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Executive Summary 
 
This report is the final scientific report for the DOE Inventions and Innovations Project: 
Plant Phenotype Characterization System, DE-FG36-04GO14334.  The period of 
performance was September 30, 2004 through July 15, 2005. 
 
This was a Phase One – Conceptual Proof of Concept project.  The objective was to 
demonstrate the viability of a new scientific instrument concept for the study of plant root 
systems.  The root systems of plants are thought to be important in plant yield and thus 
important to DOE goals in renewable energy sources1, ,2 3.  The scientific study and 
understanding of plant root systems is hampered by the difficulty in observing root 
activity and the inadequacy of existing root study instrumentation options. 
 
We have developed a high throughput, non-invasive, high resolution technique for 
visualizing plant root systems in-situ.  Our approach is based upon low-energy x-ray 
radiography and the use of containers and substrates (artificial soil) which are virtually 
transparent to x-rays.  The system allows us to germinate and grow plant specimens in 
our containers and substrates and to generate x-ray images of the developing root system 
over time.  The same plant can be imaged at different times in its development.  The 
system can be used for root studies in plant physiology, plant morphology, plant 
breeding, plant functional genomics and plant genotype screening. 
 
The focus of this project was on the identification and selection of suitable materials for 
the containers and substrates.  Our desired container characteristics are: 

i. Comparable in size to standard containers presently in use by the plant 
research community, 

ii. Robust enough for routine handling and a wet environment,  
iii. Minimal x-ray attenuation material, 
iv. Material compatibility with substrate and plant materials, 
v. Design compatible with nutrient delivery and removal requirements, 

vi. Dimensions compatible with our existing x-ray system geometries, 
vii. Commercially available materials and manufacturable design. 

 
Key requirements for our artificial growth media from a biological perspective are very 
simple and basic:  

i. Ability to provide air, water and nutrients to the roots (in the right 
amounts), 

ii. Ability to allow the root system to grow through the media, 
iii. Ability to support germination, 
iv. Ability to produce viable and “normal” mature plants 

 
                                                 
1 “Roadmap for Biomass Technologies in the United States,” December 2002 
2 “Biomass as Feedstock for a Bioenergy and Bioproducts Industry: The Technical Feasibility of a Billion-
Ton Annual Supply,” April 2005 
3 The Biomass Research and Development Act of 2000. 
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Key requirements for both the container and substrate materials based upon x-ray 
requirements can be simplified to the following: 
 

i. Use material as thin as possible, 
ii. Use material which has very low x-ray attenuation properties, 

iii. Use material which has as low a mass density as possible, 
iv. Use material with x-ray absorption properties significantly different from 

plant root x-ray absorption properties. 
 
Selection of the container material (expanded polystyrene foam) and design was 
straightforward.  Our extensive growth trials showed the container design to be robust, 
flexible and an excellent medium for generating x-ray images of plant roots. 
 
The selection of the substrate material was much more involved.  We were not able to get 
material composition details from commercial foam suppliers.  Part of our analysis 
therefore was to determine the chemical make-up of the candidate materials in order to 
help us interpret differences in performance and understand chemical properties of 
importance to our application.  Key material properties such as chemical composition, 
tensile strength, material pore size, water absorption and retention properties, material 
morphology and degree of hydrophilicity all interact to affect substrate performance.  We 
were not able to find an “ideal” commercial foam and since our projected “market size” 
is not large enough for commercial suppliers to produce a “custom” foam for us, we had 
to compromise on a good interim choice. The sequence of images in the Figure below 
shows that good quality images are possible with the choice we made. 
 
We made many enhancements to our x-ray imaging system during this project.  By the 
end of the project we were taking 28 images of each plant for each measurement and, in 
an automated fashion, were assembling 3D stereo photomontages of the root systems. 
 
 
Conclusions 
 
We completed all tasks in our work plan.  We conclude that we were able to demonstrate 
the viability of our concept.  We were able to select materials for our containers and 
substrates that supported healthy plant growth. We were able to employ those containers 
and substrates with our digital x-ray radiography system and generate good quality plant 
root system x-ray images.   
 
At the conclusion of this project our company began offering the germination, growth 
and x-ray imaging and analysis of plant roots as a commercial fee-based service.  We 
clearly demonstrated that we had the technical capability, commercial interest and 
corporate commitment to successfully complete this project and to quickly make the 
results available in the commercial marketplace.  
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Digital X-ray Images of Corn Roots of Same Plant Taken at 4, 7, 10 and 13 Days 
from Germination.  

 
(Variety Mo17 seeds provided by Dr. Ed Buckler, Cornell University.  Notes: No crown 
roots and only three of four seminal roots apparent at day 4,  two crown roots apparent, 

fourth seminal root apparent and lateral roots forming on primary root at day 7,  
significant lateral root development on primary root with evidence of lateral root 

development off of seminal roots at day 10, continuing lateral root growth at day 13.)
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Introduction 
 
This report is the final scientific report for the DOE Inventions and Innovations Project: 
Plant Phenotype Characterization System, DE-FG36-04GO14334.  This project was 
completed as a collaborative effort between the following people and organizations. 
 
Phenotype Screening Corporation – Dan McDonald, Principal Investigator 
Industrial Analytics Corporation – Dr. Ron Michaels 
University of Tennessee, Institute of Agriculture – Dr. Bob Auge, Heather Toler 
University of  Tennessee, College of Engineering – Dr. Roberto Benson, Tim Stephens 
ArborGen, LLC – Dr. Bob Kodrzycki, Dr. Don Kaczmarek 
Oak Ridge National Laboratory, ESD – Dr. Stan Wullschleger  
 
Project Summary 
 

“The objective of this project is to develop a method and system for the high-throughput, 
nondestructive and noninvasive characterization of plant root systems for use in 
functional genomic research. The prototype system will consist of a plant growth 
substrate, plant container, an x-ray radiography system and basic image enhancement 
tools. 

Phenotype Screening Corporation will specify, acquire and test candidate plant 
substrates/containers by plant growth and radiography trials at the Institute of 
Agriculture at the University of Tennessee. 

Phenotype Screening Corporation will evaluate plant growth behavior for each 
candidate medium/container type. 

Phenotype Screening Corporation will evaluate radiographic imaging characteristics of 
each candidate medium/container type. This may require optimization of x-ray system 
operating parameters, development of calibration techniques and image enhancement 
techniques.” 

     Project Summary Taken from: 
      Notice of Financial Assistance Award,  

Appendix D,  
DE-FG36-04GO14334 Statement of Objectives 

 

Results and Accomplishments by Tasks 
We have chosen to format our final scientific report according to our original project 
tasks.  In each case the original task statement is presented in italics as stated in our 
Notice of Financial Award, Appendix D, Statement of Objectives.  Following each task 
statement are the results and accomplishments attained under this Phase I DOE 
Inventions and Innovations Project. 

The project was originally laid out to be highly sequential: Task 1 leads to Task 2 leads to 
Task 3, etc.  As we discovered early in the project, the project became highly iterative 
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with knowledge discovered later in the project being used to redefine requirements 
identified early in the project.  As a result some tasks which were declared as “complete” 
in quarterly status reports were “revisited” later in the project.  In each case our final 
conclusions as presented in this report represents our present best understanding of the 
topic at hand. 

 

Task 1. Specify properties for low mass plant growth medium 
“Phenotype Screening Corporation will specify characteristics desirable for a plant 
growth medium, Properties will include air: water: solid ratios, pore size, water 
absorption, rewettability, and moisture release.”  

 

Plants have evolved and in many cases been bred to be incredibly hardy.  Key 
requirements for our artificial growth media from a biological perspective were very 
simple and basic:  
 

v. Ability to provide air, water and nutrients to the roots (in the right 
amounts), 

vi. Ability to allow the root system to grow through the media, 
vii. Ability to support germination, 

viii. Ability to produce viable and “normal” mature plants. 
 
Three of the four requirements are “musts.”  One requirement “ability to support 
germination” is an optional requirement.  We could and did germinate some plant 
specimens off-line and then “transplant” the seedlings into our artificial media.  The in-
situ germination of seeds is our preferred option and leads to more scientifically valid 
interpretations of resulting root architectures.  All plants which we claim to have 
successfully grown in our artificial media in this project were eventually germinated in-
situ as successful growth protocols were developed. (A growth protocol is a menu 
developed for each plant type which identifies lighting, watering and nutrient delivery 
needs of the plant type as a function of time.) 
 
Our desire to x-ray image plant root systems while the plants were growing in the 
artificial media placed additional constraints on the media material selection. These 
constraints are driven by the x-ray absorption characteristics of materials. The x-ray 
attenuation equation of a given material can be expressed as: 

 
I = Ioe-(µ/ρ)ρx       (1) 

Where, 
Io is the full strength of the source x-ray beam, 
I is the attenuated strength of the x-ray beam after passing through the material, 

  µ/ρ is the mass attenuation coefficient of the material,  
  ρ is the density of the material, 
  x is the thickness of the material. 
 
These constraints can be simplified to the following: 
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v. Use material as thin as possible, 

vi. Use material which has very low x-ray attenuation properties, 
vii. Use material which has as low a mass density as possible, 

viii. Use material with x-ray absorption properties significantly different from 
root x-ray absorption properties. 

