.Table ,Hand.datal[,c(1,35:37)],by="plot",all = T)

# Reset colunm names

colnames (Soil.Table) [10:12]<-c("PD.ref","PRD.ref","GRD")

# Add colunms for PD referencing GW rut and PRD referencing GW rut

Soil.Table<-within(Soil.Table ,PD.GRD<-as.numeric(NA)) # Planting depth referencing GW rut
depth

Soil.Table<-within(Soil.Table,PRD.GRD<-as.numeric(NA)) # Pres wheel rut depth referncing GW

rut depth

# Calculate PD.GRD and PRD.GRD
for (line in 1:length(Soil.Table[,1]1)){
Soil.Table$PD.GRD[line]<-Soil.Table$PD.ref[line]l-Soil.Table$GRD[1line]

Soil.Table$PRD.GRD[1line]<-Soil.Table$PRD.ref[line]l-Soil.Table$GRD[1line]

# Remove treatment 1506 from Soil.Table
Soil.Table<-Soil.Table[-46,]
# Renumber rows in Soil.Table

rownames (Soil.Table)<-1:1length(Soil.Table[,1])
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367
368|# Remove treatment 1506 from Hand.data

369| Hand . data<-Hand .data[-46,]

370 # Renumber rows in Hand.data

371| rownames (Hand .data)<-1:length(Hand.datal[,1])
372
373
374|# 1list of plots rum on 7/9/15
375[SM.1ist1<-c(1410,1209,1108,1508,1507,1406,1106,1104,1101,1403,
376 1505,1301,1102,1202,1203,1404,1504,1305,1306,1307,
377 1408,1310,1210,1110)

378|# 1list of plots run on 7/10/15

379(8M.1ist2<-c(1309,1409,1208,1207,1407,1206,1405,1503,1103,1204,

380 1201,1401,1501,1502,1402,1302,1303,1304,1205,1105,
381 1107,1308,1109,1509)
382

383|# Pulls Soil Moisture value for the day that the plot was run for Soil.Table
384| for (line in 1:length(Soil.Table[,1]1)){
385 temp.table<-subset (Hand.data,Hand.data$plot==Soil.Table$plot[linel)

386| if ((Soil.Table$plot[linel %in% SM.list1)==T){

387 Soil.Table$SM[linel<-temp.table$SM_7_9_15

388 }

389 else if ((Soil.Table$plot[line] %in% SM.list2)==T){
390 Soil.Table$SM[linel<-temp.table$SM_7_10_15

391 }

392 else {

393 So0il.Table$SM[line] <-NA

394 }

3953}

396

397|# Remove temp.table, and SM list

398| rm(temp.table); rm(SM.list1); rm(SM.list2)
399
400| ## Create Std. Dev. soil table

401| # Aggretate fundtion of Sensor.data to produce Soil.Table.sd

402| colnames (Sensor.data)

403| Soil.Table.sd<-aggregate (list (Sensor.data$FLAS,Sensor.data$DFy,Sensor.data$Fd,
404 Sensor.data$JD),list (Sensor.data$plot),

405 sd,na.rm=T)

406|# Asign column names

407| colnames (Soil.Table.sd)<-c("plot", "FLAS.sd", "DFy.sd", "Fd.sd", "JD.sd")
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408
409|# Calculate the Std. Dev. of PD, PRD, and GRD for Soil.Table.sd

410| for (line in 1:length(Soil.Table.sd[,11)){

411 Soil.Table.sd$PD.ref.sd[line]l<-sd(Hand.data[Hand.data$plot==Soil.Table.sd$plot[line
]1,5:9],na.rm = T)

412 Soil.Table.sd$PRD.ref.sd[line] <-sd(Hand.data[Hand.data$plot==So0il.Table.sd$plot[line
],10:14] ,na.rm = T)

413 Soil.Table.sd$GRD.sd[line]l <-sd(Hand.data[Hand.data$plot==Soil.Table.sd$plot[line
1,15:19] ,na.rm = T)

4143

415|# Merge meads and std. dev. tables
416|S0il.Table<-merge(Soil.Table,Soil.Table.sd,by="plot",all = T)

417
418|# Export Soil.Table to csv

419| #write.csv(Soil.Table,"Soil.Table.csv")
420
421|# Remove Soil.Table.sd
422 rm(Soil.Table.sd)

423
424| # Replace values in every column of plot 1102 with NA
425| Soil.Table[2,c(5:22)]<-NA

426
427|# Change Config, Plant_depth, and Rep to factors

428| Soil.Table<-within(Soil.Table,config<-factor(config))
429|S0il.Table<-within(Soil.Table,plant_depth<-factor(plant_depth))
430| Soil.Table<-within(Soil.Table ,rep<-factor (rep))

431
432|#-----—----———-- Mixed model anaylsis of Soil.Table-------------------
433|# Blank data frame that will be used for comparison later

434| blank<-data.frame("nl"=as.numeric(),"n2"=as.numeric(),"n3"=as.numeric(),

435 "n4d"=as.numeric(),"n5"=as.numeric () ,"n6"=as.numeric (),
436 "n7"=as.numeric () ,"n8"=as.numeric(),"n9"=as.numeric (),
437 "n10"=as.numeric(),"nill1"=as.numeric(),"n12"=as.numeric(),
438 "ni13"=as.numeric(),"nl4"=as.numeric(),"n15"=as.numeric (),
439 "ni6"=as.numeric () ,"n17"=as.numeric(),"n18"=as.numeric (),
440 "ni9"=as.numeric ())

441

442| ## Model Fd
443| Model .Fd<-1lmer (Fd"config*plant_depth+(1|rep),data = Soil.Table)

444 anova(Model .Fd)

445|# Calculate lsmeans table
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446| 1smeans .Fd <- lsmeans (Model.Fd)

447|# Produce data frame from first table of lsmeans

448| 1smeans .Fd <- as.data.frame(lsmeans.Fd[1])

449| # Rename columns

450 colnames (lsmeans.Fd)<-c("config","plant_depth","Estimate","SE","DF","t.val",
451 "LCI","UCI","p.val")

452| # Merge Lsmeans with Blank data frame

453| 1smeans .Fd<-merge (lsmeans.Fd,blank,by = 0,all = T)

454 | # Order data frame by decending UCI

455| #1smeans .Fd<-1smeans.Fd[order (-1smeans.Fd$UCI),]

456| # Renumber row names

457 | #rownames (lsmeans.Fd)<-1:length(lsmeans.Fd[,1])

458
459|# Treatemnt comparisons loop

460| for (k in 1:length(lsmeans.Fd[,1]1)){

461 for (i in 1:1length(lsmeans.Fd[,1]1)){

462 if ((lsmeans.Fd[i,8]>=1smeans.Fd[k,8] & lsmeans.Fd[i,8]<=1smeans.Fd[k,9]) ]|
463 (1smeans.Fd[i,9]>=1smeans.Fd[k,8] & lsmeans.Fd[i,9]<=1smeans.Fd[k,9]1)) {
464 lsmeans.Fd[i, (k+10)]1<-k

