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Executive Summary 
Food manufacturing has invested heavily in automation and “Industry 4.0” 
tooling, yet many plants still struggle to convert capability into reliable 
output. The underlying constraint is execution: small losses at shift 
handovers, micro-stops, changeover slippage, and delayed checks 
aggregate into material capacity leakage.  

At the same time, operational fragility is being amplified by structural labor 
pressure (i.e., high vacancies and persistent churn), creating a widening 
gap between designed capacity and delivered capacity.  

This article argues that humanoid robots (defined here as human-grade 
systems that perform equivalent tasks without “superhuman” speed or 
strength) represent a new route to resilience: shifting plants from labor-
dependent continuity to asset-based continuity through tireless, consistent 
execution.  

The central thesis is not that humanoids replace conventional automation, 
but that they can absorb variability in human-built environments and 
human-scale workflows, reducing the operational penalties of staffing 
volatility and informal coordination. 

What “humanoids” change (and what they do not) 

A useful distinction is between human-light production and humanoid-
run production. Human-light factories already exist, typically achieved 
through highly engineered, task-specific automation and tightly controlled 
processes (e.g., FANUC’s robot factory; Philips’ automated production lines). 
Those examples demonstrate that “minimal human presence” is a viable 
destination when variability is engineered out. 

Humanoids matter because they aim to reach similar outcomes through a 
different mechanism: rather than encoding every motion into fixed 
machinery, they seek to manage variability with general-purpose 
mobility, manipulation, and perception in spaces designed for people.  
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In operational terms, this shifts the design problem from “build a new 
machine for each edge case” to “standardize work enough that a learning 
system can execute it safely and repeatedly.” 

Fewer hands on the floor, not “no humans” 

This article’s forward-looking factory vignette is intentionally ambitious – 
i.e., 24/7 operations, machine-speed quality sensing, and self-organizing 
responses to disruptions.  

However, it also makes a practical point: even in a highly automated steady 
state, humans remain essential for system design, goal setting, and 
strategic decisions (e.g., product changes, engineering governance), with 
day-to-day labor shifting toward supervision and expert intervention 
rather than repetitive execution.  

For executives, the most relevant implication is that the long-run operating 
model looks more like a plant with: 

• Fewer people on the floor, and, … 
• …more capability concentrated in oversight functions (quality 

governance, reliability engineering, food safety leadership, and fleet 
supervision).  

The “engineering spine” that we need for Humanoids 

Industrial adoption will be determined less by demos and more by whether 
humanoids become dependable industrial assets. We evaluate readiness 
around four engineering domains: 

• Energy efficiency 

• Continuous operation 

• On-board decision-making 

• Dexterity & precision 

These are not abstract R&D categories; they directly shape whether a robot 
can hold cadence under load, operate safely with people nearby, and 
manipulate real objects without quality risk. 
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Across the engineering spine, we envision a three-band evolution: 

• 2026–2030: controlled pilots become workable in structured settings, 
with “system discipline” (scheduling, motion planning, heat 
management) doing much of the heavy lifting.  

• 2030–2035: capability crosses into industrial adequacy, longer duty 
cycles, improved compute efficiency, and dexterity reaching a threshold 
that supports more consistent manipulation and early fenceless 
deployment in controlled environments.  

• 2035–2040: industrialization and scale optimization (endurance without 
weight penalties, standardized on-device compute, serviceable 
robustness) drive broad deployment across diverse factory settings. 

Focus: Could the Humanoid readiness be achieved faster? 

We argue that the timeline can compress (potentially to ~6 years for broad adoption in the 
most scalable use cases) if three forces strengthen together: 

• Sustained capital intensity, 

• AI-native R&D compression, 

• …and spillover learning curves from adjacent tech stacks. 

Concrete mechanisms show high potential in that regard: AI reducing iteration & simulation 
times, Venture Capital pouring into Humanoid space like never before and fleet learning 
that distributes best behaviors across robots through software updates (rather than 
relearning on each site), reducing learning phases significantly. 

For executives, the key point is that the uncertainty is not whether progress happens, but 
how quickly “good enough at scale” arrives and whether manufacturers are 
organizationally ready when it does. 

Where the economics for humanoids work first 

Humanoid economic logic in food manufacturing is segmented. While labor 
pressure is widespread, value capture differs by plant archetype: 

• High-variability domains (e.g., artisan baking, specialty processing): 
margins erode through inconsistency and waste; humanoids create 
value via yield reclamation.  

• High-volume domains (e.g., bottling, CPG packaging): margins erode 
through interruption; humanoids create value via uptime optimization, 
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targeting the OEE gap between typical performance and world-class 
levels.  

We also study BakeCo (a hypothetical $100m annual revenue bakery), to 
illustrate why humanoids can generate multi-layer payback. In this case, 
through a humanoid transformation: 

• Waste reduction from a typical 12% toward 5% is very likely to 
reclaim $3.5m gross profit (via reduced giveaway and spillage).  

• Moving OEE from 65% to 80% creates a capacity window and allows 
volume uplift through the same footprint; the case frames this as 
enabling ~$20m incremental volume if demand exists.  

The broader takeaway is that the strongest cases are not “labor replacement 
only.” They are cases where humanoids convert fragility into throughput 
by reducing the small losses that constrain output. 

Focus: Total Cost of Ownership (TCO) of Humanoids 

Our TCO model is explicit: annualizing early-mass CAPEX and adding the operating burden 
yields an estimated $25,000–$46,000 per year fully burdened cost for a human-grade 
humanoid unit, built from annualized hardware (CAPEX) plus $15k–$30k OPEX.  

That is positioned against a $80,000+ fully burdened annual cost for a domestic food worker 
in the United States and framed as baseline margin-accretive once deployed, subject to the 
integration burden being managed. 

Two additional arguments tighten payback: 

• Labor multiplier: a consistent cadence across shifts can displace ~1.5 to 2.2 human 
equivalents in the model, reducing effective labor cost per unit of output.  

• Payback compression over maturity: even under high-burden conditions, payback 
is modelled at 18–22 months, accelerating to 7–10 months as autonomy and 
maintenance economics improve. 

How adoption will likely unfold: three transformation waves 

The operational adoption model is likely going to be wave-based, reflecting 
a ladder rather than a switch. 
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Wave 1 — Structured pilots, low exception work 

Humanoids start in tightly bound tasks where success can be measured and 
repeated: standard container moves, line-side staging, basic packing 
support, end-of-line logistics.  

Wave 2 — Scale-up across lines and shifts 

This begins when humanoids become part of the operating system, 
expanding into adjacent activities that are still rule-driven but more 
exception-prone (e.g., broader staging and preparation; warehouse 
operations).  

Wave 3 — High-care work, exceptions, sanitation, and maintenance 

Wave 3 is where humanoids move into the hardest work: judgement-heavy 
quality decisions, sanitation where “almost clean” is unacceptable, and 
reactive maintenance requiring diagnosis and safe tool use.  

The strategic implication is that Waves 1 and 2 are not just about early 
automation benefit; they are about building the process discipline, data 
integrity, and governance that make Wave 3 commercially feasible later. 

Readiness is the real differentiator: process, people, and technology 

A recurring theme is that robots do not fix weak operations; they amplify 
them. We therefore frame readiness for humanoids on three fronts: 

Process readiness and optimization 

Before scaling, firms should do basic industrial housekeeping: value stream 
mapping, cycle-time analysis, using Wave 1 pilots to refine process, and 
explicitly rebuilding any “implicit human checks” into the process design.  

People readiness 

The hardest risk is often social: if trust breaks, plants fail through friction and 
attrition. It is recommended to treat workforce transition as governance (clear 
rules, early role impact visibility, real pathways), anchored by a consistent 
compact that includes “no surprise layoffs tied directly to robotics 
deployment.” 
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Technology readiness and infrastructure 

The required backbone evolves predictably: from isolated pilot connectivity 
and basic logging to plant-wide connectivity and clean integration into the 
systems with fleet tools, to a Wave 3 orchestration layer where robots, 
equipment, and planning systems act on shared rules and data.  

What food manufacturers should do now 

Our “do now” guidance is practical: early adoption should be wave-based 
and self-funding, while building the backbone needed for scale. 

1. Build the physical and digital backbone in parallel with Wave 1. 

Key moves include synchronizing physical workflows, converting 
SOPs into structured machine-readable work packages, and designing 
event-level traceability for downtime, holds, sanitation, and 
changeovers.  