 
The first constraint is an engineering/biology design issue.  The thickness of the material 
and thus the plant container is set by the designer.  The last three constraints are material 
property selection issues. 
 
The combination of these eight requirements and constraints guided our evaluation of 
candidate materials. 
 
We examined the suitability of available artificial growth substrates used in horticulture 
and agriculture today.  As expected, most were not suitable for x-ray imaging.  Our 
analysis revealed that artificial media tended to be of three kinds: biomaterials, fibrous 
materials and foam materials.  Biomaterials are mixtures of mostly plant materials; husks, 
bark, peat, etc. Since they are similar in composition to the root systems, biomaterials 
were not suitable for our x-ray imaging application. See Figure 1 below for examples. 
 
 

   
 

Figure 1. X-ray Image of Peat Moss and Vermiculite on Left and Perlite on the 
Right. 

  
 
Fibrous materials used as artificial growth media tend to have mineral compositions with 
high x-ray attenuation absorption properties and occlude the root system and are thus also 
not suitable. Foam materials used as artificial growth media are available in a wide range 
of densities and material compositions.  Proper selection of low density foams and low x-
ray absorption material composition looked promising.  
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We decided to experiment with hydrocarbon based polymers (hydrogen and carbon have 
low x-ray attenuation properties in our x-ray energy band) in both fibrous and foam 
configurations.  We conducted preliminary growth trials in these substrate materials 
(polyesters and polyurethanes) to uncover technical and life science issues early in the 
project. The results helped further refine our requirements.  We were now beginning to be 
able to put some of the biological requirements into engineering and material property 
terminology. Key material properties such as tensile strength, material pore size, water 
absorption and retention, material morphology and degree of hydrophilicity began to 
emerge as potentially important.   
 
After reviewing the results of these early trials with our technical advisory committee we 
reached the following conclusions for future growth trial experiments:  
 

(i.) Germination and growth are two separate challenges. (A media and 
watering/nutrient protocol which supports germination may not be 
appropriate for sustaining plant growth and visa versa.)   

(ii.) Controls are needed to compare germination and growth in our media 
to the same in soil.  This would allow our advisory panel to better 
assess the results we were getting. 

(iii.) A successful growth trial is defined as robust plant growth with 
minimal deviation in structure and size from plants grown in soil.   

 
As a result of these early studies we changed our approach to this project to allow for 
more iteration and quicker turn around growth trials.  
 

Task 2. Identify or formulate suitable polymers for growth medium 
“Phenotype Screening Corporation will review the properties specified for plant growth 
media and select two or more candidate polymers. Candidates will be selected to vary 
foam density and hydrophilic properties.”     

 
One objective of this project was the identification of suitable polymeric growth media 
through the selection and characterization of a series of materials.  A series of 
commercially available materials were studied as potential candidates for the plant 
growth medium.   The medium materials selected for the initial studies in this project 
included polyester batting, polyester cushion, and series of commercial foams: “C P 
Medius,” “Memory Foam,” “White Foam” and “Gray Foam.”  We were not able to get 
material composition details from the foam suppliers.  Part of our analysis therefore was 
to determine the chemical make-up of the candidate materials in order to help us interpret 
differences in performance and understand chemical properties of importance to our 
application. 
 
Chemical Characterization 
The chemical identification of the foams was performed using Fourier Transform 
Infrared Spectroscopy (FTIR).  This identification revealed that all of the foams were 
polyurethanes.  Polyurethanes can be further classified by the type of soft segments in 
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their polymer chains: polyester or polyether.  All foams were compared to “CP Medius,” 
a commercially available polyetherurethane foam used in horticulture.  The FTIR spectra 
of the foams are presented in Figure 2 and Figure 3.  The spectral similarities of the 1800 
– 1600 cm-1 region of the CP Medius and both “White Foam” and “Gray Foams” permits 
their designation as polyether

their polymer chains: polyester or polyether.  All foams were compared to “CP Medius,” 
a commercially available polyetherurethane foam used in horticulture.  The FTIR spectra 
of the foams are presented in Figure 2 and Figure 3.  The spectral similarities of the 1800 
– 1600 cm  region of the CP Medius and both “White Foam” and “Gray Foams” permits 
their designation as 

8

-1

polyether based urethane foams. “Memory Foam” can be designated 
a polyester based urethane foam based on presence of a single absorption band at 
approximately 1724 cm .    -1

 

CP Medius 

White Foam 

Gray Foam 

Figure 2. FTIR spectra of “CP Medius,” “White Foam” and “Gray Foam” 
 
 

 

Memory Foam 

CP Medius 

Figure 3. FTIR Spectra of “Memory Foam” and “CP Medius” 
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Water Absorption  
The water absorption and retention of the selected materials was determined by following 
the procedure described in ASTM C-2724.  A summary of the results is presented in 
Figure 4.   The water absorption for all samples ranges between 500% and slightly greater 
than 3000%.   These results clearly demonstrate the potential of these foam and fibrous 
materials for water retention capability.  
 

Foam Absorbency as measured by ASTM standard C 272

0 500 1000 1500 2000 2500 3000 3500 4000

Memory Foam

White Foam

Gray Foam

Polyester Cushion

Polyester Batting

CP Medius Sheet

CP Medius Block

Increase in Weight (%) 

 
Figure 4. Foam Absorbency as measured by ASTM standard C 272 

    
 
Morphological Characterization 
The morphology of the various medium materials was studied using optical microscopy.   
The corresponding micrographs are presented in Figure 5.  The polyester batting and 
cushion exhibit a fibrous structure which accounts for their low water retention.   The 
foams showed both open and closed cells within their structure.   The gray foam appears 
to be primarily an open cell structure.  The degree of open cells and chemical nature of 
the polymer will affect the both the water absorption and retention.   These preliminary 
results provided the impetus to pursue the investigation of polyurethane foams as the 
substrate material. 
 
 
 

                                                 
4 “Standard Test Method for Water Absorption of Core Materials for Structural Sandwich 
Constructions”, ASTM International Designation C 272 – 01. 
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  Polyester Cushion    Grey Foam 
 
 

       
  White Foam    Memory Foam 
 

 
Batting Material 

 
Figure 5. Micrographs of synthetic growth medium materials (Courtesy of UT) 
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As a result of the preliminary growth trials at PSC we eliminated White foam and 
Memory Foam as candidate materials as they did not do well at supporting plant life.  We 
identified several configurations of candidate materials for our formal growth trials at 
The University of Tennessee: Two fibrous polyester formats and three polyurethane 
based materials in two different formats (sheets and blocks).  We did not feel that we 
adequately understood all of the material properties which would be important to meet 
our eight requirements and constraints.  We decided to begin growth trials with a small 
set of candidates and then redefine the requirements and constraints as we gained 
working experience with the materials. 
 
The initial phase of The University of Tennessee growth study (Task 8) eliminated 
polyester batting and polyester cushion as candidate materials as well.  The favorable 
properties of the commercial foams served as impetus for a second phase dedicated to 
further characterization of polyurethane foams only.  These foams were also 
characterized in terms of water retention, chemical structure of the polyurethane and 
morphology. The study concluded that water absorption and retention depends on i.) the 
chemical structure of the polyurethane (polyether or polyester soft segment), ii.) the size 
of the pores, and iii.) the material morphology.  See Task 10 for details.    
 

Task 3. Obtain polymer for growth medium 
“Phenotype Screening Corporation will purchase polymers identified.” 

We purchased candidate materials for our trials.  All purchases were of commercially 
available foams and batting materials.  We found that most of these materials were 
designed for other applications and had to be adapted to our needs. Also product quality 
was based upon the needs of the original target application and not necessarily based 
upon our requirements.  Many parameters that we had hoped to specify, were not 
parameters controllable via existing manufacturing methods (for example product density 
and product pore size.)  So a ninth constraint was added to our list: commercial 
availability with “close to” the properties desired.  We have discussed the development of 
“custom foam material” with several suppliers but our projected market is not large 
enough to be attractive to them at this time. 

 

Task 4. Specify properties for low mass growth container 
“Phenotype Screening Corporation will specify characteristics desirable for a plant 
growth container. Container height and growth medium thickness are important 
container properties and are related to medium properties.” 

Our Technical Advisory Panel recommended that we choose a container size comparable 
to a standard size container used in the industry. Our desired characteristics are: 

viii. Comparable in size to standard containers presently in use, 

ix. Robust enough for routine handling and wet environment,  

x. Minimal x-ray attenuation material, 

xi. Material compatible with substrate and plant materials, 
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xii. Compatible with nutrient delivery and removal, 

xiii. Dimensions compatible with our existing x-ray system geometries.  

 

Task 5. Design one or more candidate growth containers 
“Phenotype will design growth containers to a sufficient level of detail for manufacturer. 
Phenotype will develop two or more container designs differing primarily in height. One 
design for Arabidopsis and another for Poplar and Loblolly pine.” 

 

We based our design on the “Leach Cone” a container used extensively in the forest 
products industry.  Figure 6 below shows an inverted Leach Cone next to our container.  

 
Figure 6. PSC Designed Container Next to an Inverted Leach Cone. 