465 } else{

466 lsmeans.Fd[i, (k+10)]<-999

467 }

468 }

469|

470| # Export lsmeans csv

471| #urite.csv(lsmeans.Fd,"lsmeans.Fd.csv")
472
AT73| ## Model JD

4T74| Model.JD<-1lmer (JD"config*plant _depth+(1l|rep),data = Soil.Table)

475| anova (Model . JD)

476|# Calculate lsmeans table

477|lsmeans.JD <- lsmeans(Model.JD)

478|# Produce data frame from first table of lsmeans

479| 1smeans .JD <- as.data.frame(lsmeans.JD[1])

480| # Rename columns

481 colnames (lsmeans.JD)<-c("config","plant_depth","Estimate","SE","DF","t.val",
482 "LCI","UCI","p.val")

483|# Merge Lsmeans with Blank data frame

484| 1smeans.JD<-merge (lsmeans.JD,blank,by = 0,all = T)

485|# Order data frame by decending UCI

486| #1smeans .JD<-1smeans.JD[order (-1smeans.JD$UCI),]
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487|# Renumber row names

488| #rownames (lsmeans.JD)<-1:length(lsmeans.JD[,1])
489
490|# Treatemnt comparisons loop

491| for (k in 1:length(lsmeans.JD[,11)){
492 for (i in 1:length(lsmeans.JD[,1]1)){

493 if ((lsmeans.JD[i,8]>=1smeans.JD[k,8] & lsmeans.JD[i,8]<=1lsmeans.JD[k,9]) |
494 (1smeans.JD[i,9]>=1smeans.JD[k,8] & lsmeans.JD[i,9]<=1lsmeans.JD[k,9])) {
495 lsmeans.JD[i,(k+10)]1<-k

496 } elsed{

497 lsmeans.JD[i, (k+10)]<-999

498 }

499 }

500( ¥

501(# Export lsmeans csv

502| #write.csv(lsmeans.JD,"lsmeans.JD.csv")
503
504| ## Model PD.ref

505| Model.PD.ref<-1lmer (PD.ref “config*plant_depth+(1l|rep),data = Soil.Table)

506| anova(Model .PD.ref)

507|# Calculate lsmeans table

508| 1smeans .PD.ref <- lsmeans(Model.PD.ref)

509 # Produce data frame from first table of lsmeans

510| 1smeans.PD.ref <- as.data.frame(lsmeans.PD.ref[1])

511|# Rename columns

512| colnames (lsmeans.PD.ref)<-c("config","plant_depth","Estimate","SE","DF","t.val",
513 "LCI","UCI","p.val")

514|# Merge Lsmeans with Blank data frame

515| 1smeans .PD.ref<-merge (lsmeans.PD.ref ,blank,by = 0,all = T)

516|# Order data frame by decending UCI
517|#1smeans.PD.ref<-1lsmeans.PD.ref [order (-lsmeans.PD.ref$UCI),]

518|# Renumber row names

519| #rownames (lsmeans.PD.ref)<-1:1length(lsmeans.PD.ref[,1])

520
521(# Treatemnt comparisons loop

522| for (k in 1:length(lsmeans.PD.ref[,1]1)){

523 for (i in 1:length(lsmeans.PD.ref[,1]1)){

524 if ((lsmeans.PD.ref[i,8]>=1smeans.PD.ref[k,8] & lsmeans.PD.ref[i,8]<=1smeans.PD.ref [k
,91) 1
525 (lsmeans.PD.ref[i,9]>=1smeans.PD.ref[k,8] & lsmeans.PD.ref[i,9]<=1smeans.PD.ref[k
,91)) {
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526 lsmeans.PD.ref[i,(k+10)]<-k

527 } elsed{

528 lsmeans.PD.ref[i,(k+10)]<-999
529 }

530 }

5313}

532|# Export lsmeans csv

533| #write.csv(lsmeans.PD.ref,"lsmeans.PD.ref.csv"
534
535| ## Model PD.GRD

536| Model.PD.GRD<-1mer (PD.GRD config*plant_depth+(1l|rep),data = Soil.Table)

537| anova(Model.PD.GRD)

538|# Calculate lsmeans table

539| 1smeans .PD.GRD <- lsmeans (Model.PD.GRD)

540(# Produce data frame from first table of lsmeans

541| 1smeans.PD.GRD <- as.data.frame(lsmeans.PD.GRD[1])

542| # Rename columns

543 colnames (lsmeans.PD.GRD)<-c("config","plant_depth","Estimate","SE","DF","t.val",
544 "LCI","UCI","p.val")

545(# Merge Lsmeans with Blank data frame

546| 1smeans .PD.GRD<-merge (1smeans.PD.GRD,blank,by = 0,all = T)

547
548|# Treatemnt comparisons loop

549| for (k in 1:length(lsmeans.PD.GRD[,1]1)){
550 for (i in 1:length(lsmeans.PD.GRD[,1]1)){

551 if ((lsmeans.PD.GRD[i,8]>=1smeans.PD.GRD[k,8] & lsmeans.PD.GRD[i,8]<=lsmeans.PD.GRD [k
;910 11

552 (lsmeans.PD.GRD[i,9]>=1smeans.PD.GRD[k,8] & lsmeans.PD.GRD[i,9]<=1lsmeans.PD.GRD[k

,910) {

553 lsmeans.PD.GRD[i, (k+10)]<-k

554 } elseq

555 lsmeans .PD.GRD[i, (k+10)]1<-999

556 }

557 }

558}

559|# Export lsmeans csv

560| write.csv(lsmeans.PD.GRD,"lsmeans.PD.GRD.csv")
561
562 # Model GRD

563| Model.GRD<-1lmer (GRD~config*plant_depth+(1|rep),data = Soil.Table)

564 | anova (Model.GRD)
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565(# Calculate lsmeans table

566| 1smeans.GRD <- lsmeans (Model.GRD)

B67|# Produce data frame from first table of lsmeans

568| 1smeans.GRD <- as.data.frame(lsmeans.GRD[1])

569|# Rename columns

570 colnames (lsmeans.GRD)<-c("config","plant_depth","Estimate","SE","DF","t.val",
571 "LCI","UCI","p.val")

B72|# Merge Lsmeans with Blank data frame

573| 1smeans.GRD<-merge (1smeans .GRD ,blank ,by = 0,all = T)

B74|# Order data frame by decending UCI

575| #1smeans.GRD<-1smeans.GRD [order (-1smeans.GRD$UCI) ,]

576 # Renumber row names

577 |#rownames (1lsmeans.GRD)<-1:length(lsmeans.GRD[,1])