2. Monetize learning early. 

Waiting may reduce unit costs, but it does not remove integration work 
or build organizational muscle; therefore Wave 1 capital should target 
self-funding use cases where value is captured immediately (reclaimed 
capacity, reduced downtime, reduced waste, etc.).  

3. Protect upgrade optionality and govern scale with stage gates. 

Commercial structures should reduce lock-in (leasing / Robot-as-a-
Service, upgrade clauses) and expansion should be conditional on 
operational proof across shifts, exception rates, sanitation compliance, 
and traceability completeness.  

4. Redesign the operating model early. 

Wave 1 succeeds or fails on organizational coherence: end-to-end 
ownership for robot-enabled cells, a cross-functional governance 
mechanism with stop authority, and early seeding of new roles (robot 
reliability engineering, sanitation engineering for robotized cells, etc.).  
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1. Introduction 
While food factories have made massive investments, efficiency gains have 
largely stagnated. The bottleneck is not the technology; it is the 
execution. Even with world-class equipment and perfect recipes, plants 
often miss targets because of daily operational struggles. Capacity is lost in 
small increments: minutes wasted at shift changes, micro-stops awaiting 
attention, extended changeover cycles or delayed quality checks. When 
added together, these small interruptions create a huge loss in total output. 

This operational fragility is intensified by a widening labor crisis. As of early 
2024, broader manufacturing sector in the U.S. had roughly 622,000 open 
jobs [1]. This is not a temporary fluctuation but a structural shift. By 2033, 
the sector may need 3.8 million new workers, but nearly half, 1.9 million, 
could go unfilled [2]. To make matters worse, the workforce in manufacturing 
is aging, making the challenge of replacing retiring employees even harder. 

This shortage hits food processing especially hard because the work is 
physically demanding. Recent industry analysis indicates that food and 
beverage processing experiences the highest average turnover among 
manufacturing sub-sectors, reaching rates of 28% to 36% annually. This 
"revolving door" dynamic forces manufacturers to absorb continuous 
retraining costs that directly erode yield and schedule attainment. 

Humanoid robots enter this picture with a distinct value proposition: not 
faster machinery, but a different model of labor capacity. They represent 
a transition from a labor-dependent model to one defined by asset-based 
resilience, addressing gaps through tireless operation and consistent 
execution rather than speed.  

In this article, we define humanoids as human-grade robots that perform 
tasks equivalent to those of humans in food manufacturing settings, without 
superhuman attributes such as exceptional speed or strength. The analysis 
explores Humanoid readiness timelines and acceleration scenarios, an 
economic assessment, enhancements in efficiency, safety, and resilience 
in food operations, transformation waves, and what food manufacturers 
can do now to ensure early deployments. 
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2. Envisioning a Fully Humanoid-Run Food Factory 

2.1 A Vision of a Fully Humanoid-Run Food Factory 
Imagine a large-scale industrial bakery ten years in the future, humming 
along 24/7 with humanoid robots managing every step of production. 
From the moment raw ingredients arrive at the loading dock to the second 
boxed baked goods leave for distribution, no human hands touch the 
product. 

Ingredient sacks are unloaded by bipedal robotic laborers, which then 
transport and dispense flour, sugar, and other materials with precision. In the 
mixing area, a humanoid operator oversees automated mixers, ensuring 
each batch of dough meets exact specifications. These robots operate 
tirelessly around the clock, with only 5-minute breaks to change their 
batteries, dramatically increasing throughput and efficiency compared to 
today’s manual operations [3]. 

The absence of downtime means ovens and production lines can run 
continuously, significantly boosting output and reducing per-unit 
production costs. Moreover, robots don’t suffer from fatigue; there are no 
slowdowns at the end of a long shift, so productivity remains consistently 
high at all hours. 

The entire facility could even run “lights-out,” meaning no lighting or climate 
control is needed for human comfort, cutting energy overhead; only the 
machines and products require environmental control. This continuous, 
optimized operation delivers fresh baked goods faster and more cheaply 
than today. 

2.2 Quality, Safety, and Consistency at Machine Speed 
Quality and consistency in this future bake line are enhanced by the 
robots’ built-in AI and sensor systems. Humanoid robots follow recipes 
precisely, measure ingredients exactly, and perform each mix or fold of 
dough the same way every time. The variation in final product that naturally 
comes from human workers (who might mix a little longer / shorter or might 
make slight measurement errors) is gone. Every loaf, pastry, or cookie is 
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baked to perfection because machine vision cameras and smart sensors 
monitor each item in real time. For example, the moment a tray of cookies 
comes out of the oven, a humanoid robot uses an optical scanner (and even 
multimodal sensors such as optical, thermal, possibly chemical over time) to 
inspect them. The AI can detect if a batch is slightly overcooked or 
undersized and automatically adjust oven temperatures or ingredient ratios 
for the next batch to correct the issue. Such rapid feedback loops ensure 
uniform quality that surpasses human capability, much like how advanced AI 
vision systems today can inspect parts in seconds with 10x the efficiency 
and 5x the precision of human inspectors [4].  

Robots maintain meticulous control over mixing and portioning, reducing 
waste of ingredients. Spillage or variances that are common with human 
handling are nearly eliminated, as the humanoids dispense ingredients with 
calibrated accuracy down to the gram. This means the factory not only 
produces more and faster, but also with far less waste and rework than 
a traditional operation. 

Crucially, the effectiveness of this all-humanoid factory is not just in speed, 
but also in safety. Repetitive and injury-prone tasks like moving heavy 
trays, lifting ingredient bags, or cleaning hot equipment are handled entirely 
by robots, eliminating risks of workplace injuries. The bakery floor becomes 
a safer environment by design; not only for the robots, but also in the sense 
that there are no workers exposed to these accidents in the first place. 

2.3 Self-Organizing Operations and System Resilience 
Now, consider what happens when problems arise in this scenario. In a 
conventional factory today, if a dough mixer jams or an oven temperature 
drifts out of spec, workers might scramble to fix the issue, causing downtime. 
In the humanoid-run factory, the robots are equipped with a degree of self-
organizing intelligence. They constantly monitor the equipment and each 
other. 

The moment an anomaly is detected (say, a conveyor motor overheating 
or dough consistency reading outside the acceptable range), the system 
automatically flags it. Nearby humanoid robots immediately pivot to 
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address the problem: one robot might pause the production line and signal 
others to temporarily reroute dough to alternate mixers, while another 
fetches a tool and performs the jam clearance or component swap. This 
coordinated response happens in seconds, often without human 
instruction, because robots share a common digital knowledge base of 
tasks and troubleshooting procedures. In fact, researchers are already 
designing collaborative robotic systems where multiple robots autonomously 
divvy up complex tasks and even treat failure responses as just another task 
to be solved by the team [5]. 

In this futuristic bakery, if a mixer fails, the robots collectively decide on 
a solution: a maintenance humanoid is dispatched to repair the mixer 
(perhaps by 3D-printing a replacement part on the spot), while production is 
rerouted to other mixers in the interim. The robots effectively “self-heal” the 
production process, minimizing downtime. Thanks to predictive 
maintenance algorithms, they might have even anticipated the mixer issue 
hours before it happened, scheduling a repair during a natural lull so that an 
outright failure never occurs. 

Any unexpected challenge (a torn packaging film, a clogged ingredient 
hopper, etc.) is recognized and responded to by the robotic team in real time. 
Each incident and its resolution are then uploaded to the bakery’s 
cloud AI system so that all robots learn from it. The next time a similar issue 
occurs, the robots will resolve it even more efficiently, having refined their 
approach. This kind of resilience and adaptability means the factory can 
handle disturbances that would normally require stopping the line or calling 
in human technicians. 

2.4 The Human Role in a Humanoid-Run Factory 
Finally, one might ask: Are there any roles left for humans in this futuristic 
factory? The answer is that human involvement is dramatically reduced but 
not necessarily eliminated. 

In the day-to-day operation of this futuristic bake line, humans might play a 
supervisory and expert role. For instance, a single human operator could 
oversee multiple fully automated plants from a control center, intervening 



How Humanoids will Reshape the Food Manufacturing | 14  
 

only when high-level decisions or truly novel problems occur. Even then, the 
intervention could be through a computer interface or teleoperating a robot, 
rather than physical labor on the floor. Periodically, experts and engineers 
might visit the facility for scheduled maintenance that is too complex for 
the robots alone, or for auditing the processes for quality and safety 
compliance. But these visits are infrequent; perhaps the plant runs for 
days without any humans on the factory floor. 

