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Executive Summary

Poor nutrition is a primary driver of preventable illness and premature mortality in the United States. Diet-
related diseases, including obesity, type 2 diabetes, cardiovascular disease, and several cancers, account for the
majority of U.S. chronic disease burden, lead to reduced life expectancy, and contribute more than a trillion
dollars annually in health care costs and lost productivity. Despite decades of public health guidance and

the introduction of GLP-1 receptor agonist-based treatments, metabolic disease continues to rise in the

U.S. population.

This persistence reflects both biological complexity and the structure of the modern food environment. Much

of the U.S. diet is dominated by industrially engineered foods optimized for palatability, convenience, shelf
stability, scale, and cost, rather than for nutrient integrity or physiological regulation. These products are
designed to appeal across diverse populations while masking variability in metabolic response, creating a food
system that systematically decouples consumption from health outcomes. Within such an environment, the
challenge is complex; traditional population-level dietary recommendations do not account for the biological and
behavioral variability that shapes individual responses to food. Two people consuming the same meal may
exhibit vastly different glycemic, inflammatory, or metabolic trajectories due to differences in genetics,
microbiome composition, environment, disease state, and daily context.

The biological mechanisms that drive these divergent responses remain only partially understood. More than
139,000 food-derived metabolites remain unmapped or uncharacterized—part of the “nutrition dark matter”
that obscures causal pathways between diet and disease. Even where mechanisms are known, the United States
lacks the engineering systems needed to measure nutrient intake and degradation, predict individual physiolog-
ical responses, preserve bioactive compounds through processing and logistics, and deliver tailored interven-
tions. The translation of nutrition into population-level health improvement is now constrained less by biological
discovery than by engineering capability.

The NIH 2020-2030 Strategic Plan for Nutrition Research under-scores these persistent blind spots, including the

inability to measure dietary intake with precision, limited methods for characterizing nutrient bioavailability, and
inadequate infra-structure for integrating data from agricultural, behavioral, clinical, and environmental sources.
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The plan calls for next-generation technologies to support continuous physiological monitoring, multi-omics
integration, real-time analytics, and predictive models for tailored dietary interventions. However, the plan
provides no pathway for developing the engineering systems required to operationalize these aims, highlighting
a critical gap between scientific need and technological capability.

These limitations were also acknowledged in the proceedings from the 2021 NIH workshop. Precision Nutrition:
Research Gaps and Opportunities. The workshop report identified core technical barriers that impede progress,
including unreliable dietary assessment, limited biomarker availability, a lack of scalable sensing technologies,
insufficient understanding of individual variability, and the absence of real-time systems capable of linking
dietary intake to biological response. The proceedings emphasized the need for ingestible, wearable, and
ambient sensors; high-resolution analytical platforms; mechanistic modeling tools; and integrated data
systems—capabilities that fall squarely within the domain of engineering.

These U.S. government assessments point to a common conclusion: nutrition problems manifest biologically,
but they cannot be solved through biological research alone. Precision nutrition requires engineering systems
that can measure nutrients and metabolic responses in real time; model interactions among food, physiology,
and environmental factors; preserve and deliver bioactive compounds with pharmaceutical-grade consistency;
maintain scale of production and palatability, and ensure nutrient quality and affordability from production to
consumption. This report focuses on the engineering research advances required to close these gaps. It does
not address the emotional, cultural, or societal drivers of food choice, which are also critical determinants of
dietary behavior.

Food Processing for Nutritional Sufficiency

Public discourse around food quality increasingly
emphasizes the concept of whole foods or

Real Food. Specifically, the U.S. government
recently defined Real Food as foods that are whole
or minimally processed, recognizable as food, and
prepared without added sugars, industrial oils,
artificial flavors, or preservatives. This framing
recognizes clinical concerns about dietary quality
and the nutritional consequences of food
environments dominated by calorie-dense,
nutrient-poor products.

In human health terms, a key perspective is
whether a food is nutritionally sufficient; that is,
whether it reliably delivers essential nutrients and
bioactive compounds in forms that are stable, bio-
available, and aligned with human health needs.
Of note, appropriately engineered processing and
preservation technologies may be prerequisites
for delivering safe, affordable, and nutrient-dense
foods at scale.

This report reframes the discussion from process-
ing categories to nutritional performance. Engi-
neering innovation enables foods, whether mini-
mally processed or more technologically complex,
that have preserved nutrient integrity, limited
harmful degradation, and that deliver verifiable
nutritional value across production, storage, and
consumption. Precision nutrition extends

the principles underlying calls for Real Food

by providing the tools needed to ensure that
foods fulfill their intended nutritional function in
real-world conditions.