578
B79|# Treatemnt comparisons loop

580| for (k in 1:length(lsmeans.GRD[,1])){
581 for (i in 1:length(lsmeans.GRD[,1]1)){

582 if ((lsmeans.GRD[i,8]>=1lsmeans.GRD[k,8] & lsmeans.GRD[i,8]<=1lsmeans.GRD[k,9]) |
583 (lsmeans.GRD[i,9]>=1smeans.GRD[k,8] & lsmeans.GRD[i,9]<=1lsmeans.GRD[k,91)) {
584 lsmeans.GRD[i, (k+10)]<-k

585 } elsed{

586 lsmeans.GRD[i, (k+10)]<-999

587 }

588 }

5893}

590| # Export lsmeans csv

591| #write.csv(lsmeans.GRD,"lsmeans.GRD.csv")
592
593| ## Model PRD.ref

594| Model .PRD.ref<-1lmer (PRD.ref “config*plant_depth+(1|rep),data = Soil.Table)

595| anova(Model .PRD.ref)

596|# Calculate lsmeans table

597| lsmeans .PRD.ref <- lsmeans(Model.PRD.ref)

598|# Produce data frame from first table of lsmeans

599| 1smeans.PRD.ref <- as.data.frame(lsmeans.PRD.ref [1])

600| # Rename columns

601 colnames (lsmeans.PRD.ref)<-c("config","plant_depth","Estimate","SE","DF","t.val",
602 "LCI","UCI","p.val")

603|# Merge Lsmeans with Blank data frame

604| 1smeans .PRD.ref<-merge (1smeans.PRD.ref ,blank,by = 0,all = T)

605|# Order data frame by decending UCI
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606
607
608
609
610
611
612
613

614

615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640

641

642

#lsmeans.PRD.ref<-1lsmeans.PRD.ref[order(-1lsmeans.PRD.ref$UCI),]
# Renumber row names

#rownames (lsmeans.PRD.ref)<-1:length(lsmeans.PRD.ref[,1])

# Treatemnt comparisons loop
for (k in 1:length(lsmeans.PRD.ref[,1])){
for (i in 1:length(lsmeans.PRD.ref[,1])){
if ((lsmeans.PRD.ref[i,8]>=1smeans.PRD.ref[k,8] & lsmeans.PRD.ref[i,8]<=1smeans.PRD.ref[
k,91) ||
(lsmeans .PRD.ref [i,9] >=1smeans.PRD.ref [k,8] & lsmeans.PRD.ref[i,9]<=1smeans.PRD.ref[
k,91)) {
lsmeans.PRD.ref [i, (k+10)]<-k
} elsed{

lsmeans .PRD.ref [i,(k+10)]<-999

}
# Export lsmeans csv

#write.csv(lsmeans.PRD.ref ,"lsmeans.PRD.ref.csv"

## Model PRD.GRD

Model.PRD.GRD<-1lmer (PRD.GRD config*plant_depth+(1|rep),data = Soil.Table)

anova (Model.PRD.GRD)

# Calculate lsmeans table

lsmeans.PRD.GRD <- lsmeans (Model.PRD.GRD)

# Produce data frame from first table of lsmeans

lsmeans .PRD.GRD <- as.data.frame(lsmeans.PRD.GRD[1])

# Rename columns

colnames (lsmeans.PRD.GRD)<-c("config","plant_depth","Estimate","SE","DF","t.val",
"LCI","UCI","p.val")

# Merge Lsmeans with Blank data frame

lsmeans .PRD.GRD<-merge (1lsmeans.PRD.GRD,blank,by = 0,all = T)

# Treatemnt comparisons loop
for (k in 1:length(lsmeans.PRD.GRD[,11)){
for (i in 1:length(lsmeans.PRD.GRD[,1]1)){
if ((lsmeans.PRD.GRD[i,8]>=1smeans.PRD.GRD[k,8] & lsmeans.PRD.GRD[i,8]<=1smeans.PRD.GRD[
k,91) 11
(lsmeans .PRD.GRD[i,9] >=1smeans.PRD.GRD[k,8] & lsmeans.PRD.GRD[i,9]<=1smeans.PRD.GRD[
k,91)) {

lsmeans .PRD.GRD[i, (k+10)]<-k
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643 } else{

644 lsmeans.PRD.GRD[i, (k+10)]<-999

645 }

646 }

6473}

648|# Export lsmeans csv

649| #write.csv(lsmeans.PRD.GRD,"lsmeans.PRD.GRD.csv")
650
651| ## Model FLAS

652| Model .FLAS<-1mer (FLAS config*plant_depth+(1|rep),data = Soil.Table)

653| anova (Model.FLAS)

654 # Calculate lsmeans table

655| 1smeans .FLAS <- lsmeans (Model.FLAS)

656|# Produce data frame from first table of lsmeans

657| 1smeans .FLAS <- as.data.frame(lsmeans.FLAS[1])

658| # Rename columns

659 colnames (lsmeans.FLAS)<-c("config","plant_depth","Estimate","SE","DF","t.val",
660 "LCI","UCI","p.val")

661|# Merge Lsmeans with Blank data frame

662| 1smeans . FLAS<-merge (lsmeans.FLAS ,blank,by = 0,all = T)

663|# Order data frame by decending UCI

664 | #1smeans .FLAS<-1smeans.FLAS[order (-lsmeans.FLAS$UCI),]

665 # Renumber row names

666| #rownames (lsmeans .FLAS)<-1:length(lsmeans.FLAS[,1])

667
668|# Treatemnt comparisons loop

669| for (k in 1:length(lsmeans.FLAS[,1]1)){

670 for (i in 1:1length(lsmeans.FLAS[,1]1)){

671 if ((lsmeans.FLAS([i,8]>=1lsmeans.FLAS[k,8] & lsmeans.FLAS[i,8]<=1smeans.FLAS[k,9]) |
672 (lsmeans.FLAS[i,9]>=1smeans.FLAS[k,8] & lsmeans.FLAS[i,9]<=1smeans.FLAS[k,9])) {
673 lsmeans.FLAS[i, (k+10)]1<-k

674 } elsed

675 lsmeans.FLAS[i, (k+10)]1<-999

676 }

677 }

6783}

679|# Export lsmeans csv

680| #write.csv(lsmeans.FLAS,"lsmeans.FLAS.csv")
681
682| ## Model SM

683| Model.SM<-1mer (SM~config#*plant_depth+(1|rep),data = Soil.Table)
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684 | anova (Model.SM)

685|# Calculate lsmeans table

686| lsmeans.SM <- lsmeans (Model.SM)

687|# Produce data frame from first table of lsmeans

688| 1smeans.SM <- as.data.frame(lsmeans.SM[1])

689|# Rename columns

690| colnames (1lsmeans.SM)<-c("config","plant_depth","Estimate","SE","DF","t.val",
691 "LCI","UCI","p.val")