 

The container height and width were chosen based upon the Leach Cone dimensions.  
(See Figure 7 below.)  The width was chosen based upon the width of the field of view of 
our existing x-ray camera.  The x-rays pass through the narrow width dimension of our 
container.  Here the front and back walls were chosen to be 4 millimeters thick: minimal 
thickness for x-ray attenuation yet thick enough for routine handling without breakage.  
The other two side walls were made thicker to have a more robust structure.   
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Figure 7. CAD Drawing of Container Half 

 

The design includes an open top for ease of water and nutrient delivery and a drainage 
port in the bottom for water and nutrient removal. 

The material chosen for the container was expanded polystyrene (EPS) foam.  This 
material gives a rigid structure with minimal x-ray attenuation.  The container is made up 
of two symmetrical half-shells.  This allows for easy separation of the two halves to see 
inside of the container.  Rubber bands are used to keep the container halves together.  

We can use a hot wire cutter to trim the width and length of our container to customize it 
for special applications. We have developed other prototype configurations but have not 
committed any other designs to a product mold.   

 

Task 6. Manufacture growth containers 
“Phenotype Screening Corporation will contract with an EPS foam toolmaker and 
molder to produce a multiple cavity mold. The mold will then be used by the 
manufacturer to produce 200 cups for this project. The mold tooling is permanent and 
will be a hard asset of Phenotype Screening Corporation.” 

We contracted with the Austin Group to design a mold for our container design and to 
have 200 container halves fabricated.  We traveled to Quincy, Illinois in late November 
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for manufacturing acceptance tests of our containers.  Initial fabricated container quality 
was judged deficient and we worked with the manufacturer to adjust machine parameters 
until the proper container properties were attained.  Acceptable finished containers were 
then shipped to our corporate offices.  
 
We have since ordered additional container halves from Diversified Plastics Corporation 
using the Austin Group design mold.  The container has behaved as expected and we 
routinely get acceptable quality products.  The container design has served us well and 
has held up well to significant handling, vacuuming and transport. 
 

Task 7. Assemble medium and containers into a plant growth system 
“Phenotype Screening Corporation will assemble media and containers into assemblies.  
This will involve cutting media and inserting into containers.  Simple fixtures may be 
required.” 

In order to control water and nutrient distribution through the substrate, we require a tight 
fit between the substrate and the inside of the container.  We have found that many foam 
suppliers cannot precut our substrates to our specifications.  We have configured a hot 
wire trimming system which we use to assure a good fit. 

As will be discussed later we have found that a unique shape is required for substrates 
with different plants.  The shape is determined by the size of the seed and by germination 
and growth requirements.  This shape customization is done on each substrate before it is 
inserted into its container. 

 

Task 8. Conduct growth trials for candidate assemblies.  
“Phenotype Screening Corporation will conduct growth trials at the Institute of 
Agriculture greenhouses.” 
 
The bulk of this project’s activities revolved around demonstrating the ability to 
germinate and grow plant specimens in artificial media.  We were able to demonstrate 
both germination and healthy growth of several plant species during this project in 
several artificial media. Our containers with foam substrates are referred to as “foam-
tainers” in this section. 
 
Formal growth trials were begun at the University of Tennessee, Institute of Agriculture 
using our fabricated low density containers and selected substrate candidates.  An 
experimental grow room (EGR) was made available to our project for the period January 
through April 30. The EGR included control systems for setting and maintaining 
temperature, humidity and light levels. This capability was essential given that our trials 
were occurring in January.  The trials in the EGR built off of the experience of the 
preliminary growth trials discussed in earlier sections of this report.  Pumping systems for 
water and nutrient delivery were procured and set to operating points based upon that 
previous experience.   
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Growing conditions were set at 25oC temperature, 50-60% humidity, and a 
Photosynthetic Photon Flux (micromoles per meter2second) value of 300-330 in an EGC 
brand walk-in controlled environmental growth chamber at The University of Tennessee 
Plant Biotechnology Building.  Days consisted of 16 hours of light and 8 hours of dark. 
 
Materials for the irrigation system included CAP-800 aquarium pumps, CycleStat2 
Timers (settings on the CycleStat allow for watering from 5 seconds to 30 minutes at 
intervals ranging from 7 minutes to 8 hours), ¾” soft black pipe, ¾” barbed gray fittings 
(elbows, T’s, etc) for softpipe, spaghetti tubing, punch for fitting spaghetti tubing to ¾” 
pipe, (sharp) scissors for cutting softpipe, paperclips (to hold spaghetti tubing in and 
aiming at substrate/plant), 45 gallon trash can (water/fertilizer reservoir).  Tubing, 
punches, and fittings were obtained from Sonne-Gro on Old Rutledge Pike in Knoxville.  
CAP-800 aquarium pumps were obtained from “The Coral Reef” aquarium store on 
Bearden Hill in Kingston Pike.  Cyclestat2 timers were obtained from online greenhouse 
supply companies (typing ‘CycleStat2’ into Google will provide a list of vendors from 
which to purchase this particular timer).  
 
Fertilizer used (after working out nutritional regimes) was Peter’s Professional 20-20-20 
(http://www.scottsprohort.com/products/fertilizers/peters_pro_lite.cfm) and Sprint 330 
Iron supplement. 
 
All seeds in all substrates in all containers were planted 2 seeds per container and covered 
with ~5-10 mm of the substrate (If both seeds in a single container germinated, 1 seedling 
was removed).  With the exclusion of the first official corn trial (HVb and LVb), all seeds 
were germinated under the fertilizer watering regime rather than with plain water.  After 
tinkering with initial fertilizer concentrations, the final fertilizer concentrations settled on 
to be delivered to germinating and growing plants was 20-20-20 Peter’s Professional at a 
concentration of 300 ppm, with an additional 0.16 mM (8.93 ppm) Fe being delivered as 
Sprint 330.  Highly concentrated Fe (1517 ppm) was delivered by hand to plants (corn) 
exhibiting the extreme Fe deficiency symptom of interveinal chlorosis (highly chlorotic 
plants didn’t seem to be as much of a problem once the current fertilizer regime was 
settled on).  Both CycleStat timers were set to water for 5 seconds each watering, usually 
at intervals between 30 to 90 minutes (depending on the moisture/nutrient requirements 
of the plants at the time).  Nutrient solution delivered to plants varied between 25 mL (at 
the end of the ¾” tubing) and 35 mL (at the beginning of the 3/4” tubing). 
 
Transplanting from foam-tainers to 4 gallon pots 
Plants whose roots were busting open the foam-tainers, or which were 7+ weeks old  
were transplanted to 4 gallon plastic pots containing BM1 peat/perlite growing media.  
The process involved opening the foam-tainer, gently extracting the roots/media, placing 
the root-media-mass into a hole prepared in the center of the BM1 in the 4 gallon pot, and 
packing the BM1 in around the root-media-mass.  The transplant was kept on the 
watering system for at least 1 week. 
 
A key strategic objective of the growth trials at the University of Tennessee was the 
demonstration that viable plants could be germinated and grown in artificial substrate 
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material.  Our early presentations on our concept to university and industrial researchers 
revealed substantial skepticism that relevant, healthy and viable plants could be grown in 
artificial materials.   
 
Another strategic objective was the development of protocols for germination and plant 
growth by University staff in these artificial materials and the transfer of those protocols 
to Phenotype Screening Corporation (PSC) staff.  To that end PSC procured growth 
facility equipment and ran parallel growth trials in order to best develop in-house 
expertise.  
 
Figure 8 is a photograph taken early in the project from inside the UT experimental grow 
room.  The containers are shown on the left with black tubing running to each container 
for water and nutrient delivery.  On the right of the aisle way are control specimens being 
grown in three gallon containers filled with a specific soil composition. 
 
 

 
Figure 8. Early Set-Up In University Of Tennessee Experimental Growth Room. 

 
 
Figure 3 shows the experimental set up used for evaluating germination protocols and 
substrate configuration studies at PSC.  Early trials with this equipment revealed the need 
for substantial light intensity output capability improvement. 
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Figure 9. Experimental Set-Up For Germination And Substrate Configuration 

Studies At PSC. 
 
Figure 10 shows a high intensity lighting system we procured for the PSC in-house 
growth trials.  This system is capable of providing over 300 micromoles/m2/s lighting.  
Early germination studies are being conducted in the photograph.  Saran wrap was used 
to keep moisture levels up in the artificial substrates.    During the project the PSC system 
was used to investigate concepts and grow specimens that were not included in the UT 
studies.  Eventually the system was used to support growth trials which were begun at UT 
but which transfer to PSC due to the ending of our contract with UT on April 30. 
 

 
Figure 10. High Intensity Lighting System for In-House Growth Trials. 
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Our growth trials at UT began with corn.  We were given seeds for two corn cultivars, a 
high vigor and a low vigor cultivar, by an interested faculty member at UT.  Within a few 
days we had specimens ready for x-ray.  Figure 11 is a photograph of some specimens in 
their containers.  All specimens in this photograph were grown in the same substrate 
material. 
 

 
Figure 11. Early Growth Trial Results.  High And Low Vigor Corn In Same 

Substrate Material. 
 