It is important to note that humans will still be designing the system, 
setting goals, and handling strategic decisions for a humanoid-run 
factory. For example, if a new type of pastry is introduced, humans (food 
scientists, operation experts and engineers) might program the initial 
process or taste-test the results to fine-tune the recipe. Creative tasks like 
product development, factory layout optimization, or improvements to the 
robots themselves would likely remain human-led. 

2.5 Early Signals for Humanoids 
It is important to separate two ideas that are often conflated: advanced 
automation and humanoid-run operations. The former is already 
achievable today, but typically through highly engineered, task-specific 
automation rather than general-purpose robots. 

A frequently cited example is FANUC’s robot factory in Japan, which the 
company has described as operating for extended periods with minimal 
human presence. This outcome is achieved through conventional 
industrial robots, fixed automation, and tightly controlled processes, 
not humanoid platforms. Similarly, Philips has operated highly automated 
razor production lines where a large installed base of industrial robots is 
overseen by a small number of human operators focused on quality and 
supervision. In both cases, the mechanism is not humanoids, but bespoke 
automation designed around stable products and repeatable routines. 

The relevance of these precedents is not that humanoids are already running 
factories, but that human-light production is a proven destination when 
variability is engineered out of the system.  
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Humanoids matter because they offer a different route to similar 
outcomes. Instead of encoding every motion into fixed machinery, they aim 
to absorb variability through general-purpose mobility, manipulation, 
and perception in environments built for humans. 

Early evidence for the humanoid robot path is still at the pilot stage, but it is 
now tangible. Automotive manufacturers have publicly disclosed 
factory trials of humanoid robots for internal logistics and line-side 
support tasks. These deployments are narrow and supervised, but they 
point toward a model in which flexibility is delivered by software and 
learning, rather than by additional layers of hard automation.  
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3. Modern Humanoids: Capabilities and Development 
Trajectory  

3.1. Where We Stand: Current Capabilities and Challenges 

Humanoid robots are being built as general-purpose automation 
platforms: a single system, with a human-like body and AI, that can take on 
many different factory tasks by switching tools and updating software. They 
are designed for the human environment. They can move through 
doorways, work in tight spaces, and use existing tools and interfaces, 
reducing the need to rebuild factories around automation. As one industry 
CEO put it, humanoids are being designed “for the human 
environment…without requiring factories to be redesigned.” [6]. 

Figure 1 – Key components of a Humanoid Robot 

 

Figure 1 breaks a humanoid into a small set of core subsystems. Actuators 
and their drives (motors, gearboxes, and control electronics) generate 
motion in the legs, arms, and hands; their torque density and heat limits 
shape both strength and sustained output. On-board compute runs the 
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robot’s perception and control loops locally, turning sensor inputs into safe, 
real-time actions. Sensors (vision, motion sensing, and touch or force 
feedback) provide situational awareness and closed-loop manipulation. The 
battery (with power electronics and thermal management) supplies energy 
and keeps the system within safe temperature limits, balancing runtime 
against weight and packaging. Finally, end-effectors and tool interfaces 
translate general capability into task-specific work, from handling cases to 
manipulating delicate product. 

Figure 2 – Expectations from Humanoid Robots 

 

Figure 2 then makes the buyer’s standards clear: industry will only scale 
what behaves like a reliable operating asset. In practical terms, that means 
a humanoid must be productive over long duty cycles, accurate with 
delicate work, fast and safe in its decisions, and durable enough for 
daily industrial conditions. It also needs to remain compact and 
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lightweight for human-scale spaces, and economically viable once total 
cost of ownership is considered. In other words, the question is not whether 
a humanoid can do a task; it is whether it can do industrial work, 
repeatedly, at speed, and at cost. 

Those expectations translate into 4 very concrete engineering efforts that 
define near-term readiness in manufacturing: 

1. Energy efficiency determines whether the robot can deliver 
meaningful hours of work per duty cycle without constant charging or 
swaps. 

2. Continuous operation determines whether it can sustain output 
under load; without overheating, derating, or frequent stoppages. 

3. On-board decision-making determines whether it can sense, decide, 
and act safely in real time, even when connectivity is imperfect. 

4. Dexterity and precision determine whether it can manipulate real 
objects (often variable, fragile, or deformable) without damage or 
quality risk. 

The rest of Section 3.1 follows this logic. We use these four domains as the 
main engineering spine for understanding how humanoids move from pilots 
to scaled deployment.  

Energy Efficiency 

Energy efficiency is one of the main enablers that determine whether 
humanoid robots can move from pilots to routine factory work. Unlike 
fixed industrial automation, humanoids carry their energy on board while 
walking, balancing, manipulating loads, and running perception and control 
in real time. In practical terms, manufacturers will want duty cycles that fit 
the rhythm of operations, so robots can be scheduled predictably across 
shifts and lines. 

Early industrial pilots already point to two workable operating models. 
Apptronik’s Apollo, for example, targets multi-hour runtime and 
emphasizes hot-swappable battery packs as the practical route to high 
availability on the floor [7]. Agility’s Digit has been described with a 
“charging ratio” approach, with roughly 90 minutes of runtime and rapid 
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recharge, which implies shorter work windows supported by frequent 
charging cycles [8]. Different as these approaches are, they share a common 
implication: energy planning is becoming part of how humanoids are 
deployed, not an afterthought. 

Against this backdrop, there are three levers that can extend useful runtime: 
increasing battery mass, reducing power draw, and increasing pack 
specific energy density.  

1) Increasing battery mass 

Adding battery mass can extend runtime, but the trade-off is steep. A 
heavier robot needs more power to walk, balance, and lift safely. That 
extra load often forces larger actuators and more cooling, which adds 
even more weight. This can still make sense for some transport-focused 
tasks, but beyond a point it reduces mobility and increases safety risk in 
human-scale spaces. 

2) Reducing power draw (system efficiency) 

Runtime is not just a battery question; it is a full-system question. 
Actuators, locomotion control, perception, on-board compute, and even 
task selection determine the robot’s “energy metabolism.” That is why 
“more battery” alone rarely solves the industrial problem. Even a mid-
sized pack runs down quickly under sustained work. As an example, 
Tesla’s Optimus is widely reported to use a 2.3 kWh battery pack; at an 
average draw of 1 kW, that is roughly 2.3 hours before the pack is close 
to empty, simply based on energy budget [9]. In the near term, some of 
the best gains will come from mundane engineering: higher-efficiency 
actuators, better thermal paths, smarter motion planning and assigning 
energy-heavy work in planned bursts rather than continuously. The point 
is simple: better batteries help, but better “how the robot moves and 
works” often helps faster. 

3) Increasing pack specific energy density 

Energy density determines how much energy can be carried within limited 
mass and volume. Higher energy density means more runtime for the 
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same weight, or the same runtime with a lighter batter pack (and hence a 
lighter robot overall). Today, lithium-ion batteries achieve cell-level 
energy densities of ~200–260 Wh per kilogram, which translates into a 
humanoid battery mass of roughly 12 kg.  

To reach ~5 hours continuous operation target without increasing 
robot mass, pack level energy density must improve to ~420 Wh+ per 
kilogram, so double that of today. Industry roadmaps project system-
level energy densities approaching roughly 350 Wh per kilogram by 
around 2035 [10]. Assuming a humanoid battery mass of 12 kg, this 
would enable a pack size of roughly 4.2 kWh, supporting ~4 hours of 
heavy-duty operation. 

In a more optimistic scenario, solid-state batteries are expected to reach 
pack level energy densities of 450 to 600 Wh per kilogram around 2035 
[11]. At 600 Wh per kilogram, a 12-kg battery pack would store ~7.2 
kWh, enabling ~7 hours of operation under demanding workloads. 

Taken together, these three levers define the most credible route to longer, 
shift-like operation without turning the robot into a heavier, less mobile 
machine. In practice, the solution will be a mix, and the mix will evolve over 
time. 

• 2026–2030: Making today’s packs work smarter 

Most gains are likely to come from reducing power draw and improving 
how robots are scheduled and managed: higher-efficiency actuators, 
better thermal design, smarter motion planning, and assigning energy-
heavy work in planned bursts. Battery chemistry will improve 
incrementally, but the dominant wins will be system-level engineering and 
operational design. 

• 2030–2035: Premium endurance (i.e., better packs for high-duty) 

As energy-dense and fast-charge designs mature, early adoption is most 
likely in premium industrial deployments where uptime economics 
justify higher costs. The mix shifts toward pack improvements (better 
packaging efficiency and higher system-level energy density) alongside 
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continued efficiency work. Some deployments may also experiment with 
early solid-state or hybrid approaches, but reliability and cost will still limit 
broad rollout. 