692 # Merge Lsmeans with Blank data frame

693| 1smeans .SM<-merge (1smeans.SM,blank ,by = 0,all = T)

694|# Order data frame by decending UCI

695| #1smeans .SM<-1lsmeans.SM[order (-1smeans.SM$UCI),]

696| # Renumber row names

697| #rownames (lsmeans.SM)<-1:1length(lsmeans.SM[,1])

698
699 # Treatemnt comparisons loop

700| for (kx in 1:length(lsmeans.SM[,1]1)){
701 for (i in 1:length(lsmeans.SM[,1])){

702 if ((lsmeans.SM[i,8]>=1smeans.SM[k,8] & lsmeans.SM[i,8]<=1smeans.SM[k,9]) |
703 (l1smeans.SM[i,9]>=1smeans.SM[k,8] & lsmeans.SM[i,9]<=1lsmeans.SM[k,9])) {
704 lsmeans.SM[i, (k+10)]1<-k

705 } elsed{

706 lsmeans.SM[i, (k+10)1<-999

707 }

708 }

7093}

710| # Export lsmeans csv

711| #write.csv(lsmeans.SM,"lsmeans.SM.csv")
712
713| ## Model DFy

714| Model .DFy<-1lmer (DFy~config*plant_depth+(1|rep),data = Soil.Table)

715| anova(Model.DFy)

716|# Calculate lsmeans table

717| lsmeans .DFy <- lsmeans (Model.DFy)

718|# Produce data frame from first table of lsmeans

719| 1smeans .DFy <- as.data.frame(lsmeans.DFy[1])

720| # Rename columns

721| colnames (lsmeans .DFy)<-c("config","plant_depth","Estimate","SE","DF","t.val",
722 "LCI","UCI","p.val")

723|# Merge Lsmeans with Blank data frame

724| 1smeans .DFy<-merge (lsmeans.DFy,blank,by = 0,all = T)




725
726
727
728
729
730
731
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735
736
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739
740
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747
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749
750
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760
761
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764
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# Order data frame by decending UCI
#lsmeans.DFy<-1lsmeans.DFy[order (-1smeans.DFy$UCI) ,]
# Renumber row names

#rownames (lsmeans .DFy)<-1:1length(lsmeans.DFy[,1])

# Treatemnt comparisons loop
for (k in 1:length(lsmeans.DFy[,1])){
for (i in 1:length(lsmeans.DFy[,1]1)){
if ((lsmeans.DFy[i,8]>=1smeans.DFy[k,8] & lsmeans.DFy[i,8]<=1smeans.DFyl[k,91) ||
(lsmeans .DFy[i,9]>=1smeans.DFy[k,8] & lsmeans.DFy[i,9]<=1smeans.DFy[k,9])) {
lsmeans.DFy[i, (k+10)]1<-k
} elsef

lsmeans .DFy[i, (k+10)]1<-999

}
# Export lsmeans csv

#write.csv(lsmeans.DFy,"lsmeans.DFy.csv")

## Model Fd.sd

Model.Fd.sd<-lmer (Fd.sd config*plant_depth+(1|rep),data = Soil.Table)

anova (Model.Fd.sd)

# Calculate lsmeans table

lsmeans.Fd.sd <- lsmeans(Model.Fd.sd)

# Produce data frame from first table of lsmeans

lsmeans.Fd.sd <- as.data.frame(lsmeans.Fd.sd[1])

# Rename columns

colnames (lsmeans.Fd.sd)<-c("config","plant_depth","Estimate","SE","DF","t.val",
"LCI","UCI","p.val")

# Merge Lsmeans with Blank data frame

lsmeans .Fd.sd<-merge (lsmeans.Fd.sd,blank,by = 0,all = T)

# Treatemnt comparisons loop
for (k in 1:length(lsmeans.Fd.sd[,1])){
for (i in 1:1length(lsmeans.Fd.sd[,11)){
if ((lsmeans.Fd.sd[i,8]>=1smeans.Fd.sd[k,8] & lsmeans.Fd.sd[i,8]<=1lsmeans.Fd.sd[k,9]) ||
(lsmeans .Fd.sd[i,9]>=1smeans.Fd.sd[k,8] & lsmeans.Fd.sd[i,9]<=1lsmeans.Fd.sd[k,9])) {

lsmeans .Fd.sd[i,(k+10)]<-k
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} elseq

lsmeans .Fd.sd[i, (k+10)]1<-999

3
# Export lsmeans csv

#write.csv(lsmeans.Fd.sd,"lsmeans.Fd.sd.csv")

## Model JD.sd

Model.JD.sd<-1lmer (JD.sd " config*plant_depth+(1|lrep),data = Soil.Table)

anova (Model.JD.sd)

# Calculate lsmeans table

lsmeans.JD.sd <- lsmeans(Model.JD.sd)

# Produce data frame from first table of lsmeans

lsmeans.JD.sd <- as.data.frame(lsmeans.JD.sd[1])

# Rename columns

colnames (lsmeans.JD.sd)<-c("config","plant_depth","Estimate","SE","DF","t.val",
"LCI","UCI","p.val")

# Merge Lsmeans with Blank data frame

lsmeans.JD.sd<-merge (lsmeans.JD.sd,blank,by = 0,all = T)

# Treatemnt comparisons loop
for (k in 1:length(lsmeans.JD.sd[,1]1)){
for (i in 1:length(lsmeans.JD.sd[,1]1)){
if ((lsmeans.JD.sd[i,8]>=1smeans.JD.sd[k,8] & lsmeans.JD.sd[i,8]<=1smeans.JD.sd[k,9]) I
(lsmeans.JD.sd[i,9]>=1smeans.JD.sd[k,8] & lsmeans.JD.sd[i,9]<=1lsmeans.JD.sd[k,9])) {
lsmeans.JD.sd[i,(k+10)]1<-k
} elseq

lsmeans.JD.sd[i, (k+10)]1<-999

}
# Export lsmeans csv

#write.csv(lsmeans.JD.sd,"lsmeans.JD.sd.csv")

## Model PD.ref.sd

Model .PD.ref.sd<-1lmer (PD.ref.sd config*plant_depth+(1|rep),data = Soil.Table)
anova(Model.PD.ref.sd)

# Calculate lsmeans table

lsmeans.PD.ref.sd <- lsmeans (Model.PD.ref.sd)

# Produce data frame from first table of lsmeans
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lsmeans.PD.ref.sd <- as.data.frame(lsmeans.PD.ref.sd[1])

# Rename columns

colnames (lsmeans.PD.ref.sd)<-c("config","plant_depth","Estimate","SE","DF","t.val",
"LCI","UCI","p.val")

# Merge Lsmeans with Blank data frame

lsmeans .PD.ref.sd<-merge(lsmeans.PD.ref.sd,blank,by = 0,all = T)