 

 
Figure 12. . Early Growth Trial Results.  High And Low Vigor Corn In Different 

Substrate Materials. 
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Figure 12 shows some early trial results in different substrate materials taken on same 
day as those in Figure 11.  Note the low vigor specimen in the middle container did not 
get adequate watering (same pump and timer as the rest but water retention capability of 
that substrate was low relative to the others.) 
 
Summary of Media Tested: 
‘Polyester Cushion’ – Approx. 10-15% germination with corn in this substrate.  Those 
that germinated died quickly as seedlings.  Substrate was eventually nixed. 
‘Polyester Batting’ – 0% germination with corn in the substrate.  Substrate nixed. 
‘CP Medius’ foam (sheets and blocks). 
‘Oxford’ foam (blocks). 
‘Black’ foam Z60 and ZE60 (Blocks). 
‘BM1’ Peat/perlite growing mix. 
 
Summary of Containers Tested: 
3-4 gallon black azalea pots (with BM1 only). 
Foam-tainers from PSC (all substrates). 
Cone-tainers from ArborGen (BM1 only). 
 
At the conclusion of these preliminary experiments we dropped any future 
experimentation with fibrous materials as plants did not tend to do well in these media 
(inadequate moisture retention.)  All of our future efforts would be focused upon polymer 
foam materials.  A summary table of germination and survivability of various tested plant 
specimens in polymer foam materials is given in Table 1 below. 
 

Table 1.Summary Of Germination Rates And Percentages Of Different Seeds In 
The Different Polymer Foam Substrates 

Plant High Water 
Retention 
Foam 
(Murray) 

Medium Water 
Retention Foam 
(Medius) 

Low Water 
Retention Foam 
(Oxford) 

Peat/Perlite 
Growing Mix 

High Vigor Corn Not Tested 4-5 Days (50-65%) 5-7 Days (25%) 2-3 Days (>75%) 
Low Vigor Corn Not Tested 6-7 Days (40-50%) 6-7 Days (12%) 4-5 Days (>75%) 
Sorghum Not Tested 5-7 Days (60-75%) 9-13 Days (12%) 2-3 Days (>75%) 
Rice (Dr. Chen) Not Tested 7-14 Days (60-

70%) 
Not Tested 5-14 Days 

(70%). 
Rice (Dr. 
Benfey) 

Not Tested Not Tested 6-17 Days (20%) 
 
(with 24 pre-soak 
of seeds): 12-16 
Days (>75%) 

5-14 Days (70%) 
 

Squash Not Tested 3-5 Days (75%) 6-10 Days (50-
70%) 

3-5 Days 
(>75%). 

Green Bean Not Tested Not Tested 2-4 Days (>75%) Not Tested 
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Sweet Potato5: 
(Germination 
times not 
applicable.  The 
following are the 
‘percent 
survivability’ to 
date of the slips) 

Not Tested 100% 100% 100% 

 
 
The High Water Retention Foam was not added to our evaluations until after the UT 
contract was completed.  The numbers presented here are indicative of the test results 
achieved during the UT trials.  As we gained experience with protocols for the individual 
plants, our germination percentages increased substantially. 
 
In decreasing order, visual observations of all plants indicated that germination, rate of 
growth, nutritional-happiness, survivability-after-germination, etc followed the pattern of: 
 BM1 in 4 gallon pots > Transplants to BM1 in 4 gallon pots > BM1 in foam-tainers > CP 
Medius in foam-tainers > Oxford in foam-tainers > Polyster Cushion in foam-tainers > 
Polyester Batting in foam-tainers.   
 
A comparison at day 26 of corn in CP Medius foam-tainer and corn in BM1 in 4 gallon 
pot is shown in Figure 13 below. 

 
Figure 13. Corn at Day 26.  Container/CP Medius Substrate vs 4 Gallon Pot with 

BM1 Mix. 
Corn and sorghum plants that were transplanted from foam-tainers to 3-4 gallon pots 
seemed to do very well after transplanting.  A dissection of a transplanted corn plant, a 
few weeks after transplanting, showed that its roots had quickly left the confines of the 

                                                 
5 Thin wood sticks were inserted into an organic sweet potato (non-organic sweet potatoes did not produce 
slips) and used to suspend it 1/3 to ½ in a beaker of water.  2-3 weeks later, when the sweet potato 
produced leaves and shoots in the non-submerged half, slips (each containing an individual shoot) were 
sliced from the surface of the potato with a razor and inserted into the substrate media (Medius, Oxford, or 
Peat).  Shoots needed to be >1” in height for the slips to take (less than 1” had a 100% failure rate, greater 
than 1” had a 100% success rate).   
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foam (Medius in this particular case) and filled out the pot. (See Figure 14 below) 
Transplanted corn also became vigorous enough to soon equal the size of corn planted 
directly into the 3-4 gallon pots. 
 

   
Figure 14. Expansion of Root System From Artificial Substrate Into Soil Several 

Weeks After Transplanting. 
 
Figure 15 shows the inside of our x-ray measurement chamber with a sample specimen in 
position.  Note the clearance around the specimen (4 inches wide, headroom of 16 
inches.)  This was to become an issue later in the growth trials.  Note that the container is 
sitting on an elevator which allows us to image the container contents from top to bottom. 
 
 

 
Figure 15. High Vigor Corn Specimen In X-Ray Measurement Chamber. 
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Figure 16 is a photograph taken approximately eleven days later.  The size distribution of 
the low and high vigor corn is more apparent.  The rapid growth of corn is beginning to 
present x-ray imaging problems due to the size limitations of our measurement chamber.  
We originally planned on imaging the corn over a three week period in order to stay 
within the size limitations of the chamber.  But the root system development was so 
interesting that we continued measurements throughout the second quarter. We began 
cutting the stalks significantly in order for the specimens to fit in our chamber.  This stalk 
trimming did not seem to affect plant viability over the near term. 
 
Note from the figure the beginning of a slight yellowing of the corn leaves.  This was 
later identified as a micronutrient deficiency and was corrected by increasing the iron 
content of the nutrient solution.  Figure 17A shows a photograph of a corn specimen 
during the worse part of the growth trial yellowing while Figure 17B shows a photograph 
of the corn after recovery. 
 
As we gave presentations to university groups we were given sample specimens to 
include in our growth trials during this reporting quarter.  We expanded the growth trials 
at UT to include, in addition to corn, beans, squash, rice, sweet potato and sorghum.  At 
the PSC facilities we grew Arabidopsis.   
 
 

 
Figure 16. Corn In Containers And Substrate Showing Size Distribution Between 

Low And High Vigor Corn Cultivars 
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Figure 17A. Severe Chlorosis                   Figure 11B Chlorosis Recovery
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igure 18 is a series of photographs of different specimens in the grow room. The 
pecifics of the specimens grown are: High Vigor (T270 x A632selxGEM-sel Hybrid) 
nd Low Vigor (T270x Inbred) corn (Zea mays, obtained from Dr. Dennis West, 
epartment of Plant Sciences, The University of Tennessee),  Sorghum (Sorghum 
icolor, Delkalb 40ky), Rice (Oryza, obtained from Dr. Benfey, Duke University and also 
 separate variety from Dr. Chen, Department of Plant Sciences, The University of 
ennessee), Squash (Cucurbita pepo, White Bush Scallop seeds from Mayo Garden 
enter), Green Bean (Phaseolus vulgaris, “Ferry Morse” brand seeds: ‘Beans, Garden, 
endergreen Improved Bushbean’ from Home Depot),  Sweet Potato (Ipomoea Batatas, 
lips cut from Organic sweet potato), Arabidopsis (Columbia) from Lehle Seeds. 
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Figure 19 is a photograph of Arabidopsis grown at PSC.  From right to left is Arabidopsis 
grown in special closed-watering system sold by Lehle Seeds Company, Arabidopsis 
grow in PSC container and soil, Arabidopsis grown on composite substrates in a custom 
PSC container. 

 
Figure 19. Arabidopsis Grown At PSC Growth Facility. 

 
The results of this project’s growth trials clearly indicate germination and healthy plant 
growth is achievable in artificial media if care is taken in following watering and nutrient 
protocols which are appropriate to both the plant and for the artificial substrate in 
question. 
 
Our contract with the UT Institute of Agriculture expired on May 1, 2005 and we began 
transitioning the “life sciences” skill set from UT to Phenotype Screening Corporation 
(PSC) staff in April.  We concluded our growth trials on fast growing agricultural crop 
plants and began growth trials on trees during that final quarter.   
 

 
Figure 20. Corn in UT Experimental Growth Room Toward the End of UT Growth 

Trials 
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This transition was significant in that the growth rate of roots is much slower in trees.  
While typical growth trial durations were 21 to 28 days for crop plants it takes 
approximately three weeks to see much root development in pines and three weeks to 
root cottonwoods from cuttings.  So getting meaningful data and making conclusions on 
that data slowed way down from previous quarters.   
 
PSC built up its capability to handle conducting growth trials in its own facilities.  We 
added the capability to grow an additional 200 plants under artificial lighting and with 
nutrient delivery capability.  As we learned in the previous quarter, plants grow and 
require additional area with time.  Our capability to handle 200 seedlings translates into a 
capability to handle approximately 100 mature plants.  As we also learned last quarter 
each plant may require a different light intensity and daylight interval as well as a 
different nutrient delivery regime.  With our upgrade we can handle five different plant 
species at one time.  A photograph of some of our expanded capability is shown in Figure 
21 below. 
 