• 2035–2040: Broader shift-like endurance 

If road mapped improvements materialize, pack-level energy density 
moves closer to the levels needed for 4–7 hours of demanding operation 
without major weight penalties. At that point, adoption becomes less 
about technical feasibility and more about cost, safety certification, and 
proven lifetime performance across many industries. Efficiency still 
matters, but battery improvements become a more meaningful share of 
the runtime gains. 

Continuous Operation 

By continuous operation, we refer to a humanoid system’s ability to sustain 
productive work for a minimum of 4–5 hours per duty cycle, with 
operational availability exceeding 85% under nominal industrial 
conditions. This requires that humanoids be capable of lifting and carrying 
loads comparable to those of a human worker, while still being light and agile 
enough to move safely, quickly, and efficiently. 

Today’s humanoids do not meet this standard. Heavy lifting is possible 
with higher-torque actuators, but that typically increases the robot’s mass 
and energy use and can reduce mobility. As a result, humanoids require 
high torque density actuators that deliver strong output at low weight. 
In practice, torque density is the torque output per unit mass of the actuator. 
With today’s actuator efficiencies, high torque density leads to heat 
buildup. When temperature approaches safe limits, the robot must reduce 
torque, slow down, or stop the joint to cool down. This allows short 
demonstrations of strength but prevents sustained all day operation in 
industrial settings. Several solution paths exist, each involving its own 
promising advancements and system level complexity. 
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1) Improving actuator efficiency to reduce heat generation 

As a reference point, internal combustion engines improved their 
efficiency by roughly 30% over the past 15 to 20 years. Similar step-by-
step gains in actuator efficiency would directly extend how long a 
humanoid can work before heat becomes a limit. Even modest 
improvements, for example sustained gains of roughly 2–7% per year, 
could translate into about 1.2x to 2.0x longer continuous work windows 
in the next 10 years. 

2) Actively cooling the actuators 

More active cooling can keep actuators within safe temperatures for 
longer. Approaches such as liquid cooling and heat-spreading designs 
are already common in high-performance electronics and industrial 
equipment. The trade-offs are straightforward: better cooling can reduce 
thermal slowdowns, but it adds weight, cost, and mechanical complexity. 

3) Slowing temperature rise through alternative materials 

Another route is to use materials that tolerate higher temperatures or 
move heat away more effectively. Progress here is being accelerated 
by simulation and AI-supported materials discovery, which can shorten 
the time needed to test and iterate new material and design options.  

The most likely path forward is therefore not one single breakthrough, but a 
layered solution stack: small efficiency gains that reduce heat at the source, 
smarter thermal designs that move heat away faster, and materials and 
architectures that tolerate higher temperatures without dropping 
performance. The mix evolves as technology matures.  
 
• 2026–2030: Make heat visible, yet manageable 

In the short term, we expect progress to come mainly from efficiency 
improvements: better actuator design, better thermal paths, and 
software that plans motion to avoid waste and peaks. Reliability work will 
focus on identifying hotspots early and redesigning them out, because 
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pilots are already showing where thermal constraints concentrate in real 
use. 

• 2030–2035: Active cooling becomes normal in high-duty joints 

As deployments move from pilots to sustained duty cycles, active 
cooling (liquid cooling concepts, heat spreading structures, and similar 
approaches) will be used more selectively but more routinely, 
especially in joints that see continuous high load. Recent research 
directions, including flexible and embedded microfluidic cooling methods, 
point toward more practical ways to pull heat out of compact systems 
without bulky add-ons. 

• 2035–2040: Better materials raise the ceiling 

Longer term, the goal is not just “cool better,” but “run hotter safely” 
through improved materials, insulation, and thermal design choices 
that increase tolerance and reduce derating. Materials discovery itself is 
also accelerating, with machine-learning-driven approaches increasingly 
used to shorten the iterate-and-test cycle. 

On-board Decision Making 

In a factory, “fast and reliable decision making” is mainly about reaction time 
and safety. A humanoid must process what it sees & feels and respond 
immediately: keeping balance, avoiding collisions, adjusting a grip, and 
stopping safely when something changes. If those decisions depend on a 
network connection, even small delays can lead to dropped product, 
equipment contact, or a safety incident. That is why industrial humanoids 
need a local, on-robot decision loop that stays safe and effective even 
when connectivity is limited.  

That local loop is enabled by On-board Compute, which acts as the robot’s 
“local brain”. As shown in Figure 3, the cloud still matters, but for different 
jobs: large-scale model training, simulation, fleet learning, and software 
updates. On-board compute is what closes the loop in the moment. It 
processes camera and force signals, runs perception and control, and 
executes actions where milliseconds matter. By processing data locally at 
the "edge”, the system ensures that the robot can operate reliably even 
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without proper connection. The practical constraint is that compute is not 
“free.” It competes with the rest of the robot for power and cooling, which ties 
directly back to energy efficiency and continuous operation requirements. 

Figure 3 – Distribution of tasks between Edge (On-board) & Cloud Compute 

 
The direction of travel is clear. New on-robot platforms are targeting much 
higher AI throughput in robot-sized power envelopes. NVIDIA’s Jetson Thor 
modules, for example, are positioned specifically for robotics with 40–130 W 
configurable power, alongside large memory capacity [12]. The broader 
trend is also favorable: across machine-learning accelerators, performance 
has continued to rise rapidly over time (though not always at the same pace), 
providing a foundation for more capable on-device autonomy. 

The limiting factor is often not whether the robot can run an AI model, but 
whether it can do so continuously, within a tight power budget, with 
predictable behavior and strong fail-safes. This is why progress must be 
synchronized across three practical dimensions: 

1) Compute capability 

Often expressed in tera floating-point operations per second 
(TFLOPS), this reflects the system’s raw computational throughput. High 
performance is critical for running neural networks that process high-
resolution sensor streams (cameras, tactile feedback) and combine them 
into a usable real-time view of the world. To run perception and decision 
logic in parallel at factory speeds, compute capability may need to 
increase by ~25–50x relative to today’s advanced AI chips [13]. Based on 
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the recent trajectory of compute platforms, we expect this level of 
TFLOPS performance to become available within the next 5 years. 

2) Compute efficiency and heat management 

As chips become more powerful, they typically consume more power and 
generate more heat, which can trigger thermal throttling and reduce 
sustained performance. Current state-of-the-art chips achieve around 16 
TFLOPS/W at peak performance. To support practical operating 
durations in a humanoid platform, compute efficiency (in TFLOPS/W) 
may need to improve by ~20–30x. This would enable higher processing 
capability while keeping on-board compute within a manageable share of 
the robot’s total energy budget. Based on recent development trends, it is 
reasonable to expect material progress over the next ~6–8 years. 

3) Memory bandwidth and data flow 

Faster processors only help if data can reach them fast enough. If memory 
bandwidth is too limited, the processor becomes under-utilized because 
it is waiting on inputs rather than computing. To reduce this bottleneck as 
models and sensor streams grow, memory bandwidth may need to 
increase from today’s level of roughly ~250 GB/s by around 4x. 

A realistic outlook is a stepped improvement, driven first by raw compute 
gains, then by efficiency and data movement, and finally by industrialization 
at scale. 

• 2026–2030: Compute capability becomes “good enough” 

The primary constraint eases on raw on-board compute throughput. 
This is the period where many robots can run the required perception and 
control stacks locally for structured workflows, with connectivity used 
mainly for monitoring, logging, and supervised updates. Compute 
capability bottleneck is no longer the limiting factor for many early 
industrial tasks. 

 

 



How Humanoids will Reshape the Food Manufacturing | 26  
 

• 2030–2035: Compute efficiency and memory bandwidth catch up 

As performance-per-watt improves and data can move through the 
system faster, robots can sustain heavier models and richer sensor 
streams without blowing the power budget or throttling on heat. In 
practical terms, this is where bandwidth and compute efficiency 
converge with capability, enabling longer periods of reliable local 
autonomy and better handling of variability and exceptions. 

• 2035–2040: Industrial scale drive mass adoption 

By this stage, the differentiator shifts from “can it run on-board?” to 
“can it run on-board efficiently, reliably, and at industrial scale.” 
Hardware becomes more standardized, supply chains mature, and cost 
per unit drops, making advanced on-robot compute a default feature 
rather than a premium configuration.  