# Treatemnt comparisons loop
for (k in 1:length(lsmeans.PD.ref.sd[,1]1)){
for (i in 1:length(lsmeans.PD.ref.sd[,1]1)){
if ((lsmeans.PD.ref.sd[i,8]>=1smeans.PD.ref.sd[k,8] & lsmeans.PD.ref.sd[i,8]<=1smeans.PD
.ref.sd[k,91) ||
(lsmeans.PD.ref.sd[i,9]>=1smeans.PD.ref.sd[k,8] & lsmeans.PD.ref.sd[i,9]<=1smeans.PD
.ref.sd[k,9]1)) {
lsmeans .PD.ref.sd[i, (k+10)]<-k
} elseq

lsmeans .PD.ref.sd[i, (k+10)]<-999

}
# Export lsmeans csv

#write.csv(lsmeans.PD.ref.sd,"lsmeans.PD.ref.sd.csv")

# Model GRD.sd

Model.GRD.sd<-1mer (GRD.sd " config*plant_depth+(1|rep),data = Soil.Table)

anova (Model.GRD.sd)

# Calculate lsmeans table

lsmeans.GRD.sd <- lsmeans(Model.GRD.sd)

# Produce data frame from first table of lsmeans

lsmeans.GRD.sd <- as.data.frame(lsmeans.GRD.sd[1])

# Rename columns

colnames (lsmeans.GRD.sd)<-c("config","plant_depth","Estimate","SE","DF","t.val",
"LCI","UCI","p.val")

# Merge Lsmeans with Blank data frame

lsmeans .GRD.sd<-merge (lsmeans.GRD.sd,blank,by = 0,all = T)

# Treatemnt comparisons loop
for (k in 1:length(lsmeans.GRD.sd[,1]1)){
for (i in 1:length(lsmeans.GRD.sd[,1]1)){
if ((lsmeans.GRD.sd[i,8]>=1smeans.GRD.sd[k,8] & lsmeans.GRD.sd[i,8]<=1lsmeans.GRD.sd[k

;910 11
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845

846
847
848
849
850
8561
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871

872

873
874
875
876
877
878
879
880
881
882

(lsmeans .GRD.sd[i,9]>=1smeans.GRD.sd[k,8] & lsmeans.GRD.sd[i,9]<=1lsmeans.GRD.sdl[k
,91)) {
lsmeans.GRD.sd[i, (k+10)]<-k
} elseq

lsmeans.GRD.sd[i,(k+10)]1<-999

¥
# Export lsmeans csv

#write.csv(lsmeans.GRD.sd,"lsmeans.GRD.sd.csv")

## Model PRD.ref.sd

Model .PRD.ref.sd<-1lmer (PRD.ref.sd " config*plant_depth+(1|rep),data = Soil.Table)

anova (Model .PRD.ref.sd)

# Calculate lsmeans table

lsmeans .PRD.ref.sd <- lsmeans(Model.PRD.ref.sd)

# Produce data frame from first table of lsmeans

lsmeans .PRD.ref.sd <- as.data.frame(lsmeans.PRD.ref.sd[1])

# Rename columns

colnames (lsmeans.PRD.ref.sd)<-c("config","plant_depth","Estimate","SE","DF","t.val",
"LCI","UCI","p.val")

# Merge Lsmeans with Blank data frame

lsmeans .PRD.ref.sd<-merge (lsmeans.PRD.ref.sd,blank,by = 0,all = T)

# Treatemnt comparisons loop
for (k in 1:length(lsmeans.PRD.ref.sd[,1]1)){
for (i in 1:length(lsmeans.PRD.ref.sd[,11)){
if ((lsmeans.PRD.ref.sd[i,8]>=1smeans.PRD.ref.sd[k,8] & lsmeans.PRD.ref.sd[i,8]<=1smeans
.PRD.ref.sd[k,91) ||
(lsmeans .PRD.ref.sd[i,9]>=1smeans.PRD.ref.sd[k,8] & lsmeans.PRD.ref.sd[i,9]<=1lsmeans
.PRD.ref.sd[k,9]1)) {
lsmeans .PRD.ref.sd[i, (k+10)]<-k
} elsed

lsmeans.PRD.ref.sd[i, (k+10)]1<-999

}
# Export lsmeans csv

#write.csv(lsmeans.PRD.ref.sd,"lsmeans.PRD.ref.sd.csv")

## Model FLAS.sd
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883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898

899

900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921

Model.FLAS.sd<-1lmer (FLAS.sd  config*plant_depth+(1|rep),data = Soil.Table)

anova (Model.FLAS.sd)

# Calculate lsmeans table

lsmeans.FLAS.sd <- lsmeans(Model.FLAS.sd)

# Produce data frame from first table of lsmeans

lsmeans.FLAS.sd <- as.data.frame(lsmeans.FLAS.sd[1])

# Rename columns

colnames (lsmeans.FLAS.sd)<-c("config","plant_depth","Estimate","SE","DF","t.val",
"LCI","UCI","p.val")

# Merge Lsmeans with Blank data frame

lsmeans .FLAS.sd<-merge (lsmeans.FLAS.sd,blank,by = 0,all = T)

# Treatemnt comparisons loop
for (k in 1:length(lsmeans.FLAS.sd[,1])){
for (i in 1:length(lsmeans.FLAS.sd[,1]1)){
if ((lsmeans.FLAS.sd[i,8]>=1smeans.FLAS.sd[k,8] & lsmeans.FLAS.sd[i,8]<=1smeans.FLAS.sdl[
k,91) 11
(lsmeans .FLAS.sd[i,9]>=1smeans.FLAS.sd[k,8] & lsmeans.FLAS.sd[i,9]<=1lsmeans.FLAS.sd[
k,91)) {
lsmeans.FLAS.sd[i, (k+10)]<-k
} elsed

lsmeans .FLAS.sd[i,(k+10)]1<-999

}
# Export lsmeans csv

#write.csv(lsmeans.FLAS.sd,"lsmeans.FLAS.sd.csv")

## Model DFy.sd
Model.DFy.sd<-1lmer (DFy.sd  config*plant_depth+(1|rep),data = Soil.Table)
anova(Model.DFy.sd)

# Calculate lsmeans table

lsmeans .DFy.sd <- lsmeans (Model.DFy.sd)

# Produce data frame from first table of lsmeans

lsmeans.DFy.sd <- as.data.frame(lsmeans.DFy.sd[1])

# Rename columns

colnames (lsmeans.DFy.sd)<-c("config","plant_depth","Estimate","SE","DF","t.val",
"LCI","UCI","p.Val")
# Merge Lsmeans with Blank data frame

lsmeans .DFy.sd<-merge (lsmeans.DFy.sd,blank,by = 0,all = T)
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922 # Treatemnt comparisons loop
923| for (k in 1:length(lsmeans.DFy.sd[,1]1)){
924| for (i in 1:length(lsmeans.DFy.sd[,1]1)){