By focusing on nutritional sufficiency rather than
processing labels alone, engineering research can
bridge the gap between dietary guidance and
practical food-system implementation, making
health-supportive choices easier to deliver, verify,
and sustain at population scale.
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Definition of
Precision Nutrition

Absent these engineering capabilities, advances in nutritional
science will continue to compete against a food system optimized
for scale, convenience, and sensory appeal rather than health.

Without engineering interventions that operate across the same
sensory, logistical, and economic dimensions as today’s food
environment, the incidence of diet-related diseases will continue
to rise, and the United States will remain unable to translate
biological insights into population-level health improvements.

Precision nutrition is an approach
to developing comprehensive and
dynamic nutritional recommenda-
tions based on individual variables,
including genetics, microbiome,
metabolic profile, health status,
physical activity, dietary pattern,
and food environment, as well as
socioeconomic and psychosocial
characteristics.

Engineering food systems for precision nutrition represents

both a national necessity and a strategic opportunity. Advances in
sensing technologies, sustainable materials, robotics, Al-enabled
modeling, modular manufacturing, and secure data infrastructures
can redefine how foods are produced, processed, distributed,

and consumed. These innovations should enable food-as-medicine
platforms with validated bioactive effects, Al-enabled food
environments that personalize nutrition, smart packaging and
logistics systems that preserve nutrient quality, and circular bioeconomies that recover high-value nutrients
from waste streams. Together, these technologies will form the backbone of a responsive and measurable
nutrition ecosystem capable of improving health outcomes while strengthening U.S. competitiveness in the
emerging bioeconomy.

To identify the engineering priorities needed to advance precision nutrition, the Engineering Research Visioning
Alliance (ERVA) convened 43 experts from engineering, nutrition science, agriculture, artificial intelligence (Al),
materials science, public health, and industry at a two-day visioning event in August 2025. Participants defined
nine convergent engineering research priorities spanning food-as-medicine systems, Al-enabled food environ-
ments, advanced processing platforms, smart packaging, robotics and automation, resilient logistics, and circular
nutrient economies. Integrated analysis of these priorities reveals three cross-cutting themes that form the
enabling architecture for precision nutrition: sensors, devices, and embedded functionality; materials and
functional food systems; and data integration, security, and system coordination.

This report provides a framework for the national engineering research priorities needed to:
1. Translate biological insights into actionable engineering requirements;
2. Close measurement, modeling, and manufacturing gaps that impede precision nutrition;
3. Strengthen the resilience and sustainability of the U.S. food system; and
4. Advance public health by enabling targeted, personalized, and verifiable nutrition at scale.




Key Engineering Research Priorities for Precision Nutrition

Each of the engineering research priorities identified in this report defines a critical capability gap that currently
limits the translation of nutritional science into measurable health outcomes. Collectively, these priorities outline
the technological infrastructure required to support precision nutrition across the food system, from molecular
characterization and processing to delivery, preparation, logistics, and consumption. While individual priorities
focus on distinct technical domains, they are intentionally interdependent and enabled by shared advances in
sensing, materials, data integration, and system design. Together, they define a coherent engineering agenda
aimed at preserving nutrient integrity, enabling biological specificity, and supporting scalable, verifiable nutrition
interventions without prescribing dietary behavior or food choices.

Food-as-Medicine Approaches to Disease Prevention

1. Optimize nutrient bioavailability and active compound stability through processing innovations
that preserve biological function while maintaining safety, affordability, and scalability.

2. Engineer delivery systems that cross biological barriers, including structured food matrices and
formulation strategies that protect labile compounds and enable predictable nutrient uptake.

3. Develop food-as-medicine platforms with clinical-grade precision that support preventive, food-
based interventions through reproducible manufacturing, validated analytics, and standardized
quality controls.

Technologies (Tools, Processes, and Production Systems)

4. Build Al-enabled food environments that integrate sensing, computation, and automation to support
adaptive nutritional decision-making across production, preparation, and consumption contexts.

5. Advance processing platforms for personalized and distributed production, including modular
and tunable systems that enable nutrient-dense food production tailored to individuals or defined
populations.

6. Engineer smart packaging and shelf-life systems that preserve verified nutrient integrity, enable
real-time monitoring, and incorporate sustainable materials.

7. Develop circular economy technologies that recover, verify, and repurpose nutrients from agricultural
and food-system waste streams into reliable inputs for upstream processing and formulation.

Nutrition Insecurity & Increasing Local Foods

8. Advance robotics and automation for nutrient-centric production and harvest, prioritizing nutrient
composition and quality across diverse agricultural and controlled-environment settings.

9. Engineer resilient logistics and storage systems that preserve nutrient function, reduce losses, and
ensure reliable access from production to consumption across communities.
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Cross-Cutting Themes Enabling
the Key Engineering Research Priorities

Across the engineering research priorities, three foundational capabilities emerge as cross-cutting enablers
that support precision nutrition at scale. These themes span materials, devices, data, and systems integration
and provide the connective infrastructure that links individual engineering research priorities into a coherent
engineering agenda.