 
Figure 21. . Expanded PSC Growth Infrastructure 
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We began the final quarter with the intent to germinate and grow Loblolly pines from 
ArborGen,  LLC provided seeds and to root and grow Eastern Cottonwoods from 
ArborGen, LLC provided cuttings.  Germination and rooting of trees takes several weeks.  
We were not successful in doing either before our contract with UT ran out.  Our pines 
did not germinate successfully and our Cottonwoods were dying after several weeks of 
apparent thriving.  We decided to focus on the Loblolly pine for the few weeks remaining 
in the project.  PSC staff set out to troubleshoot and resolve the pine germination 
problem. 
 
PSC staff performed “autopsies” of the pines and discovered that many had germinated in 
the foam but had not remained viable.  A typical result is shown below in Figure 22. 
 

 
Figure 22. Post Germinated But Unviable Loblolly Pine in Artificial Substrate 

 
The next figure shows a germinated pine seed which still appears viable.  Note in Figure 
23  for the rightmost seed that the radical emerges from the seed, penetrates through the 
substrate and then loops back into the substrate.  This is the typical germination and 
growth sequence for Loblolly pine.  The next step in the sequence is for the seed  
 

 
Figure 23. Typical Germination Behavior of Pine on Right 
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to be lifted from the substrate as shown below in Figure 24 while the tip of the radical 
develops into the root system.  We discovered that the tensile strength of our substrate 
material was too high and the seedling did not have the “strength” to break the seed free 
of the substrate.  Thus our seedlings were all dying prematurely because the seedling 
could not develop properly.  We modified our germination protocol and developed 
germination “plugs” which would allow for enhanced germination rates and for normal 
seedling development.  The germination plugs are shown in Figure 25.  The resulting 
“crop” of Loblolly pine is shown in Figure 26.     
 
 

 
Figure 24. Normally Developed Pine Seedling 
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Figure 25. Germination Plugs With Various Substrate Materials 

 
 

 
Figure 26. Viable Loblolly Pines at PSC Growth Facility 

 
The Loblolly pines continued to be viable for the remainder of the project and we have 
concluded that we successfully solved the Loblolly germination problem.  Figure 27 
below shows the pines at the end of the project. 
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Figure 27. Loblolly Pines at Completion of Project 

 
 
The problem we are having rooting Cottonwood cuttings has been deferred and will be 
worked outside of the scope of the DOE project.  It takes three weeks to root 
Cottonwoods and we simply ran out of project time before we could identify the source 
of our problem with the number of attempts we could make in the time left.  We show 
early results of our attempt in Figure 28 but we have not yet completed a full cycle where 
we can claim that viability in our substrate materials have been achieved. 
 

 
Figure 28 Early Cottonwood Rooting Trial Results 
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During these trials we successfully germinated, grew and x-ray imaged corn, rice, 
Arabidopsis, green beans, sweet potato, squash, sorghum, soybeans and pine. 
 

Task 9. Evaluate candidate medium/container assemblies for plant growth and root 
imaging performance. 

“Phenotype Screening Corporation will evaluate plant growth and our IAC Industry 
Sponsor will image plant root systems of plants at two week intervals by transporting the 
plants to IAC offices for testing. Because the throughput of samples will be much greater 
than for proof of concept work, Phenotype will develop a procedure for plant handling, 
moisture reduction, imaging, and rehydration. Phenotype will evaluate plant root 
radiographs for contrast, resolution, water loss, and suitability for further analysis”. 

 
During this project we took hundreds of x-ray images in our early prototype (Figure 29 ).   
 

      
Figure 29. (A) Original X-ray System.              (B) X-ray Spectrum from Generator. 
 
We developed automated methods for assembling individual images into photo-montages 
of the entire root system. With the prototype x-ray systems we are using we can take 1.4 
inch by 1.4 inch images.  We can raise and lower our containers within the measurement 
chamber to take multiple images of the root system.  Because of the nature of the x-ray 
beam and our specific configuration, we originally took 12 images to cover the entire 
length of the container. These images were then assembled with software into a 
composite root image. 
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The image on the left is typical of the resulting photo-montages we 
were able to achieve with the system shown in Figure 29.  The image 
has some artifacts worth discussing.  The dark horizontal band along 
the top of the image is a rubber band used to hold our container halves 
together.  The very dark structure along the bottom is the metal 
support structure of the elevator.  The checkerboard pattern along the 
bottom is due to a mesh used by UT in some containers.  The dark 
band just above the mesh is another rubber band.  The two horizontal 
lines about midway up the container is rubber bands used to hold the 
container against the sample holder on the elevator.  The substrate 
appears darker at the bottom of the image due to moisture distribution 
in the substrate.  The substrate is closer to water saturation at the 
bottom of the container. 
 
One limitation of this early prototype is the inability to image the 
entire container volume.  A consequence is that roots grow outside of 
our viewing area.  This limitation prevents us from determining total 
root mass and other parameters of interest.  We previously mentioned 
in this report that our existing x-ray measurement system prototype 
also was very constraining with respect to plant size.  We decided to 
modify another system previously developed by one of our sponsors, 
Industrial Analytics Corporation, in order to give us more room for 
larger plants and in order to be able to image the entire probe volume 
of the container.  This modified system became available in the final 
quarter of our project. 
  
As we studied the x-rays images we were getting from the trials we 
determined that 3D capability would help us with image 
interpretation.  We programmed our system to acquire stereo images 
and developed automated software for assembling 3D photo-
montages.  Our system now acquires 28 individual images and 
assembles them into an integrated 3 dimensional view.  In order to 
“see” the 3D images a pair of 1950’s era “red/cyan” glasses is 
required.  This represents an inexpensive way of viewing the stereo 
images in 3D. 
 
A 3 dimensional composite image is presented in Figure 30.  This 
image was assembled from images taken with a different substrate 
material than the one shown to the left.  The 3D effect helps 
tremendously in the interpretation of source of black dots which show 
up near the lower midpoint of this image (water distribution.) 
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Figure 30. Three Dimensional Photomontage of Corn (Requires 3D Glasses for 

Viewing) 
 

As mentioned earlier, we modified a second x-ray system (made available to us by our 
industrial sponsor, Industrial Analytics Corporation,) to allow us to image the entire 
internal volume of our containers and to be able to accommodate larger plant specimens.  
The system we were using originally did not give us enough flexibility to image the full 
container volume and thus some of the root system was outside of our field of view.   
Feedback from University researchers suggested that this was a severe limitation.  A 
three dimensional stereo image from the modified system is given in Figure 31. In order 
to view the three dimensional effect, a pair of 3D (red, cyan) glasses is required.  The 
image presented is of a green bean which was germinated and grown in our substrate-
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container pairs as part of our growth trials.  The new system was used for all remaining 
imaging done as part of this project. 
 

 
Figure 31. Stereo Image of Green Bean Taken With Modified X-ray System 
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The new system hardware is shown in Figure 32 below.  Clearances have been 
substantially increased to accommodate much larger plant specimens.  
 

              
Figure 32A. Modified System Hardware Showing View Front Access Door and B. 

View from Behind X-ray Shield.  Plant Specimen is Corn. 
       
 

 

Task 10. Analyze results and generate report 
“Phenotype will assemble and review the data set and evaluations from team members 
and generate a final project report. An open literature publication will also be 
generated”. 

 
The analysis of plant germination and growth in our investigated materials has been 
presented previously under Task Eight and will not be repeated here.  An analysis of 
several early substrate material candidates was discussed under Task Two. We will use 
this section to discuss the results of the chemical and physical property analysis we 
performed on the substrate materials evaluated later in the project and the image quality 
we were able to achieve with them.  
 
Polymeric Growth Medium 
The low x-ray attenuation coefficient requirement of the growth medium makes cellular 
(foam) polymers ideal candidates.   Foams are made by dissolving low-boiling point 
liquids or gases (pentanes, hexane, or halocarbons) in molten polymers under pressure.  
The heating of the polymer/liquid additive mixture causes boiling of the liquid and 
generation of gas bubbles in the polymer leading to an expanded structure.   The process 
is used to make polyurethane, poly(vinyl chloride), silicone, epoxy and polystyrene 
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foams.   The reduced amount of polymeric material leads to a reduction in the x-ray 
attenuation coefficient.    
 
In the present work, particular emphasis was placed on polyurethane foams due to early 
growth trial results.  Moreover, the judicious selection of the initial reactants i.e., polyol, 
diisocyanate, and chain extender, will allow the tailoring of the foams properties.   Using 
the appropriate selection criteria, it is possible to synthesize foams having any 
combination of the following properties: flexible or rigid, hydrophobic or hydrophilic, 
degradable or non-degradable. 
 
Polyurethane Foam Samples 
The final foam samples evaluated in this work included three foams from EN Murray 
ZE60, Z60, and Aquazone, Premier G90140 Gray Ether Foam, Oxford 70140 Gray 
Ether Foam, and CP Medius Block Foam.  The spectra of the polyurethane foams were 
collected and classified based on similarity to the polyether or polyesterurethane 
standards presented in Figure 33.  The results of the chemical characterization of the 
polyurethanes are summarized in Figure 34 and Figure 37.   
 