925 if ((lsmeans.DFy.sd[i,8]>=1smeans.DFy.sd[k,8] & lsmeans.DFy.sd[i,8]<=1smeans.DFy.sdl[k
,91) 11

926 (lsmeans.DFy.sd[i,9]>=1smeans.DFy.sd[k,8] & lsmeans.DFy.sd[i,9]<=1smeans.DFy.sd[k

,910) {

927 lsmeans.DFy.sd[i, (k+10)]<-k

928 } else{

929 lsmeans .DFy.sd[i,(k+10)]<-999

930 }

931 }

932|}

933|# Export lsmeans csv

934 | #write.csv(lsmeans.DFy.sd,"lsmeans.DFy.sd.csv")
935
936
937 | ## --------- Create Regression model for soil effects---------------

O38|# Create subset of Soil.Table to include only config 1 & 2

939| Soil.Table2<-subset (Soil.Table,Soil.Table$config==1 | Soil.Table$config==2)
940 #S0il.Table2<-subset (Soil.Table,Soil.Table$config==1)

941
942| # Change Plot, Config, and Plant_Depth to factors
943|80il.Table2<-within(Soil.Table2 ,plot<-factor(plot))
944|80il.Table2<-within(Soil.Table2,config<-factor(config))

945| Soil.Table2<-within(Soil.Table2 ,plant_depth<-factor (plant_depth))
946
947 | ## Linear regression for configurations 1 & 2
948|# PD.ref regression

949|PD.ref .Reg<-1m( PD.ref GWAS+PRD.ref,

950 data=Soil.Table2)

951
952| summary (PD.ref .Reg)
953| plot (PD.ref .Reg)
954 | anova (PD.ref.Reg)
955
956|# Fd regression
957|Fd.Reg<-1m(Fd~GWAS+JD,

958 data = Soil.Table2)
959

960 summary (Fd.Reg)
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961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992

993
994
995
996
997
998
999
1000

anova (Fd.Reg)
plot (Fd.Reg)

# JD regression
JD.Reg<-1m(JD"GWAS+config+FLAS+Fd,

data = Soil.Table2)

summary (JD.Reg)
anova (JD.Reg)
plot (JD.Reg)

# GRD regression
GRD.Reg<-1m(GRD~GWAS+JD,

data = Soil.Table2)

summary (GRD.Reg)
anova (GRD.Reg)

plot (GRD.Reg)

# PDgrd regression
PDgrd.Reg<-1m(PD.GRD~GWAS+PRD.GRD,

data=So0il.Table2)

summary (PDgrd.Reg)

anaova (PDgrd.Reg)

plot (PDgrd.Reg)

# Aggregrate function for forces on planter

Force.Table<-aggregate(list (Sensor.data$FLAS,Sensor.data$GWAS,Sensor.data$DFy,Sensor.data$Fd

s
Sensor.data$JD, Sensor.data$Fpwy, Sensor.data$Fddy,
Sensor.data$Fcty),
list(Sensor.data$plot) ,mean,na.rm=T)

# Asign column names

colnames (Force.Table)<-c("plot", "FLAS","GWAS", "DFy", "Fd4d", "JD", "Fpwy", "Fddy",

# Merge Force.Table with config.table
Force.Table<-merge (Force.Table,Config.table, by="plot", all = T)

# Reorder Force.Table and remove empty variables x & x.1
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1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034

1035
1036
1037
1038
1039
1040

Force.Table<-Force.Table[,c(1,10:12,2:9)]
# Replace values in every column of plot 1102 with NA

Force.Table[2,c(5:12)]<-NA

# Aggregrate function for Std. Deviation of forces on planter
Force.Table.SD <- aggregate(list(Sensor.data$Fpwy,Sensor.data$Fddy,
Sensor.data$Fcty),
list (Sensor.data$plot) ,sd,na.rm=T)
# Asign colum names

colnames (Force.Table.SD) <- c("plot","Fpwy.sd","Fddy.sd","Fcty.sd")

# Merge Force.Table.SD with Force.Table
Force.Table <- merge(Force.Table,Force.Table.SD, by="plot", all = T)
# Remove Force.Table.SD

rm(Force.Table.SD)

## Loop to place NA in Fcty and Fddy of Config.l treatments
for (line in 1:length(Force.Table[,1])){
if (Force.Table$config[line]l==1){

Force.Table[line,c(11:12,14:15)]<-NA

# Change Config, Plant_depth, and Rep to factors
Force.Table<-within(Force.Table,config<-factor(config))
Force.Table<-within(Force.Table ,plant_depth<-factor (plant_depth))

Force.Table<-within(Force.Table ,rep<-factor (rep))

# Create Force.Table3 containing configs 2 and 3
Force.Table3 <- subset(Force.Table,Force.Table$config==2 | Force.Table$config==3)
# Loop to calculate force distribution values
for (i in 1:length(Force.Table3[,1]1)){
# total vertical force on components in contact with soil
total.force <- sum(Force.Table3$Fddy[i],Force.Table3$JD[i]l,Force.Table3$Fpwyl[il,
)
# New force percentage of total values
Force.Table3$Fddy.dist[i] <- Force.Table3$Fddy[i]l/total.force
Force.Table3$JD.dist[i] <- Force.Table3$JD[i]l/total.force

Force.Table3$Fpwy.dist[i] <- Force.Table3$Fpwy[il/total.force
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1041
1042 #------------- Mixed Model Analysis of Force Data----------------
1043
1044| ## Model Fddy

1045| Model .Fddy<-1mer (Fddy“config*plant _depth+(1l|rep),data = Force.Table)

1046| anova (Model .Fddy)

1047|# Calculate lsmeans table

1048| 1smeans .Fddy <- lsmeans(Model.Fddy)

1049| # Produce data frame from first table of lsmeans

1050| 1smeans .Fddy <- as.data.frame(lsmeans.Fddy[1])

1051| # Rename columns

1052 colnames (lsmeans.Fddy)<-c("config","plant_depth","Estimate","SE","DF","t.val",
1053 "LCI","UCI","p.val")

1054 # Merge Lsmeans with Blank data frame

1055| 1smeans .Fddy<-merge (1smeans .Fddy,blank ,by = 0,all = T)

1056
1057|# Treatemnt comparisons loop

1058| for (k in 1:length(lsmeans.Fddy[,11)){

1059 for (i in 1:length(lsmeans.Fddy[,1]1)){

1060 if ((lsmeans.Fddy[i,8]>=1lsmeans.Fddy[k,8] & lsmeans.Fddy[i,8]<=1lsmeans.Fddyl[k,9]) |
1061 (1smeans.Fddy[i,9]>=1smeans.Fddy[k,8] & lsmeans.Fddy[i,9]<=1lsmeans.Fddyl[k,91)) {
1062 lsmeans.Fddy[i, (k+10)]1<-k

