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INTERSECT unites Al and automation to revolutionize scientific discovery.
Credit: Laddy Fields/ORNL, U.S. Dept. of Energy

Creating the lab of the future

In an autonomous chemistry laboratory on Oak Ridge National Laboratory’s main campus, a mobile
robot shuttles between workstations, most of which have their own robots.

Guided by advanced artificial intelligence, the equipment — much of it custom-built — grabs
chemicals and mixes them together. Sometimes it heats the mixtures in a furnace; at other times,
it runs them through high-speed mixers. In either case, the new products are then sent to separate
instruments for analysis.

Along the way, computers automatically collect
all the information created in the process —
information on what worked as well as what
didn't — which will be used to accelerate
scientific understanding and to improve Al
models.

A quarter mile across ORNLs main campus, a
state-of-the-art electron microscope examines
a tiny sliver of an ultrathin material such as
graphene. Because the microscope is highly
susceptible both to vibrations and to electric
and magnetic fields, the Al-enabled computers
that control it are located in a separate building.

Control algorithms tell the microscope to capture images of the 3-millimeter disk — about the
width of two stacked pennies — and then zoom in on one or more areas that promise to yield useful
information. These close-up images reveal intricate lattices of individual atoms, providing insight
into the structure of the material, including atomic bonding and surface defects.




As with the autonomous chemistry lab, the computers collect and analyze a rising mountain of
data while helping to manage the hundreds of gigabytes collected each day.

About 20 miles down the road at the lab’'s Manufacturing Demonstration Facility, high-powered
computers use simulation to control a 3D printer producing metal parts.

As the partis printed, infrared cameras and thermocouples autonomously monitor the surface to
check if each point heats and cools as expected. These observations are fed into simulations run
on ORNLUs Open Research Cloud, which can revise the print instructions on the fly to ensure that
the part has the right combination of strength and other properties while being free of stresses
that might spell trouble in the future.

To more closely examine any stresses that do form, an additive manufacturing printer is taken

to the Spallation Neutron Source — back at the main ORNL campus — and loaded directly into a
beam line, where it is bombarded with neutrons while printing a 3D part. This allows researchers to
look deep inside the part during the print job to see stresses at the atomic level as they form.

Networking + Al + unique capabilities = groundbreaking research

These autonomous laboratory projects and others across ORNL are connected to form the lab's
Interconnected Science Ecosystem — a labwide initiative launched in 2022 that aims to reimagine
the way scientific research is performed.

The initiative, commonly referred to as INTERSECT, has two primary goals.




The firstis to use Al, robotics, computer simulation, the
lab’s networking expertise and other high-tech tools

to reduce the time it takes to conduct research, taking
experiments that typically take days or even years and
completing them in minutes.

The second, more ambitious goal is to use these tools
to deliver scientific breakthroughs that would be
unachievable in traditional research settings.

“The vision of INTERSECT is to create a network of
autonomous, self-driving smart laboratories that enable
new multidomain scientific research,” said Ben Mintz, one
of the initiative's two co-directors.

Along the way, INTERSECT is streamlining the process of
doing science by automating repetitive tasks and creating
a standard set of software tools that can be used and
adapted for seemingly dissimilar research endeavors.

If it's real, it's reproducible

On a practical level, the new processes are making the day-to-day business of conducting
research both less tedious and more dependable.




For a working researcher, it's not enough to do
an experiment and get a result. You need to
be able to repeat it and get the same result. In
the words of INTERSECT's other director, Rob
Moore, “If it's real, it's reproducible.”

"Because of that, we end up doing a lot of
things over and over and over again,” Moore
said. "We'll run experiments with slightly
different parameters to figure out what's real
and what's not. We'll run theoretical calculations
with slightly different parameters to see what's
reliable and what's not.”

The repetition is critical, but it can also be mind-
numbingly dull. It's also a process that hasn't
changed for many decades.

“Chemistry labs haven't gone through much of a revolution,” said Sheng Dai, who leads the
autonomous chemistry lab. “Current labs are the same to some extent as we had 40 years ago. Our
overarching goal is to develop a more smart lab.

“There's a lot of advantage to doing this. Number one, we can do an experiment very safely; there's
no human error. And number two, the experiment can be done efficiently, because the robots can
work 24/7 — and in the dark.”

These projects have more in common than you think

INTERSECT has shown that automation, Al and interoperability can supercharge the full gamut of
scientific research. Other INTERSECT projects include the following:



Improving the hit-or-miss process of creating quantum materials

If you sandwich the right materials together under the right conditions, the place where they meet
becomes a powerful quantum device.

The challenge, of course, is in finding the right materials and the right conditions, a genuine
needle-and-haystack endeavor. Theory promises great advances with the right sandwich — known
as a quantum heterostructure — but the process of finding the right recipe can be daunting.