Characterization of Polyurethane Foams 
The chemical nature, structure (open versus closed cells), and water absorption were used 
as the parameters to classify the various polyurethane foams selected for this study.   
These parameters were selected because one or all could lead to changes in the x-ray 
attenuation and reduction of resolving capabilities of the x-ray radiography. 
 
The chemical differences between the polyurethane foams were studied using Fourier 
Transform Infrared Spectroscopy.   The differences in the chemical nature of materials 
are manifested through spectral differences, i.e., presence, absence or shifts of absorption 
bands, broadening and changes in intensity.   For the purpose of the work, polyurethane 
foams were classified based on their soft segment: polyether or polyester.  The spectra of 
standard polyester polyurethane (Estane) and polyether polyurethane (Pellethane) are 
presented in Figure 33 and Figure 34.  The spectral differences in the region of 1800 to 
700 cm-1 are highlighted in Figure 34.   The major spectral difference between polyester 
and polyether base polyurethane is the presence of a single absorption band at 
approximately 1728 cm-1 and a doublet in 1730 – 1700 cm-1 region, respectively.    This 
spectral difference was used to classify the samples into polyester and polyether base 
polyurethane foams.    
 
The following samples were determined to be polyester base polyurethane foams: 
Aquazone and Z60.   The polyether base polyurethane foams are: CP Medius, Oxford, 
Premier and ZE60. 
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Estane, polyester standard 

Pellethane, polyether standard 

Figure 33. FTIR Spectra of Polyester and Polyether Base Polyurethane 
    

Figure 34. Fingerprint Sp
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Aquazone 

Z60 

Figure 35. Polyester Base Polyurethane Foams: Aquazone And Z60 
 
 

 

CP Medius 

Oxford 

ZE60 

Figure 36. Polyether Base Polyurethane Foams Are: CP Medius, Oxford, Premier 
And ZE60 
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Oxford

Premier

Figure 37. FTIR Spectra of Premier and Oxford Foams (Polyether Base 
Polyurethane) 

 
 
 

 

Oxford

Premier

Figure 38. Comparison of the Fingerprint Spectral Region (1800 – 700 cm-1) of 
Premier and Oxford Foams (Polyether Base Polyurethane) 

 
 
Water Absorption of Polyurethane Foams 
The water retention capabilities of the polyurethane foams are summarized in Figure 39.  
The amount of water retained was obtained using the procedure described in ASTM C-
272.  The water retention varies from 250 – 1000% and exhibits a dependence on the 
open/close cell ratio, and chemical nature of the soft segment, i.e., polyester or polyether 
soft segment.  Aquazone and Z60 foams are polyester based polyurethane and thus, 
expected to exhibit reasonable water uptake and retention.  The water uptake for these 
foams is drastically different, Aquazone and Z60 retained 1000% and 250%, respectively.   
The disparity may be attributed to differences in pores size.  The amount of water uptake 
and retention should depend on the size of the pores present in the foam.  Pore size can be  
determined from the morphology studies presented below. 
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The CP Medius, Oxford and Premier are polyether base polyurethane foams with water 
retention of approximately 600 wt%.   ZE60 retained approximately 250 weight % water.  
The amount of water absorbed and retained by polyether and polyester urethane depends 
on the affinity of the polyether and polyester segments to bind water.   Polyester 
segments have a higher affinity for water.  In the case of foams, the size of the pores can 
affect the retention properties of the foams.   Extreme pore sizes, i.e., very large or small 
pores will affect the retention.  Large pores sizes like those observed for samples Z60 and 
ZE60 (see micrographs) will retain less water in their pores and possibly negate the effect 
of chemical structure.   
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Figure 39. Water Retention Capabilities of the Polyurethane Foams 

   
Morphology of Polyurethane Foams 
The morphology of the polyurethane foams was investigated using scanning electron 
microscopy (SEM).   A Leo - 360 Scanning Electron Microscope was used to obtain the 
micrographs presented in Figure 40.  Inspection of the Aquazone, Premier and Oxford 
foam reveals the presence of both closed and open cells.  The CP Medius foams exhibits 
a non-uniform morphology consisting of irregular cells and fibers.  Samples Z60 and  
ZE60 show primarily open cell morphology.  The morphological information obtained 
from SEM studies for these foams indicate large fully open cells (large pore size) and 
thus, provides an explanation for the similarity in the water retention of theses foams in 
spite of their differences in chemical nature. 
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  Aquazone      C.P. Medius 
 

    
Z60      ZE60 
 

   
Oxford      Premier 
 

Figure 40. Morphology of Polyurethane Foams 
 
Dynamic Mechanical Properties 
The variation of the modulus (stiffness) of polymer with temperature can be obtained 
from dynamic mechanical analysis.  Figure 41a and Figure 41b show the effect of 
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temperature and frequency on the storage modulus for CP Medius and Premier foams.   
The difference in the response of CP Medius and Premier foams can be observed from 
the comparison of their storage modulus in Figure 42.   At room temperature (25oC), the 
CP Medius foam has a higher modulus than Premier foam.  This difference indicates that 
CP Medius foam is a stiffer material.  Further interpretation of the difference would 
require knowledge of the exact chemical structure of these foams.    
 

 

 
 
 

 
Figure 41. Storage Modulus Over Frequency Range Of .01 – 100 Hz For (A) CP 

Medius Foam; (B) Premier Foam 
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Figure 42. Storage Modulus of CP Medius and Premier Foams at 1.0 Hz 

 
Image Quality in Substrate Studies 
The substrate materials were all imaged dry and after soaking in water.  Dry substrate 
images are shown in Figure 43 below.  Darker shades of gray indicate more absorption 
 

                                
Figure 43. X-ray Image of Dry Substrates.  From Left to 

Right: Aquazone, CP Medius, Z60, ZE60, Oxford (Note residual moisture in 
Aquazone from experiments conducted days before.) 
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of the x-rays by the substrate’s material constituents.  Also note that we assumed the 
Aquazone foam was dry but after imaging discovered it had residual moisture retention 
from previous experiments conducted days earlier. 
 
The images in Figure 44 below indicate water distribution in the substrate after running 
water into the substrate/container for several minutes from a standard laboratory sink tap 
and then letting the substrate drain for 15 minutes. 
 

                                    
Figure 44. Water distribution in Substrate after Soaking Under Running Tap 

Water. From Left to Right: Aquazone, CP Medius, Z60, ZE60, Oxford 
 
From Figure 44, it is apparent that the Aquazone and CP Medius retain moisture more 
effectively and more uniformly than the remaining foams.  The bottom 25% of each of 
these containers also reveals an area saturated with water.  Examination of the figures 
with 3D glasses reveal that most of the moisture distribution of the ZE60 and Oxford 
foam is actually between the substrate and the container wall.  The moisture distribution 
in Z60 is highly non-uniform. 
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We then vacuumed the substrates in their containers, from the bottom drain port, for 30 
seconds.  The resulting moisture distribution is shown in Figure 45 below. 
 

                                      
Figure 45. Soaked Substrates after 30 Seconds of Vacuuming. From Left to Right: 

Aquazone, CP Medius, Z60, ZE60, Oxford 
 
The vacuuming was effective in removing much of the saturated water from the bottom 
regions of the containers.  Vacuuming also tended to distribute water from saturated 
regions more uniformly in the larger pore sized Z60 and ZE60 foams.  But still the 
resulting distribution in highly non-uniform when compared to the Aquazone and CP 
medius distribution.  Surface water between the substrate and container walls of the 
Oxford foam was reduced as well.  
 
Representative x-ray images of plant root systems in the various substrates are given in 
Figure 46 below.  The first three images are of the maize root system and the last 
(Premier) is of an early pine seedling root system.  In all cases the presence and 
distribution of water determines the overall quality of the images and the amount of detail 
that can be extracted from the image.  Note that even though the CP Medius substrate 
retained the most water, the uniform distribution of the water allowed for image contrast 
between the substrate and the roots. 
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Figure 46. Plant Root Sys  tem Image Quality in Various Substrate Materials. (From

Left to Right: CP Medius, ZE60, Oxford, Premier) 
 
We had an internal goal to choose two candidate substrates for future development and 
evaluation.  We chose CP Medius and Oxford as our two substrate materials.  Both 
supported germination and viable plant growth and both produced useable images.  Their 
main difference is in water retention.  A high water retention substrate is not acceptable 
to us as the moisture absorbs our x-rays.  So we chose to move forward with moderate 
water retention and low water retention substrates.  Table 2 below summarizes our 
substrate findings. 

Table 2. Substrate Material Comparisons 
Substrate 
material 

Polyurethane 
Type 

Pore Size Water 
Retention 

Plant 
Viability 

Image 
Quality 

CP Medius Polyether  NA 
Fibrous 

Moderate Acceptable Moderate 

Oxford 
E70140 

Polyether ~ 300um Low Acceptable Moderate 

Premier 
G90140 

Polyether ~ 500um High Acceptable Poor 

EN Murray 
Z60 

Polyester ~ 1000um Moderate Not Tested Moderate 

EN Murray 
ZE60 

Polyether ~ 1000um Moderate Acceptable Moderate 

EN Murray 
Aquazone 

Polyester ~ 500um High Not Tested Poor 
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This Task also covered the generation of this final scientific report and the publication of 
an open literature paper on our system.   
 