1063 } elsed{

1064 lsmeans.Fddy[i, (k+10)1<-999

1065 }

1066 }

1067| 3

1068

1069| ## Model Fpwy

1070| Model .Fpwy<-1lmer (Fpwy“config*plant_depth+(1|rep),data = Force.Table)
1071| anova (Model . Fpwy)

1072 # Calculate lsmeans table

1073| 1smeans .Fpuy <- lsmeans (Model.Fpwy)

1074|# Produce data frame from first table of lsmeans

1075| 1smeans .Fpwy <- as.data.frame(lsmeans.Fpwyl[1])

1076| # Rename columns

1077| colnames (1smeans.Fpwy)<-c("config","plant_depth","Estimate","SE","DF","t.val",
1078 "LCI","UCI","p.val")

1079| # Merge Lsmeans with Blank data frame

1080| 1smeans .Fpwy<-merge (1smeans .Fpwy,blank ,by = 0,all = T)
1081
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1082( # Treatemnt comparisons loop
1083| for (k in 1:length(lsmeans.Fpwy[,11)){

1084| for (i in 1:length(lsmeans.Fpwy[,1]1)){

1085 if ((lsmeans.Fpwy[i,8]>=1lsmeans.Fpwy[k,8] & lsmeans.Fpwy[i,8]<=1smeans.Fpwy[k,91) ||
1086 (l1smeans.Fpwy[i,9]>=1smeans.Fpwy[k,8] & lsmeans.Fpwy[i,9]<=1smeans.Fpwyl[k,9]1)) {
1087 lsmeans.Fpwy[i, (k+10)]1<-k

1088 } elsed{

1089 lsmeans.Fpwy[i, (k+10)]<-999

1090 }

1091 }

1092| %

1093

1094 | ## Model Fddy.dist

1095| Model .Fddy.dist<-1lmer (Fddy.dist“config*plant_depth+(1l|rep),data = Force.Table3)
1096| anova (Model .Fddy.dist)

1097|# Calculate lsmeans table

1098| 1smeans .Fddy.dist <- lsmeans(Model.Fddy.dist)

1099 # Produce data frame from first table of lsmeans

1100| 1smeans .Fddy.dist <- as.data.frame(lsmeans.Fddy.dist[1])

1101|# Rename columns

1102| colnames (1smeans.Fddy.dist)<-c("config","plant_depth","Estimate","SE","DF","t.val",
1103 "LCI","UCI","p.val")

1104| # Merge Lsmeans with Blank data frame

1105| 1smeans .Fddy.dist<-merge (1smeans.Fddy.dist ,blank ,by = 0,all = T)

1106
1107|# Treatemnt comparisons loop

1108| for (k in 1:length(lsmeans.Fddy.dist[,1])){

1109 for (i in 1:length(lsmeans.Fddy.dist[,1]1)){

1110 if ((lsmeans.Fddy.dist[i,8]>=1smeans.Fddy.dist[k,8] & lsmeans.Fddy.dist[i,8]<=1smeans.
Fddy.dist [k,91) ||

1111 (l1smeans.Fddy.dist[i,9]>=1smeans.Fddy.dist[k,8] & lsmeans.Fddy.dist[i,9]<=1lsmeans.
Fddy.dist [k,91)) {

1112 lsmeans.Fddy.dist[i, (k+10)]<-k

1113 } else{

1114 lsmeans .Fddy.dist [i, (k+10)]1<-999

1115 }

1116 }

1117( %

1118
1119| ## Model JD.dist

1120| Model.JD.dist<-1mer (JD.dist " config*plant_depth+(1|rep),data = Force.Table3)
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1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135

1136

1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
11562
1153
1154
1155
1156
1157
1158
1159

anova(Model.JD.dist)

# Calculate lsmeans table

lsmeans.JD.dist <- lsmeans(Model.JD.dist)

# Produce data frame from first table of lsmeans

lsmeans.JD.dist <- as.data.frame(lsmeans.JD.dist[1])

# Rename columns

colnames (lsmeans.JD.dist)<-c("config","plant_depth","Estimate","SE","DF","t.val",
"LCI","UCI","p.val")

# Merge Lsmeans with Blank data frame

lsmeans.JD.dist<-merge (lsmeans.JD.dist ,blank,by = 0,all = T)

# Treatemnt comparisons loop
for (k in 1:length(lsmeans.JD.dist[,1])){
for (i in 1:length(lsmeans.JD.dist[,1]1)){
if ((lsmeans.JD.dist[i,8]>=1smeans.JD.dist[k,8] & lsmeans.JD.dist[i,8]<=1lsmeans.JD.distl[
k,91) |1
(lsmeans.JD.dist[i,9]>=1smeans.JD.dist[k,8] & lsmeans.JD.dist[i,9]<=1smeans.JD.distl[
k,91)) {
lsmeans.JD.dist[i, (k+10)]1<-k
} elsed

lsmeans.JD.dist[i,(k+10)]<-999

## Model Fpwy.dist

Model.Fpwy.dist<-1lmer (Fpwy.dist “plant_depth+(1|rep),data = Force.Table3)

anova(Model.Fpwy.dist)

# Calculate lsmeans table

lsmeans .Fpwy.dist <- lsmeans (Model.Fpwy.dist)

# Produce data frame from first table of lsmeans

lsmeans.Fpwy.dist <- as.data.frame(lsmeans.Fpwy.dist[1])

# Rename columns

colnames (lsmeans.Fpwy.dist)<-c("plant_depth","Estimate","SE","DF","t.val",
"LCI","UCI","p.val")

# Merge Lsmeans with Blank data frame

lsmeans .Fpwy.dist<-merge (lsmeans.Fpwy.dist,blank,by = 0,all = T)
# Treatemnt comparisons loop

for (k in 1:length(lsmeans.Fpwy.dist[,1]1)){

for (i in 1:length(lsmeans.Fpwy.dist[,1]1)){
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1160

1161

1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188

1189

1190
1191
1192
1193
1194
1195
1196

if ((lsmeans.Fpwy.dist[i,8]>=1smeans.Fpwy.dist[k,8] & lsmeans.Fpwy.dist[i,8]<=1lsmeans.
Fpwy.dist[k,91) ||
(1smeans.Fpwy.dist[i,9]>=1smeans.Fpwy.dist[k,8] & lsmeans.Fpwy.dist[i,9]<=1lsmeans.
Fpwy.dist[k,91)) {
lsmeans.Fpwy.dist[i, (k+10)]<-k
} elseq

lsmeans .Fpwy.dist [i, (k+10)]1<-999

## ------------- Mixed model analysis for Force Std. Deviation Values-----

## Model Fddy.sd

Model.Fddy.sd<-1lmer (Fddy.sd config*plant_depth+(1|rep),data = Force.Table)

anova(Model.Fddy.sd)

# Calculate lsmeans table

lsmeans .Fddy.sd <- lsmeans(Model.Fddy.sd)