Dexterity & Precision  

Dexterity refers to a humanoid robot’s ability to perform precise, adaptable 
object manipulation for tasks such as assembly or tool use in factories. Full 
factory humanoid deployment requires dexterity that can handle variable 
items safely and efficiently over long shifts, with consistent performance 
under industrial conditions. Current systems manage basic grasping in 
controlled settings and are progressing toward tighter integration of 
mechanical design, control, and sensory feedback for real-world use, 
requiring coordinated improvement across three core technology 
dimensions. 

For clarity, when we discuss sensory feedback in dexterity, we mean 
sensing that travels with the humanoid: tactile arrays in the fingers, 
force/torque sensing at the wrist, joint and motor feedback (proprioception), 
inertial sensing, and on-board vision. Fixed automation sensors on the line 
(PLC-connected checkweighers, vision stations, etc.) remain valuable 
(particularly for verification and traceability) but they are not the focus here, 
because they do not provide the continuous, local feedback the robot needs 
to manipulate objects safely and reliably in unstructured, human-built 
environments. 
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Today’s humanoid hands show steady progress, with multi-fingered 
designs and high-resolution tactile sensors capable of detecting very low 
forces and adjusting grip in real time. These capabilities enable handling 
of deformable or slippery objects, even with limited vision input. However, 
dexterity in unstructured manipulation remains below human levels, as 
mechanical complexity, sensing coverage, and control efficiency continue to 
constrain fully autonomous operation. Improving dexterity requires progress 
across three dimensions: 

1. Mechanical dexterity (DoF and actuation performance) 

Fine manipulation depends on a high number of independently actuated 
joints. Higher Degree of Freedom (DoF) means integrating compact 
motors within each finger, which introduces challenges in heat dissipation, 
power consumption, and durability; particularly over a full shift of 
continuous factory use. Actuator thermal limits force trade-offs between 
joint count and sustained performance. While current hands operate in 
the ~16–22 DoF range, further mechanical refinement and thermal 
management are needed to enable nuanced in-hand tasks typical in 
industrial settings. 

2. Tactile sensing resolution, coverage, and data bandwidth 

Translating mechanical capability into functional dexterity requires 
accurate and extensive sensory feedback. Dense tactile arrays on 
finger pads and palms can enable high-resolution normal force, shear 
force, and slip detection, often protected by compliant elastomer layers 
that resist dust, impact, and abrasive wear. These sensors allow nuanced 
grip adjustments and stable interaction with irregular objects, including in 
occluded conditions. However, coverage gaps, bandwidth constraints, 
and immature vibration and texture sensing still limit rapid recovery from 
complex slip events or in-hand reorientation, and current systems often 
pair tactile input with vision rather than using touch as the primary 
modality. 
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3. Control, data processing, and learning efficiency 

Even with good mechanics and sensory input, dexterity depends on how 
rapidly and robustly signals are converted into motion. High-dimensional 
tactile data and multi-modal inputs demand powerful on-board 
computation and efficient learning models. Improving model 
efficiency, generalization, and integration with low-latency control will be 
key to reducing reliance on human guidance and achieving consistent 
performance across variable tasks. 

Dexterity is expected to mature in stages, moving from constrained multi-
finger control to fully integrated sensing and actuation suitable for continuous 
factory use, and later to refinement and scaling once core capability 
requirements are met. 

• 2026–2030: Early industrial stabilization of dexterous hands 

Dexterity development focuses on stabilizing multi-fingered hands for 
early industrial use, with designs largely remaining below ~22 DoF due to 
actuator thermal constraints. Tactile sensing improves reliability and 
resolution at primary contact areas, supporting slip detection and basic 
force regulation in structured or semi-structured tasks. 

• 2030–2035: Dexterity reaches industrial adequacy 

Factory dexterity reaches the target level required for practical industrial 
operation through system-level convergence. Improved actuator heat 
management enables sustained operation with roughly 25–30 DoF, 
while tactile sensing expands toward near-full hand coverage using roll-
to-roll and screen-printed electronic skins with event-based signals for 
slip, vibration, texture events, and coarse temperature sensing. 
Combined with vision, these sensors enable semantic contact 
interpretation and adaptive force control sufficient for reliable 
manipulation and early fenceless deployment in controlled factory 
environments. 
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• 2035–2040: Scaling, efficiency, and robustness optimization 

Progress shifts from reaching capability thresholds to improving 
efficiency, cost, and robustness. Tactile skins integrate more durable 
thermal, shear, and vibration sensing with lower power and bandwidth, 
while actuators and control systems become more energy-efficient and 
easier to manufacture and service. These refinements enable broader 
deployment across diverse factory settings with longer duty cycles and 
more consistent performance. 

Figure 4 brings the story of Section 3.1 into one timeline. It consolidates 
the four capability domains that determine whether humanoids stay as pilots 
or become a scaled operating asset: energy efficiency, continuous 
operation, on-board decision making and dexterity & precision.  

Figure 4 – Likely maturity timeline for the “Engineering Spine” of 
Humanoids 
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In the 2026–2030 window, progress is largely about making today’s 
platforms workable in controlled settings. The biggest wins come from 
system-level efficiency and operating discipline (how work is scheduled, 
how motion is planned, and where power is wasted), alongside practical 
heat management that prevents performance drop-offs under load. At the 
same time, on-robot compute becomes “good enough” for many 
structured workflows, and early industrial versions of dexterous hands 
stabilize for repeatable, limited-scope tasks. 

In 2030–2035, the arc shifts from “can it do the task?” to “can it do it reliably 
for long duty cycles?” That is the period where better packs show up first in 
high-duty deployments, active cooling becomes more common in high-
load joints, and compute efficiency and memory bandwidth catch up so 
robots can run richer models for longer without blowing the power budget. 
Dexterity also crosses an important threshold: hands and sensing move 
toward industrial adequacy, supporting more consistent manipulation and 
controlled handling of variability. 

In 2035-2040, the emphasis becomes industrialization: longer endurance 
without major weight penalties, higher thermal tolerance through materials 
and design, and more standardized on-device compute at lower cost. In 
parallel, dexterity evolves from “capable enough” to efficient, robust, and 
serviceable at scale, which is what ultimately determines how broadly 
humanoids can be deployed across real factory variety, not just the best-
prepared lines. 

Taken together, Figure 4 should be read as a baseline maturity path, not 
a fixed prophecy. That sets up the natural question for the next section: what 
would need to be true to pull this timeline forward? 

3.2. Is an Accelerated Timeline Possible for Humanoids?  
A decade seems to be a reasonable forecast for humanoids in 
manufacturing. It assumes progress continues, but at a steady, incremental 
pace. The sharper question is whether the curve bends. We believe it can; 
potentially to around 6 years for broad adoption in the most scalable use 
cases, if three forces keep strengthening at the same time: capital intensity 
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and strategic validation, AI-native R&D, and spillover learning curves 
from adjacent technology stacks. 

Capital Intensity Increases Alongside Labor Scarcity 

Structural labor constraints raise the economic value of automation and 
justify larger, more sustained investment cycles. In the U.S., the Bureau of 
Labor Statistics (BLS) reported roughly 7.7 million job openings in 
October 2025, a signal that hiring conditions remain tight overall. For 
factories, the practical issue is not the headline number alone, but the 
operational reality that staffing can become a binding constraint: churn, 
absenteeism, and hard-to-fill shifts make output harder to guarantee. As that 
pressure persists, the ROI case for humanoids strengthens, especially for 
repetitive, labor-intensive work where labor availability and continuity are 
already limited throughput. In that environment, factories stop treating 
humanoids as innovation and start treating them as capacity insurance. 

In parallel, capital markets are increasingly underwriting the shift from 
prototypes to early commercial scaling. One market report cites 610 
robotics investment deals in China in the first nine months of 2025 totaling 
roughly $7 billion, implying a sharp 250% year-over-year increase [14]. At 
the company level, headline rounds reinforce the same signal: Figure AI has 
reported more than $1 billion in Series C commitments at a $39 billion 
post-money valuation, while Agility Robotics has been reported at roughly a 
$2.1 billion valuation in recent financing [15]. As shown in Figure 5, 2025 
looks like a step-change year for the category, with VC investment rising to 
$4.8 billion and combined enterprise value reaching $75.7 billion, roughly 
tripling versus 2024. 