Our paper, “Plant Root Characterization Using Low Energy X-rays,” was accepted for 
publication by ISA, the Instrumentation, Systems and Automation Society and was 
presented at the 51st International Instrumentation Symposium, Knoxville, TN, May 8-12, 
2005.  The paper will be included in the Symposium Proceedings.   
 

 

Task 11. Commercialization 
“During this project Phenotype will be performing market studies to determine features 
attractive to potential buyers. Phenotype will be conducting imaging and analysis of 
sample systems submitted by research teams. Phenotype will be developing sales 
brochures and information for the single-sample system we will have soon after the 
conclusion of this project. 

At 9 months (end of project) Phenotype expects to have demonstrated in a laboratory 
greenhouse setting the suitability of the method and system for nondestructively 
characterizing plant root systems” 

An unexpected surprise on this project was notification by New Horizons Technologies, 
Inc. that they had been selected by DOE to perform a market assessment for our potential 
product.  We worked closely with New Horizon Technologies to identify market 
segments and specific researchers who might be interested in our product.  The results of 
the assessment were very encouraging. A recurring theme from the market assessment 
was the recommendation that we partner with university researchers and generate early 
peer reviewed publications in order to gain acceptance for the technology in our target 
research communities.  This was also the commercialization strategy we discussed in our 
original proposal. 
 
Our specific commercialization activities have revolved around presentations and e-mails 
to faculty at key Universities and National Laboratories.  We conducted several trips and 
follow-up trips to meet with faculty during the project.   
 
We gave seminars at the following universities: The University of Tennessee, Duke 
University, North Carolina State University, Michigan State University, and Michigan 
Technological University. 
 
We gave seminars at the following USDA Laboratories: US Forestry Service Southern 
Research Station, US Forestry Service North Central Research Station 
 
We have interacted with the research staff of the following DOE National Laboratories: 
Oak Ridge National Laboratory, Los Alamos National Laboratory. 
 
We are presently collaborating on a “non-paid” basis with researchers at The University 
of Tennessee, Duke University, North Carolina State University 
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We have existing “paid contracts” or letters of intent for paid contracts with: 
The University of Tennessee, Cornell University, Duke University, and the University of 
Connecticut. 
 
We have active collaborative proposal generation activities with the following 
organizations: The University of Tennessee (3), Duke University, Cornell University,  
US Forest Service – North Central Research Station, USDA-ARS, North Carolina State 
University and the University of Georgia. 
 
 
Conclusions  
 
We want to thank the Department of Energy for providing the financial support for us to 
demonstrate that we have an innovative and viable solution to a long standing problem 
confronting plant scientists: an improved tool to better study and understand plant root 
systems.  Our interactions with university plant scientists have uncovered unforeseen new 
applications for our system in plant breeding research, functional genomics, plant 
physiology, plant morphology, plant response to nutrients, toxins and environmental 
stress, quick trait screening, plant species interactions, etc.  We now offer a fee-based 
service to university research teams for the germination, growth and root system imaging 
and analysis of their plants of interest.  This was not envisioned at the start of this project 
when we thought we were in the x-ray equipment business.  It is now clear that we are in 
the plant root imaging and analysis business. 
 
Even though we are able to offer this new imaging and analysis service we still have 
much work to do to meet the needs and concerns of the plant science research 
community. We are still in the infancy phase of our concept and of our company.   
 
This project had its primary focus on material selection for the container and the 
substrate.  Our choice of EPS foam for the substrate was a good one and the containers 
proved to be physically robust, operationally flexible and virtually transparent to x-rays.  
Our interaction with plant scientists suggests many applications where a larger container 
size would be preferred.  This would be straightforward to do, from a manufacturing 
point of view, but a larger container size would decrease our imaging throughput.  An 
often mentioned new container size would be three times the scanning area of our 
existing system and thus would cut our throughput by a factor of three.  Throughput is a 
major factor in our cost model and lower throughput results in higher per image costs.  
Keeping cost low is important given typical university plant science program budgets. 
 
Our choice of the two commercially available substrate materials (CP Medius and 
Oxford) is workable but not optimum.  We better understand the properties we require of 
an ideal substrate but are limited by what is commercially available (developed for other 
applications.)  We do not yet, and are not projected to, represent a market size which 
would be of interest to existing foam suppliers.  Our polymer chemist, Dr. Roberto 
Benson, believes that we can economically manufacture our own custom foam in lot sizes 
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suitable to our market.  Polyurethane foams based on polytetramethylene glycol (PTMG) 
and polypropylene glycol (PPG) were synthesized in a UT laboratory as part of a proof of 
concept demonstration in our Phase One effort.   The morphology of the PTMG foam is 
presented in Figure 47.  Additional synthesis and testing will be required in the future to 
optimize the properties of the foam. The ability to synthesize custom foam, to our 
specifications, is a high priority strategic need for our company. 
 

 
Figure 47. Morphology of Custom PTMG Foam  

   
Our interactions with plant scientists have also provided guidance as to the number of 
plants we must be able to image to meet their needs.  Our typical scoping studies 
(demonstrations of our system’s capability in their application domain) involve 50 to 200 
plants.  The typical project discussed for follow up to the scoping studies involves 800 to 
2000 plants.  A typical experiment lasts for 28 days and requires imaging of an individual 
plant every three to four days.  Our present average throughput is 4 plants per hour (40 
per 10 hour day.)  In order to move beyond “scoping studies” we need to dramatically 
improve the throughput of our system.  This has implications on all aspects of our 
imaging system: x-ray generator, x-ray camera, plant specimen positioning system and 
material handling system.  Hardware selection and configuration for ultra high 
throughput is another high priority strategic need for our company. 
 
In addition to the hardware implications of dramatically higher throughput, we must 
automate the processing and analysis of each image in order to maintain the throughput 
throughout our entire value chain.  We are presently manually examining and analyzing 
each image.  Based upon our interaction with plant scientists we are developing a list of 
key root system features (root length, root diameter, lateral branching density, root 
variation with length, root branching angle, etc.) required to achieve the research 
objective of their analysis (trait identification, root system classification, genotype 
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screening, etc.)  Automated image processing and analysis is the third high priority 
strategic need of our company. 
 
We have come a long way, are thankful to DOE for its support, and have a ways to go.  
We believe we have done every thing we promised to do in this phase one project.  The 
series of images below demonstrate the quality and usefulness of our system in root 
research.  We look forward to helping DOE in the future as our system is applied by 
university and national laboratory staff on problems and opportunities in the national 
interest. 
 

       
 

Figure 48. Digital X-ray Images of Corn Roots of Same Plant Taken at 4, 7, 10 and 
13 Days from Germination. 

 
 

(Variety Mo17 seeds provided by Dr. Ed Buckler, Cornell University.  Notes: No crown 
roots and only three of four seminal roots apparent at day 4,  two crown roots apparent, 

fourth seminal root apparent and lateral roots forming on primary root at day 7,  
significant lateral root development on primary root with evidence of lateral root 

development off of seminal roots at day 10, continuing lateral root growth at day 13.) 
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Appendix A 

Final Task Schedule 
 
 

Task Schedule  
 

 
 

Task Completion Date 
Task 

Number Task Description Original 
Planned 

Revised 
Planned Actual Percent  

Complete 
Progress Notes 

1 
Specify properties for 
growth medium. 10/31/04  10/26/04 100% 

 
Complete 

2 
Identify polymers for growth 
medium. 11/21/04  10/15/04 100% 

 
Complete 

3 
Obtain Polymers for growth 
medium. 12/31/04  12/3/04 100% 

 
Complete 

4 
Specify properties for 
growth container. 10/21/04  10/14/04 100% 

 
Complete 

5 
Design candidate growth 
containers. 10/31/04  10/26/04 100% Complete 

6 
Manufacture growth 
container systems. 12/31/04  11/30/04 100% Complete 

7 
Assemble medium and 
containers. 1/15/05  1/15/05 100% Complete 

8 Conduct growth trials. 5/15/05 7/15/05 7/15/05 100% Complete 

9 
Evaluate medium container 
systems. 6/1/05  6/1/05 100% Complete 

10 
Determine most suitable 
system. 6/7/05  6/7/05 100% Complete 

11 Commercialization. 6/30/05 7/15/05 7/15/05 100% Complete 

12 
Reporting and Project 
Management. 6/30/05 7/15/05 7/15/05 100% Complete 
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Appendix B 

Final Spending Schedule 
 
 

 
  

Final Spending Schedule Project Period: 09/30/04 to 07/15/05 

Task Approved Budget Final Project Expenditures 

Task 1: Specify properties for growth 
medium.  $3,600 

 
$5,400 

Task 2: Identify polymers for growth 
medium.  $4,200 $16,750 
Task 3: Obtain Polymers for growth 
medium.  $1,800 $1,500 
Task 4: Specify properties for growth 
container.  $1,900 0 
Task 5: Design candidate growth 
containers.  $2,200 $1,600 
Task 6: Manufacture growth container 
systems.  $9,100 $19,580 
Task 7: Assemble medium and 
containers. $5,200 $3,535 

Task 8: Conduct growth trials. $66,500 $68,137 
Task 9: Evaluate medium container 
systems. $20,000 $72,606 
Task 10: Determine most suitable 
system. $3,800 $15,600 

Task 11: Commercialization. $12,000 $58,150 
Task 12: Reporting and Project 
Management. $5,000 $34,906 

   

Total  $135,300 $297,764 
    

DOE Share  $50,000 $50,000 

Cost Share  $85,300 $247,764 
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Appendix C 

Final Cost Share Contributions 
 

 
 

Final Cost Share Contributions  

Approved Cost Share Final Contributions Funding Source 
Cash In-Kind Cash In-Kind 

Phenotype Screening 
Corporation    $24,100  $170,525 

Arborgen, LLC    $50,000  $39,289 
Industrial Analytics 

Corporation    $11,200  $37,950 

        

        

Total    $85,300  $247,764 
          

Cumulative Cost Share Contributions     $247,764 
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Appendix D 

Energy Savings Metrics 
 
Introduction: 
Our technology, “Plant Phenotype Characterization System” is an enabling technology.  
The purpose of our system is to enhance the ability of plant breeders and plant geneticists 
to study and understand the role of plant root systems in plant yield and plant stress 
tolerance.  These two areas are vitally important to DOE goals. 
 