“So far, we have never constructed a single perfect quantum heterostructure in the way that
we had imagined we should,” said Ganesh Panchapakesan, lead researcher for the INTERSECT
quantum materials project.

Panchapakesan and colleagues are incorporating INTERSECT's networking tools with state-of-
the-art computer simulation and materials synthesis to speed and improve the process.

“There is a wealth of knowledge over years that is captured in how accurately we can simulate
properties of materials and their formation,” he said. “"Harnessing this knowledge should help us
achieve truly autonomous synthesis.”

Before they grow a new material, the researchers use ORNLs Frontier supercomputer to run
simulations that create what are known as digital twins of the growth process while capturing
signatures of this process in experimental measurements.

Using advanced automated workflows as well as Al and machine learning algorithms, the digital
twins identify potential candidates for new heterostructures and discover the right conditions
for making them using simulations of the growth process. The goal is to reduce the number of
relatively slow and expensive physical experiments needed to create a new material by 80% or
more, greatly reducing the time and cost of realizing new quantum heterostructures.




Supercharging precision chemistry

Not all chemistry is performed in flasks and
bowls; some is performed in columns and tubes.

ORNL researchers are using this approach,
known as continuous flow chemistry, to
automate with astonishing precision the
discovery and production of chemicals. These
reactors are coupled with online spectrometers
and robotic sample-handling systems to
program the sequence and composition of
chemical reactions and separations.

The flow chemistry lab’s Al-controlled system relies on computers located in the lab, as well as on a
cloud server and supercomputers located at the Oak Ridge Leadership Computing Facility.

The setup is being used, among other things, to discover new monomers, small molecules that are
combined in a process called copolymerization to produce polymers, more complex compounds
that are used in products ranging from clothing to paint to bulletproof vests.

By tightly controlling this process, the lab is able to create products with a level of control that is
unavailable in traditional chemistry labs.




“We can get very strong or high-performance properties by controlling the sequence and the
gradient of copolymerization,” explained Rigoberto Advincula, the project’s principal investigator.
"You cannot do this easily by just mixing them or doing them in a batch.”

Advincula noted that the lab can easily be turned into a small production facility. It can also be used
to automate formulation development or isotope separation and enrichment.

“If a machine is both an optimizer and a manufacturer,” he said, “then in one setup we basically

have a factory in the laboratory that can produce products as long as we continually feed reactants
to the beast.”

Preparing for tomorrow’s electric grid

America'’s electric grid — much of it over 50 years old — is going through serious changes.
Besides being modernized to make it more reliable and secure, it is incorporating more sources
of electricity than ever — including advanced nuclear reactors — and responding to new demands
from power-hungry technologies such as data centers and electric vehicles.

With modernization comes new equipment. ORNL researchers have created a grid simulation that
uses Al and machine learning to reliably test this new equipment under realistic conditions before
putting it into service.

"What happens typically in R&D is that equipment is tested in the laboratory, but when it is
evaluated in the field it may face reliability challenges, as evidenced in multiple recent events,” said
Suman Debnath, who leads the project. “We're trying to bridge that gap.”

The system uses simulation along with Al and machine learning to emulate real-world conditions in
a closed loop. When the equipment makes a decision, the Al-enhanced system simulates the grid’s
reaction and updates conditions presented to the equipment.

“"We're trying to bridge the gap between evaluating new equipment in a laboratory and evaluating it
in the field,” Debnath said.



Bringing environmental research into the future

Like other scientific endeavors, plant and ecology researchers collect a mountain of data — on
soil temperature and moisture levels, concentrations of elements in air and water, the presence
of microbes in the soil, the list goes on. To date, such data has been collected by hand, a labor-
intensive process.

ORNL researchers are working with INTERSECT to bring Al and automation to projects ranging
from creating efficient biofuel crops to analyzing and anticipating the health of large ecosystems.

“What we're looking for is to automate our processes,” said project lead Melanie Mayes, “to make
this much more efficient, but also much more intensive and effective.”

By automating data collection, the project will TR [T
save on human labor and, more importantly, ‘ T i s
create a constant flow of data. It will also =
incorporate data at different scales, from the
laboratory to the greenhouse to the field. And
finally, Al controls will make the systems smart,
able to respond immediately to changing
conditions.

"We would like to achieve smart and
autonomous experimental steering, where an
Al agent basically says, 'Hey, there's something
weird going on over here in this corner of the
field. You should really collect more data over
there”




It's all about the data

A common thread throughout INTERSECT's projects is their reliance on Al, sophisticated
modeling, advanced experimental capabilities and a thorough understanding of the ever-growing
generation of data. This increasing volume of data necessitates the development and integration
of state-of-the-art tools.