Sustained capital inflows matter because they pull scarce engineering and 
manufacturing talent into the ecosystem and compress iteration cycles. 
Electric vehicles provide a useful analog for this dynamic: scale driven 
investment across the battery value chain contributed to large, sustained 
cost declines over time, reinforcing adoption economics and accelerating 
commercialization timelines.  
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Figure 5 – Global Venture Capital (VC) Investment and Global Combined 
Enterprise Value of Humanoid Robot startups 

 
Under an aggressive substitution scenario, humanoid systems could 
displace roughly 20% of the global workforce across manufacturing, 
agriculture and services. This is deliberately a gross “cost wedge” 
estimate: it excludes second-order effects (unemployment dynamics, 
demand responses, and regulatory or social constraints) to isolate the scale 
of direct labor-cost replacement. 

We sized the opportunity using sector-level employment (manufacturing, 
agriculture and services) across 100 countries, paired with country-
average compensation. The calculation proceeds in five steps: 

• Step 1: Set the unit economics. We assume a scaled, per-unit 
humanoid TCO of $27,000 per year. 

• Step 2: Convert headcount to humanoid demand. Each humanoid is 
assumed to cover two uninterrupted shifts, replacing two workers; we 
therefore divide employee headcount by two to estimate humanoid-
equivalent demand. 

• Step 3: Approximate the wage distribution. We use a simple proxy 
around the reported country average wage, setting the minimum at 40% 
of the average and treating wages as uniformly distributed within that 
range. 
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• Step 4: Compute the Replacement Rate. For each country, we estimate 
the share of workers whose annual cost exceeds $27,000 (given the 
implied wage range). This share is the Replacement Rate. 

• Step 5: Translate substitution into value. We multiply the Replacement 
Rate by the Differential TCO (the average annual cost advantage when 
two employees are replaced by one humanoid) to derive the estimated 
financial impact by country. 

Aggregating across countries, the implied annual gross cost differential 
is approximately $20–25 trillion. On today’s wage scale, this replacement 
condition is met in roughly 48% of the 100 countries in scope, with materially 
different replacement rates by country. Over time, the value pool expands 
further as wages rise in lower-income markets and the fully loaded cost of 
two-shift coverage increasingly clears the robot TCO threshold. In practical 
terms, once humanoids meet the operational thresholds required for safe, 
reliable deployment, the magnitude of the cost wedge alone is sufficient 
to pull trillion-dollar-scale capital into the sector and accelerate 
industrial-scale adoption. 

AI Compresses R&D Cycle Time  

Advances in AI are accelerating humanoid scale-up by shortening 
development cycles and reducing reliance on physical prototyping through 
simulation and faster iteration. 

On compute, Google DeepMind reports that AlphaChip can produce 
competitive chip floorplans in hours, a step that traditionally takes human 
teams weeks or months [16]. Moreover, fleet learning can allow robots to 
improve as a system rather than as isolated units. When large numbers of 
humanoids repeat the same task, the best-performing behaviors can be 
captured, validated, and then distributed across the fleet through software 
updates, reducing the need for slow trial-and-error on every individual robot. 
This shifts learning from physical repetition to centralized compute and 
simulation, where progress scales with data and testing rather than time on 
the factory floor. As a result, the compute required per robot declines, 
increasing the likelihood that human-level task capability in humanoids 
probably will be reached earlier than expected. 



How Humanoids will Reshape the Food Manufacturing | 34  
 

On energy storage, NVIDIA describes work with SES AI, where AI-
accelerated workflows reduce battery research timelines from decades to 
months by rapidly searching vast chemistry options. 

On actuators, COMPAct 2025 formalizes a workflow that computationally 
explores gearbox design parameters and automates parts of the CAD 
generation process, enabling faster “design exploration to build” cycles for 
actuators. That accelerates the improvements in torque density and thermal 
behavior. 

Taken together, these benchmarks suggest that AI can pull humanoid 
industrial readiness forward by compressing the iteration loops in 
compute design, battery advancement, actuator refinement, and 
manufacturing/deployment engineering. 

Leveraging Mature Tech Accelerates Humanoids 

Humanoids are assembled from component classes that have already 
been industrialized at scale, including batteries and power systems, 
motors and drives, thermal packaging, and sensing systems. As production 
scales, these complex hardware technologies become cheaper, more 
reliable, and better performing; not simply over time, but through cumulative 
manufacturing volume, operational learning, and design standardization.  

Battery and power-electronics technologies illustrate this dynamic 
clearly. As electric vehicles and consumer electronics matured, 
improvements in cell quality, battery-management systems, and thermal 
packaging reduced engineering risk and accelerated design convergence. 
Scaling production from thousands to millions of units also delivered step-
change performance gains, including higher energy density, longer cycle 
life, and sustained cost declines. These gains were reinforced by 
advances in power electronics: over the past two decades, inverter and 
converter efficiency in electric vehicles and renewable-energy systems 
improved from roughly 90% to above 97%, while components 
simultaneously shrank in size and cost. 

A similar learning curve is evident in industrial automation. Since the early 
2000s, industrial servo motors have delivered 2–3x gains in torque 
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density, enabling smaller, lighter actuators to deliver equivalent output while 
improving thermal stability and operational lifetime, while unit costs have 
declined with volume [17].   

In sensing, advances driven by drones have reduced the cost of cameras, 
Inertial Measurement Units (IMUs), and perception sensors by order of 
magnitude while improving resolution, latency, and robustness.  

As adjacent industries continue to scale, humanoid platforms inherit lower 
component costs, higher performance, and mature supply chains. This 
allows humanoid systems to converge faster toward industrial readiness 
than would be possible. 

As sustained investment, AI-compressed R&D cycles, and the pull of 
learning curves from parallel technology stacks reinforce one another, 
humanoids move decisively from early pilots toward dependable, 
economically rational production capacity. Under this trajectory, industrial-
scale adoption can credibly advance from a nominal 10-year horizon to a 
mid-decade timeframe, opening a realistic path to broad manufacturing 
integration sooner than previously assumed. 

Sections 3.1–3.3 describe what needs to be true for humanoids to work 
reliably on the factory floor. Section 4 asks a different question: under what 
conditions do they make economic sense, and which types of plants are 
likely to see payback first? 
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4. The Economics of Humanoids in Food 
Manufacturing  

4.1. Archetypes for Humanoids in Food Manufacturing  
While the labor crisis is universal, the value to be captured from humanoid 
integration bifurcates based on the operational archetype of the facility. 
A "one-size-fits-all" automation strategy fails because the root source of 
margin erosion differs between domain types. 

High-Variability Domains (e.g., Artisan Baking, Specialty Processing) 

• The Challenge: Margins are eroded by inconsistency. In sectors 
where waste rates often average 9.7% to 14.4% of production 
volume due to irregular inputs and manual handling, the primary loss 
driver is "giveaway" (overfilling to ensure compliance) and acute 
spillage [18]. 

• The Humanoid Value: In these environments, humanoids drive Yield 
Reclamation. Their primary ROI comes from stabilizing variable 
tasks (e.g., trimming, braiding, or filling) to theoretical precision, 
thereby reclaiming 3-5% of gross material costs. 

High-Volume Domains (e.g., Bottling, CPG Packaging) 

• The Challenge: Margins are eroded by interruption. Industry 
benchmarks indicate that average Overall Equipment Effectiveness 
(OEE) in food manufacturing hovers between 60% and 75%, with 
world-class operations reaching 85%. The gap is often driven by 
"human friction", i.e., micro-stops, shift changeovers, and slower 
reaction times to jams [19]. 

• The Humanoid Value: Here, the focus shifts to Uptime Optimization. 
By utilizing "steady-state" continuous operation strategies, 
humanoids can close the 15-point OEE gap, pushing asset 
utilization toward the theoretical maximum. 
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To make the economics concrete, we translate these value pools into a 
worked example. “BakeCo” is an illustrative case, but it shows how 
uptime, yield, and labor dynamics combine into an investment case. 

4.2. Benefit Case Study: BakeCo Bakery 
BakeCo Bakery (as described in Figure 6) serves as a practical illustration 
of humanoid economics in action, a fictional mid-sized U.S. commercial 
bakery generating $100 million in annual revenue from artisanal breads, 
pastries, and specialty items, a high-variability segment characterized by 
manual-intensive processes across five distinct production lines. 

Figure 6 – Key information regarding BakeCo, a hypothetical bakery to 
illustrate the economic benefits of Humanoid Robots 

 
Drawing from food industry benchmarks, reports on waste, official statistics, 
and our projects, BakeCo's baseline reflects typical high-variability 
challenges: inconsistent human performance leading to yield losses and 
waste, downtime from fatigue or shift changes, and escalating labor 
costs. Figure 7 illustrates BakeCo’s gross-profit waterfall, showing how raw 
materials, direct labor, energy, maintenance, and other overhead expenses 
erode the $100 million in annual revenue to a remaining gross profit of $25 
million. 