Sensors, Devices, and Embedded Functionality

Real-time sensing and responsive devices underpin precision nutrition across the food lifecycle, from
production and processing to preparation and consumption. This theme includes biosensors and analytical
instrumentation, as well as food preparation and finishing devices that monitor nutrient state and respond
to biological, chemical, and environmental conditions. Embedded sensing and actuation enable foods and
food systems to respond dynamically to biological, chemical, and environmental signals rather than relying
on static formulations or instructions.

Materials and Functional Food Systems

Advances in materials science are foundational to preserving nutrient integrity, enabling controlled
release, and maintaining food quality across diverse environments. This theme encompasses the functional
and food-safe materials used in processing, encapsulation, packaging, stabilization, and preparation
systems. Engineering research in this area will enable predictable interactions among nutrients, matrices,
and environments, supporting bioavailability, shelf-life extension, sustainability, and compatibility with
circular economy approaches.

Data Integration, Security, and System Coordination

Precision nutrition hinges on the development of interoperable data architectures that seamlessly
integrate diverse streams of information originating from multiple domains, such as agriculture, food
processing, sensing technologies, logistics, and health monitoring. Achieving this integration requires
sophisticated digital tools and frameworks, including digital twins that simulate real-world processes,
advanced Al and machine learning (ML) models that analyze complex datasets, and secure data
infrastructures designed with privacy-by-design principles. These technologies work in concert to enable
coordinated decision-making across different scales—from individual components to entire systems—
ensuring that data flows smoothly and securely between stakeholders. By leveraging these capabilities,
precision nutrition systems can deliver accurate nutrient verification, enable adaptive control mechanisms
that respond to changing conditions, and maintain traceability throughout the supply chain, thereby
fostering trust among consumers, producers, and regulators alike.

These foundational, cross-cutting themes serve as the essential engineering substrate for the widespread
implementation of precision nutrition. They facilitate the translation of data and insights from the molecular
level, through individual meals, and ultimately to a comprehensive national precision nutrition infrastructure.
This layered approach not only supports personalized dietary recommendations but also strengthens
institutional and supply chain resilience, ensuring that nutrition interventions are both scientifically grounded
and operationally feasible at scale. As precision nutrition systems continue to evolve and expand, the integration
of these data-driven frameworks will be critical to unlocking their full potential in improving health outcomes
and food system sustainability.
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Taking Action

The impact of poor nutrition on health, and the associated societal costs in morbidity, mortality, and related eco-
nomic burden, make this a pivotal moment for precision nutrition. Rates of diet-related chronic disease continue
to rise across the United States, food and supply-chain vulnerabilities persist, and the scientific and technological
infrastructure needed to support precision nutrition remains incomplete. These challenges underscore the need

for a clearer, more integrated engineering research agenda capable of translating biological insights into deploy-

able nutrition systems.

This report provides clarity by identifying the engineering research directions required to enable precision
nutrition at scale. Progress depends on addressing a set of interrelated system challenges: accurate measure-
ment and verification of nutrient state, preservation of bioactive function across processing and logistics,
integration of data across biological and physical domains, development of adaptive materials and devices, and
coordination of production, preparation, and distribution systems. Advancing precision nutrition will require con-
vergent engineering research that links these capabilities into interoperable platforms rather than treating them
as isolated technical problem:s.

Achieving such integration will depend on sustained attention to infrastructure-building research, including
pilot-scale processing and manufacturing platforms, food-as-medicine testbeds, nutrient-stability databases,
reference materials for bioactive validation, and shared modeling and sensing frameworks. These research
directions emphasize system performance, reproducibility, and scalability, key requirements for translating
laboratory innovation into real-world food environments.

Because precision nutrition is fundamentally a systems challenge, progress will also depend on close interaction
among engineering researchers, nutrition scientists, agricultural experts, materials scientists, data scientists,
and health researchers. New models of collaboration are needed to ensure that advances in sensing, materials,
Al, robotics, and manufacturing are aligned with biological understanding and practical deployment contexts.
Interdisciplinary teams and shared technical frameworks will be essential to avoid fragmentation and accelerate
learning across domains.

Finally, advancing precision nutrition requires engagement with the environments in which food is

produced, prepared, and consumed. Engineering research must be informed by diverse food systems, cultural
dietary patterns, and use contexts to ensure that emerging technologies are usable, relevant, and accessible.

By focusing on translational engineering challenges and system-level integration, the research directions outlined
in this report provide a foundation for precision nutrition to deliver measurable health benefits while strengthen-
ing the resilience and sustainability of the U.S. food system.
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