# Produce data frame from first table of lsmeans

lsmeans.Fddy.sd <- as.data.frame(lsmeans.Fddy.sd[1])

# Rename columns

colnames (lsmeans.Fddy.sd)<-c("config","plant_depth","Estimate","SE","DF","t.val",
"LCI","UCI","p.val")

# Merge Lsmeans with Blank data frame

lsmeans .Fddy.sd<-merge (lsmeans.Fddy.sd,blank,by = 0,all = T)

# Treatemnt comparisons loop
for (k in 1:length(lsmeans.Fddy.sd[,1]1)){
for (i in 1:length(lsmeans.Fddy.sd[,1]1)){
if ((lsmeans.Fddy.sd[i,8]>=1smeans.Fddy.sd[k,8] & lsmeans.Fddy.sd[i,8]<=1lsmeans.Fddy.sd[
k,91) |1
(lsmeans .Fddy.sd[i,9] >=1smeans.Fddy.sd[k,8] & lsmeans.Fddy.sd[i,9]<=1lsmeans.Fddy.sd[
k,91)) {
lsmeans .Fddy.sd[i, (k+10)]1<-k
} elseq

lsmeans .Fddy.sd[i, (k+10)]<-999

}

# Export lsmeans csv
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1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215

1216

1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235

write.csv(lsmeans.Fddy.sd,"lsmeans.Fddy.sd.csv")

## Model Fpwy.sd

Model.Fpwy.sd<-lmer (Fpwy.sd config*plant_depth+(1|rep),data = Force.Table)

anova(Model.Fpwy.sd)

# Calculate lsmeans table

lsmeans .Fpwy.sd <- lsmeans (Model.Fpwy.sd)

# Produce data frame from first table of lsmeans

lsmeans .Fpwy.sd <- as.data.frame(lsmeans.Fpwy.sd[1])

# Rename columns

colnames (lsmeans.Fpwy.sd)<-c("config","plant_depth","Estimate","SE","DF","t.val",
"LCI","UCI","p.val")

# Merge Lsmeans with Blank data frame

lsmeans.Fpwy.sd<-merge (lsmeans.Fpwy.sd,blank,by = 0,all = T)

# Treatemnt comparisons loop
for (k in 1:length(lsmeans.Fpwy.sd[,1]1)){
for (i in 1:length(lsmeans.Fpwy.sd[,1]1)){
if ((lsmeans.Fpwy.sd[i,8]>=1smeans.Fpwy.sd[k,8] & lsmeans.Fpwy.sd[i,8]<=1smeans.Fpwy.sd[
k,91) |1
(lsmeans.Fpwy.sd[i,9]>=1smeans.Fpwy.sd[k,8] & lsmeans.Fpwy.sd[i,9]<=1lsmeans.Fpwy.sd[
k,91)) {
lsmeans.Fpwy.sd[i, (k+10)]1<-k
} elsef

lsmeans.Fpwy.sd[i, (k+10)]<-999

## Regression Models
# Add Soil.Table values to Force.Table

Force.Table<-merge (Force.Table,Soil.Table[,c(1,10:15)],by="plot",all = T)

# Create subset of Force.Table to include only config 1 & 2

Force.Table2<-subset (Force.Table ,Force.Table$config==1 | Force.Table$config==2)
# Fddy Regression Model
Fddy.Reg <- 1m(Fddy~GWAS:JD+DFy+Fd,

data = Force.Table)

summary (Fddy .Reg)

167




1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271

1272
1273
1274
1275

anova (Fddy.Reg)
plot (Fddy.Reg)

# Pd.ref REgression Model
PD.ref.Reg <- 1lm(PD.ref~GWAS,

data = Force.Table)

summary (PD.ref .Reg)
anova (PD.ref .Reg)
plot (PD.ref .Reg)

# Fpwy Regression Model
Fpwy.Reg <- 1m(Fpwy GWAS,

data = Force.Table)

summary (Fpwy .Reg)
anova (Fpwy.Reg)

plot (Fpwy.Reg)

# PDgrd REgression Model
PDgrd.Reg <- 1m(PD.GRD"GWAS+Fpwy+Fddy+JD,

data = Force.Table)

summary (PDgrd.Reg)
anova (PD.ref .Reg)

plot (PD.ref .Reg)

# Aggregate Means
colnames (Sensor.data)
agg.means <- aggregate(list(Sensor.data$Fcty,Sensor.data$Fddy,
Sensor .data$JD,Sensor.data$Total _DR,
Sensor.data$Fpwy),
list (Sensor.data$config,Sensor.data$plant_depth),
mean ,na.rm=T)
# colnames (agg.means) <- c("Plot","Config","Rep","Plant_Depth","Fcty","Fddy","JD","Total_DR
", "Fpwy")

colnames (agg.means)<-c("Config","Plant_Depth","Fcty","Fddy","JD","Total _DR","Fpuy")

# write CSV file

write.csv(agg.means,"agg.means.csv")
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1276
1277|# Aggregate Std. Deviation
1278| colnames (Sensor .data)

1279| agg.std.dev <- aggregate(list(Sensor.data$Fcty, Sensor.data$Fddy,

1280 Sensor.data$JD,Sensor.data$Total _DR,

1281 Sensor.data$Fpwy) ,

1282 list (Sensor.data$config,Sensor.data$plant_depth),
1283 sd,na.rm=T)

1284| colnames (agg.std.dev) <- c("Config","Plant_Depth","Fcty","Fddy","JD","Total _DR","Fpuy")
1285
1286| # write CSV file

1287 | write.csv(agg.std.dev,"agg.std.dev.csv")
1288
1289 #----------cmo - Force Means-------=---=----—==--—-———-—-———-—-———-—-——

1290| # Aggregate means of forces and postions to calculate loads on planter

1291| Force .means<-aggregate (list (Sensor.data$FLAS,Sensor.data$JD,Sensor.data$DC1,

1292 Sensor.data$DL2,Sensor.data$DR3, Sensor.data$VCé,
1293 Sensor.data$Total DR, Sensor.data$DFy,

1294 Sensor.data$Fpwy, Sensor.data$F1,Sensor.data$F2,
1295 Sensor.data$GWx ,Sensor.data$GWy, Sensor .data$PWx,
1296 Sensor.data$PWy,Sensor.data$Fd),

1297 list (Sensor.data$plot) ,mean,na.rm=T)

1298

1299| # Reset column names for Force.means

1300| colnames (Force .means)<-c("plot","FLAS","JD","DC1","DL2","DR3","VC6","Total DR",
1301 "DFy","Fpwy","F1","F2" "GWx","GWy","PWx","PWy", "Fd")
1302| # Merge config table with Force.means

1303| Force.means<-merge (Force .means ,Config.table ,by="plot",all = T)

1304|# Reorder columns

1305| Force.means<-Force.means[,c(1,18:20,2:17)]

Appendix/Data_Analysis.R
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