 

 



How Humanoids will Reshape the Food Manufacturing | 38  
 

Figure 7 – Components leading to Gross Profit for BakeCo 

 
Material Yield and Waste 
Raw material costs represent the single largest expense line in high-
variability food production, typically consuming 50% of revenue. It 
represents BakeCo’s largest expense at $50M annually. The current 12% 
waste ($6M) is bifurcated into two addressable categories: 

• Operational Waste (3%): Acute losses such as spillage, batch-
formula mismeasurements, and contamination. 

• The Yield Drain (4%): Chronic "Giveaway" caused by inconsistent 
portioning and over-processing to ensure compliance with minimum 
weight labels. 

By deploying humanoid units, BakeCo might reduce total waste to a 5% 
“unavoidable” steady state. This eliminates the "Giveaway" margin and 
minimizes acute spillage, reclaiming $3.5M in annual gross profit. 

OEE Optimization 
BakeCo’s current 65% OEE is a symptom of "Human Friction", the 
thousands of seconds lost daily when a machine is ready, but an operator is 
not. The transition to an 80% OEE steady-state is achieved by neutralizing 
the ~40% of OEE losses tied specifically to human variables: 

• Transition Lag: Humanoids utilize a Steady-State Cadence, 
performing sanitation and prep-work during active production cycles. 
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This might eliminate the 30-minute ramp-down/ramp-up periods typical 
of human shifts, reclaiming 45% of current availability losses. 

• Suppressing Performance Losses: Minor jams or misfeeds, which 
take humans minutes to notice and resolve, are corrected by 
humanoids in milliseconds via tactile sensor feedback before they 
trigger a line-stop. 

This 15-percentage point OEE surge enables BakeCo to achieve its baseline 
volume in 15-20% fewer machine hours. This compression triggers a dual 
benefit: 

• First, it yields $0.7M in secondary savings via reduced energy 
consumption and machine wear-and-tear.  

• Second, and more critically, it creates a 20% capacity window. If 
BakeCo utilizes this reclaimed time to meet existing market demand, it 
can push an incremental $20M in volume through the same facility 
footprint.  

Headcount Calculus 
BakeCo currently spends $10M annually on a 110-person workforce (100 
core operators plus 10 "floaters" for breaks/absenteeism) to cover two 
8-hour shifts. The humanoid deployment restructures the P&L through three 
compounding layers of headcount reduction: 

• The Availability Gap (1,600 vs. 1,900 Hours): A human operator 
provides ~1,600 effective production hours annually after deducting 
PTO, sick days, daily breaks and training. A humanoid unit delivers 
1,900 hours of high-performance availability per shift-slot. 

• Task Efficiency: Human task output is capped by fatigue and 
variability. On repetitive artisanal tasks (shaping, tray loading), humans 
average 85% efficiency. Humanoids maintain a 95–99% "High-
Cadence" output throughout the shift. This 10%+ performance delta 
means fewer units / hours are required to achieve the same output. 

• The Shift Multiplier (2.0x): While humans require separate crews for 
each shift, a humanoid unit covers both shifts seamlessly. Because 
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the robot does not require "floaters" to cover breaks or absenteeism, 
the fleet requirement reduces materially to the "Station Minimum" of 
~50 units.  

• At a base-case TCO of $46,000 per unit (inclusive of amortized 
CAPEX, energy, and software updates), BakeCo shrinks its labor-
related OPEX from $10M to $2-3M.  

The cumulative impact of these gains, $3.5M in yield and waste reclamation, 
$7-8M in direct labor arbitrage, and $7M in gross profit from $20M in revenue 
from expanded asset leverage, produces a total value shift of nearly $18M 
annually. BakeCo moves from a 5% net margin laggard to a high-
growth, 20%+ margin leader. The investment represents a full capital 
recovery within 9–12 months, framing the humanoid not as a localized 
automation project, but as a fundamental recalibration of the manufacturing 
cost curve. 

Strategic Intangibles  
Beyond the immediate P&L leverage, the integration of humanoid labor 
introduces a layer of operational plasticity that traditional workforce models 
cannot replicate. The most profound shift lies in the instantaneous 
elasticity of the workforce. In the current paradigm, scaling production up 
requires a recruiting lag of weeks or months, while scaling down necessitates 
the cultural and legal friction of layoffs. A humanoid fleet converts labor 
from a rigid liability into a liquid asset. Capacity can be modulated 
instantly to match demand surges without the administrative burden of hiring 
and ramped down just as fast without the morale-crushing or severance 
costs associated with workforce reduction. This agility extends to skill 
acquisition itself; the "learning curve" is effectively abolished. Whereas 
a human baker or butcher requires weeks of mentorship to achieve 
proficiency, a humanoid achieves mastery via a software update, 
allowing best practices to be propagated across the entire fleet in minutes 
rather than months. 

This transition also fundamentally decouples production from 
physiological and sociological constraints. The modern factory is heavily 
engineered to sustain human comfort, requiring climate control, break 
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rooms, and extensive Personal Protective Equipment (PPE) such as non-
slip shoes, sanitary gowning, and hairnets. Humanoid units are 
environmentally agnostic, operating with indifference in blast freezers or 
high-heat oven zones that would rapidly fatigue or injure a human worker. 
They require no special clothing, no breaks, and no environmental 
accommodation, allowing facility managers to reclaim square footage 
previously dedicated to human support infrastructure. By taking over these 
high-risk tasks, the facility not only reduces its Total Recordable Incident 
Rate (TRIR) but creates entirely new opportunities for process optimization 
that were previously impossible due to human safety limits. 

Finally, the digitization of the workforce eliminates the unpredictable 
variable of human dynamics. Management is liberated from the complex 
web of human resources volatility, there are no interpersonal conflicts, no 
distractions from workplace relationships, and no performance dips caused 
by morale or emotional variability. This "sociological neutrality" ensures 
that the production floor operates with the consistent, emotionless precision 
of a machine, yet with the adaptive dexterity of a human. The result is a 
production environment defined not by the management of people and their 
inevitable interpersonal friction, but by the pure, unadulterated execution of 
manufacturing logic. 

4.3. Total Cost of Ownership (TCO) of Humanoids 
A precise economic foundation requires distinguishing between generic 
automation and "Human-Grade" Humanoids (HGHs). It is worth noting 
that HGHs are defined as general-purpose humanoids capable of 
consistently executing 1,000+ unstructured tasks with 4-5 hours active-
duty cycle. 

This capability currently remains aspirational. Current pilots function in the 
"Prototype" regime, handling ~200 tasks with 2–3 hours endurance. 
Consequently, the Total Cost of Ownership (TCO) is currently elevated but is 
projected to cross the parity threshold against a U.S. food worker’s fully 
loaded cost ($80,000–$96,000) through volume-triggered deflation. 
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Volume-Driven Cost Compression by Phase 
The main “forcing function” is scale. As volumes increase, three things 
happen in parallel: supply chain maturation, component standardization, 
and casting physics. 

• Phase 1: Prototype (<10,000 units/year). Custom parts dominate. 
Low volumes lock in a “custom premium” across actuation, structure, 
and integration. 

• Phase 2: Early Mass (10k–250k units/year). Standardized 
subassemblies and casting processes begin to take over. Costs fall 
quickly as supply chains stabilize. 

• Phase 3: Mature (>1M units/year). Fixed-cost absorption and 
process optimization reduce unit costs further. At this point, variable 
costs become the main driver. 

CAPEX for a Humanoid Prototype Today 
In the prototype regime, the BOM can anchor around ~$90,000, but total 
prototype CAPEX often reaches $160,000+ once integration, engineering 
effort, and low-volume premiums are included. Figure 8 lays out the details 
of the BOM of a humanoid. 

The hardware premium is anchored in bespoke actuation, where 28-40 
custom-machined joints preclude the economies of casting, and amplified by 
structural markups and limited battery density that necessitate frequent 
physical swaps to maintain endurance.  