“"Microscopy has had a data revolution in the past few years,” said Debangshu Mukherjee, who
leads the electron microscopy project, “and one of the major reasons it got revolutionized was the
introduction of a new generation of detectors.”

As a result, the amount of data collected by these
instruments has exploded. The size of a single
image, Mukherjee said, has grown by three orders
of magnitude, ballooning from 4 megabytes to 4
gigabytes, and the output of one day’s work can
reach 400 gigabytes.

“"The way we used to collect our datasets,” he said,
“was a microscopist would prepare the samples,
insert the samples inside the microscope, sit on

the microscope, collect as much data as they can,
then insert flash drives, take out the data, go to their
laptop and then start analyzing the data.




“That does not work for advanced experiments that generate so much data. We need to be
processing data in real time.”

That mountain of data is useful not only for analyzing the project at hand; it is also used to train and
improve Al models.

“Traditionally, when people do research and things don't work, that information often gets lost

or is not considered useful for publication,” said Craig Bridges, who works with the autonomous
chemistry lab. “But in this research, we try and capture all the information. We care about getting
good data under reproducible conditions, not just trying to get the best samples.”

These projects often also make liberal use of computer simulations to guide experiments. The
additive manufacturing project uses fast simulations connected to its high-tech temperature
sensors to anticipate and adapt to issues that arise as it prints a metal part.

This approach is indispensable, as additive manufacturing leaves literally no time to stop and
think. Every moment lost is a moment when the part is cooling in unwanted ways, threatening the
integrity of the structure.

“We can run a bunch of simulations and ask, ‘What if we pause in the middle of the layer? What
if we start on the left side instead of the right side for the next layer?”” said Stephen DeWitt, the
project’s lead.

“We run through all these what-if scenarios, and then we see which one we expect to get us back
on track. That's the instruction that we send to the printer.”




Integrating Laboratories and Projects
Digitally connecting geographically distributed projects while ensuring interoperability across
science domains has been a mammoth undertaking. INTERSECT includes three cross-cutting
teams, focusing on software, architecture and integration.

For instance, connecting disparate experimental instruments and computational resources has
proven complex, especially since scientific instruments are rarely designed for interoperability.

“At some point, you have to enter each lab and make physical connections,” Mintz said.
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Equally essential is developing reusable software across projects, even those that initially seem
unrelated.

"What's neat is, codes that were used to steer the electron microscope are the same codes that
they're using to steer the neutron beam,” Moore said. “We want to develop this ecosystem where
a lot of these micro services are interoperable, so you can take codes and methods applied in one
domain and use them in another domain seamlessly.

“This is the power of the ecosystem approach, and we are already starting to see a lot of the fruits
of that effort.”

Ultimately, INTERSECT provides researchers with an extensive library of software, enabling
customization and efficiency while connecting their instruments and tools.

“We provide a library — the software development kit,” said Marshall McDonnell, lead INTERSECT

software engineer at the lab. "Researchers can use this on their own to create services to connect
their instruments or their software or Al/ML [artificial intelligence and machine learning] tools into
the INTERSECT ecosystem.”




What will the future look like?

So what will labs of the future look like? The possibilities are manifold, according to Mintz.

Some may evolve into distributed user facilities, empowering remote research institutions to take
advantage of ORNLSs research capabilities. Others may expand to incorporate production facilities
that both discover new materials and turn them into devices for a variety of applications such as
quantum computing, guantum sensing and microelectronics.

And many, he said, could blur the boundaries between scientific disciplines, promoting
interdisciplinary collaborations to tackle emerging and urgent national research challenges.

“We're focused on transitioning to true multidomain science,” he said.

As INTERSECT progresses into its fourth year of a
seven-to-10-year vision. Mintz believes its first goal —
accelerating research — has been demonstrated.

"For example, in the INTERSECT continuous flow
chemistry project, we can create products within hours
compared to days — a measurable achievement,” he said.

The longer-term question is whether interconnected
autonomous labs yield unprecedented breakthroughs.

“INTERSECT is about forward-looking innovation. Can we
unlock new scientific possibilities?” Mintz said. “Proving
this potential is essential to gaining interdisciplinary buy-
in and advancing toward the interconnected future we
envision.”

To get there, Moore said, researchers will have to rethink
how they do business.

“In the end, we are trying to redefine how we do science. We have seen the rapid development of
artificial intelligence and machine learning tools, and we are already seeing how they change our
approach to science.

“To fully harness the power of these tools to improve efficiency and accelerate scientific

discovery, we have to rethink what a science laboratory should be and tailor it to make our
instruments and facilities, our data generators, ready for this new way of performing science.”
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