The DOE and the USDA have issued a joint report on generating a billion tons of 
biomass as feedstock for bioenergy.6  This report demonstrated that the US has the 
potential (in available land) to generate that much biomass per year and still continue to 
meet food, feed and export demands.  A billion tons is the amount estimated as required 
to offset 30% of current petroleum consumption with biofuels by 2030, the goal set by 
the Biomass R&D Technical Advisory Committee (a panel established by the Congress 
to guide the future of federally funded biomass R&D.7) 
 
With existing plant yields and biomass recovery technologies the US is positioned today 
to produce only 194 million tons/yr of biomass from agriculture resources (from 455 
million acres (0.42 tons/acre)) and only 142 million tons/yr from forest resources (from 
749 million acres (0.18 tons/acre)).  Remember these numbers are for remaining biomass 
after food, feed, lumber, etc. needs are met.  These numbers together represent just 33% 
of the projected need.  Projecting what may happen in 25 years requires a lot of 
assumptions about technological, economical and cultural trends.  The singular 
assumption driving the achievement of 1 billion tons of biomass is the assumption of 
dramatic plant yield increases. 
 
Plant yield has two components: (i.) the inherent potential to produce a large plant with 
abundant grain and (ii.) the ability to withstand stress, such as drought, and still meet its 
potential.  (For example in the year 2000, the state of Tennessee experienced a lower than 
normal rainfall level.  That year the soybean yield in the state dropped 39 %.)  As a 
research tool our instrument is being used and will continue to be used to develop new 
varieties of corn and soybeans (crops important to DOE ethanol and biodiesel goals) 
which have greater biomass, greater grain abundance and greater tolerance to stressors 
(drought, disease, pests, fungi and weeds.)   
 
Even with the dramatic yield enhancements of agricultural crops assumed in the study the 
US cannot meet its goal of a billion tons/yr without the development of an entirely new 
category of biomass product: perennials.  Perennial crops, in this report, are crops 
dedicated primarily for bioenergy and biobased products and “will likely include a 
combination of grasses and woody crops.”  The present total sustainable biomass of 

                                                 
6 R.D. Perlack et. al, “Biomass as Feedstock for a Bioenergy and Bioproducts Industry: The Technical 
Feasibility of a Billion-Ton Annual Supply,” April 2005 
7 The Biomass Research and Development Act of 2000. 
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perennial crops is zero tons.  The projected total biomass from these crops is 368 million 
tons in 2030. What are these crops and where do they come from?   
 
The assumption is that 60 millions acres of land presently used elsewhere will be 
converted to these crops.  A further assumption is on “an intensive genetic selection and 
research program.”  Switchgrass, and Poplar and Willow trees are the often mentioned 
solution for these perennial crops.  These are fast growing crops with typical yields of 5 
tons per acre. Poplars are typically harvested on a ten year growth cycle (so called short-
rotation-woody-crops.) There are many potential impediments to their wide spread 
acceptance and use and most cost projections do not show economical crop deployment 
without price supports.  This further demands dramatic improvements in several tree 
properties: yield, perhaps shorter growth to harvest times, more hardiness to lower the 
risk of a ten year crop cycle, etc.  Biotechnology and genetic improvement are key 
assumptions in this report.  Once again our device is a key enabling technology for plant 
genetic improvement in traits important to DOE. 
 
As an enabling technology we can not deterministically calculate biofuel quantity 
improvements from our project.  Our technology enables scientific advances that 
accelerate bio fuels or bioproducts development.  We can look at biotechnology advances 
that have occurred recently for an indication of the magnitude of improvements that 
biotechnology could contribute to DOE energy goals if enabling technology was 
available to support such advances. 
 
In biotechnology circles, transgenetic traits are refered to as input traits, output traits or 
value-added traits.  This nomenclature is from the growers’ perspective.  When growing a 
product some inputs are needed (water, fertilizer, herbicides, insecticides, fungacides, 
etc) and some output expected (fruit, stalks, leaves, oils, roots, etc.).  The output products 
have attributes (flavor, smell, size, shelf life, BTUs, etc.)  These attributes are considered 
value-added traits.  Transgenic traits which reduce the need for inputs are called input 
traits.  Traits which increase the outputs are called output traits.  Value-added traits 
enhance the output attributes. 
 
The most successful agricultural biotechnology products to date have been those with 
input traits.  Specifically transgenic plants which require less insecticide or less herbicide.  
The global acceptance of these products are indicated by Figure 498.  The total number of 
hectares for all three traits equals 67.7 million and is approximately 25% of the global 
area of all principal crops, 272 million hectares. 
 
In the US ( CY 2003), transgenic crops represent 55% of available area.  This 
corresponds to 43M hectares.  The energy savings from the adoption of transgenic crops 
in the US comes from two primary sources.  The reduction in the energy required to 
produce the now displaced herbicides and insecticides.  The reduction in the energy 
required to transport, apply and distribute the herbicides and insecticides. Calculations of 
the annual energy savings from transgenic crop use in the US is given in Table 3.1 below. 
                                                 
8 “Global Status of Commercialized Transgenic Crops: 2003”, International Service for the Acquisition of 
Agri-biotech Applications.  ISAAA Briefs No. 30, 2003. 
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Figure 49.  Transgenic Crops 

 
From the table the effect of input trait trangenic crops on US energy consuption has been 
an energy reduction of 0.0866 Quads.  The total energy usage of agriculture in the US is 
estimated at 1.0 Quad.  Therefore input trait transgenic crops have had a net annual 
energy consumption reduction of nearly 9% of agriculture energy use in the US.  These 
figures do not take into account that these transgenic plants have increased crop yield by 
4 billion pounds9.   

Table 3. Energy Savings from Existing Transgenic Crops 
Energy Savings 
Source 

Land Mass Involved Amount Estimated Energy 
Savings 

Displaced Herbicide 31.2 Mha 28.9 M lbs 0.0240 Quads 

Displaced Insecticide 7.7 Mha 38.0 M lbs 0.0023 Quads 

Displaced 
Herbicide/Insecticide 

3.6 Mha 17.8 M lbs 0.0150 Quads 

Transportation 
Displaced 

  0.014 Quads 

Field Application 
Displacement: Deisel 

42.8 Mha 24.3 M gallons 0.0032 Quads 

                                                 
9 Gianessi et al. 2002. Plant Biotechnology: Current and Potential Impact for Improving Pest 
Management in U. S. Agriculture. 
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Fuel Savings 

Reduced Tillage Fuel 
Savings 

34.8 Mha 216 M gallons10 0.0281 Quads 

Total Estimated 
Savings 

  0.0866 Quads or 

86.6 X 109 BTUs 

Assumed values used in calculations: 

0.567 gallons/hectare fuel consumption  130,000 BTU/gallon diesel fuel energy content 

0.926 lbs/hectare herbicide use   840,000 BTU/hectare herbicide energy content11

4.94 pounds/ hectare insecticide use  60,000 BTU/hectare insecticide energy content 
    

Our project will primarily enable output trait and value-added trait transgenic products.  
These products are more complicated to develop as they involved mutiple metobolic 
pathways.  Instrumentation which allows for gene function identification, such as ours, 
will accelerate their development.  Typical DOE energy related desired traits will include 
increase biomass yield per acre, increase BTU content per pound of product, and lower 
energy processing cost per pound of product.  Figure 50 shows how this acceleration will 
directly impact DOE EERE Biomass Program goals. 

 

 
Figure 50. Quad Savings from Accelerating Development of Biomass Capabilities 
 
 
                                                 
10 Fawcett et al. 2003, “Conservation Tillage and Plant Biotechnology: How New Technologies Can 
Improve the Environment By Reducing the Need to Plow,” Conservation Technology Information Center, 
Purdue University. 
11 Pimental, “Ethanol Fuels: Energy Balance, Economics and Environmental Impacts are Negative,” 
National Resources Research, Vol. 12, No.2, June 2003 
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