The critical value leak, accounting for 30-40% of the total cost, lies in the 
non-BOM integration layer. Without commoditized ASICs or mature 
open-source task libraries, costs surge due to proprietary compute 
overhead and bespoke software development. Furthermore, the absence 
of off-the-shelf IP65 platforms compels manufacturers to absorb asymmetric 
R&D and testing loads to validate reliability in unstructured environments. 
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Figure 8 – BOM Cost Breakdown Estimate for a Prototype Humanoid 

 
Scaling Inflections for CAPEX 
Scaling compress CAPEX from $160,000+ in Prototype to ~$50,000 in 
Mature phase, driven by volume-driven efficiencies. Figure 9 depicts the 
likely cost breakdown changes for Humanoids across development phases. 
On the BOM side: 

• Actuator/Structural costs drop by 70% through transition from 
bespoke machining to automotive-volume casting, reducing joint-wear 
taxes in high-DoF systems. 
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• Compute falls by 50-75% via shift from GPUs to ASICs, enabling 
inference at lower power. 

• Batteries/Sensors decline by 40-60% with density gains of 20% 
annually, extending endurance without markup. 

• Other minor parts reduce by 50-70% through optimized connectors 
and encoders. 

On the non-BOM side: 

• The R&D segment reduces significantly by 70%, as navigation 
stacks embed into native designs without custom overhead. 

• Software compresses by 40-60% as open-source frameworks 
standardize task libraries. 

Figure 9 – BOM & Non-BOM cost evolution for Humanoids by Phase 

 
The Annual Operating Burden (OPEX) 
A practical TCO model also needs to reflect OPEX beyond electricity and 
simple repairs. For HGHs, the operating burden is multi-layered: 
mechanical upkeep, supervision, software/task evolution, and risk 
management.  

Current data for the Early Mass deployment phase indicates an annual 
OPEX range of $15,000–$30,000, driven by four structural buckets: 
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• Maintenance & Hardware Preservation ($6,000–$12,000): The true 
OPEX driver is mechanical preservation. In high-cadence 
environments like the "BakeCo" line, continuous articulation exerts 
non-linear stress on actuators (specifically knees and hips). We model 
a steady-state maintenance tax of 10–15% of CAPEX annually. This 
covers preventative joint swaps and consumable wear-parts (grippers, 
pads). 

• The Oversight Premium ($5,000–$11,000): While the unit meets the 
"Human-Grade" standard for task execution, it lacks the tenure to 
handle edge cases without guidance and it will require a 1:5 to 1:10 
supervision ratio (vs. the mature 1:50 target), necessitating a 
significant allocation of human management cost. 

• Software & Skill Acquisition ($3,000–$6,000): Unlike static robotic 
arms, humanoids require continuous cognitive support. This cost 
is not for the "OS" but for Task Versatility. This covers: 

o Recurring fees for "over-the-air" training modules that expand 
the robot's task library (e.g., teaching the fleet a new packaging 
fold or sanitation protocol). 

o Cloud Inference: While edge processing handles movement, 
complex anomaly detection often pings cloud resources, 
incurring a usage-based compute fee. 

• Risk, Insurance & Oversight ($1,000–$2,000): As mobile agents 
working alongside humans, humanoids carry a unique risk profile. 
Premiums average 2–3% of the asset value. 

• The Energy Baseline (<$1,000): Contrary to the kilowatt-scale draw 
of traditional industrial arms, modern humanoids operate within a 
highly efficient envelope. Active consumption averages 0.5kW–1.0kW 
depending on payload intensity. Even accounting for battery charging 
inefficiencies and a 24-hour duty cycle (across a fleet), the daily energy 
cost per unit is negligible, typically <$2.00 per day in U.S. industrial 
markets, rendering the "caloric" cost effectively irrelevant compared to 
human wages. 
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TCO of Humanoids 
To translate this into a single TCO metric, we annualize CAPEX and add 
OPEX. 

• The Lifespan Denominator: The model assumes an industrial service 
life of 5–8 years aligning with standard depreciation schedules for 
high-precision manufacturing assets and industrial robots. 

• Annualized Capital: Amortizing the $80,000 Early Mass CAPEX over 
this horizon yields a fixed annual hardware expense of $10,000–
$16,000. This reflects the reality of current component premiums 
before the mature-phase collapse. 

• When combined with the OPEX baseline ($15,000–$30,000), the fully 
burdened cost of a human-grade unit settles at $25,000–$46,000 
per year. 

4.4. The Investment Case: Capital Recovery & Payback 
The financial argument for humanoid integration rests on the transition from 
volatile, inflation-prone Operating Expenses to predictable, 
amortizable Capital Expenditures.  

To evaluate the ROI, we must view the investment through the lens of the 
Industry Maturity as both acquisition costs and the annual burden 
compress over time.  

At the ‘Early Mass Production’ stage, humanoid systems are expected to 
operate at an all-in annual TCO of about $46,000 per unit. This should be 
interpreted as a forward-looking cost target rather than a current-state 
number: today, comparable pilot-stage economics are above $160,000 per 
unit, with costs decreasing as manufacturing scales. Even at that future cost 
level, the humanoid asset represents an immediate cost advantage of 
roughly 50% when compared with the $80,000+ fully burdened labor 
cost of a U.S. food-manufacturing worker, as shown in Figure 10. This 
baseline comparability ensures that even the earliest pilots are margin-
accretive from the point of deployment. 
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Figure 10 – Average Fully-Loaded Labor Cost Breakdown in the U.S. 

 
The capital recovery is accelerated by the "Labor Multiplier." Unlike human 
operators, a "Human-Grade" humanoid maintains a consistent cadence 
across multiple shifts without breaks or deceleration. By eliminating the need 
for "relief floaters" and enabling near-continuous throughput, a single unit 
effectively displaces 1.5 to 2.2 human equivalents. This multiplier 
effectively cuts the per-unit labor cost in half, significantly shortening the 
payback window. 

Even under high-CAPEX/high-burden conditions the labor arbitrage sustains 
an 18–22 month payback. As hardware commoditizes and the annual 
burden stabilizes with high autonomy and limited maintenance, the payback 
accelerates to 7–10 months. 

These numbers explain why interest in humanoids is rising, but they do not 
show how a plant gets from a spreadsheet to the shop floor. Section 5 turns 
from the economics to execution, outlining how deployment typically 
unfolds in waves and what firms must do to stay ready at each step. 
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5. Humanoid Transformation Waves in Food 
Manufacturing  

5.1. Transformation Timeline by Key Activity 

A food factory is a machine for turning variability into certainty. Ingredients 
arrive in different conditions and formats, schedules change, and demand 
shifts, yet the plant is expected to deliver the same product, the same quality, 
and the same compliance record, day after day. To do that, it runs a 
sequence of repeatable activities: receiving, staging, verification, 
batching and charging, processing & cooking, inspection, packing, 
storage, and shipping. It also depends on two behind-the-scenes 
disciplines that rarely get attention yet often decide the outcome: sanitation 
and maintenance.  

Humanoid robots will enter this system unevenly. In principle, the form factor 
is designed for human-built environments, human tools, and human-scale 
interfaces. In practice, adoption will look less like a switch and more like a 
ladder. The earliest successes will come where work is structured, 
materials (e.g., packaging, labels) are standard, and exceptions are rare. 
The tougher wins lie where food manufacturing is least forgiving: messy 
materials, strict allergen control, high-care zones, and decisions where the 
cost of error is high. 

Table 1 therefore reflects this reality. It separates “basic” execution in 
controlled conditions from “advanced” execution where exceptions, 
hygiene constraints, and judgement requirements are materially 
higher. It does not predict a single arrival date for a humanoid-run factory. 
Instead, it shows which clusters become commercially viable first, and which 
will come later, once enabling technologies mature together rather than in 
isolation. 
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Table 1 – Humanoid readiness by food-manufacturing activity cluster 
Humanoid readiness overall: 2026-2030 (structured pilots) | 2030-2035 (broader reliability) | 2035+ 
(human-level judgement) 
Key need tags: P = payload & balance | D = dexterity/tactile | H = hygiene/washdown | A = autonomy & 
exception handling | I = integration (MES/WMS/traceability) 

Activity cluster 

Readiness band (in years) 

Key needs Typical scope 26’-30’ 30’-35’ 35’-40’ 

Inbound handling, basic ●   P, I Totes/cases dock-to-staging 

Inbound handling, advanced  ●  P, D, H, A, I Sacks, decanting, damage, dust 

Staging & prep, basic ●   I, A Pick, stage, present, verify 

Staging & prep, advanced  ●  H, A, I Allergen segregation, rework routing 

Batching & charging  ●  I, H, A Recipe dosing into hoppers/mixers 

Processing & cooking ops  ●  H, A, I Mix/form/bake/cool/freeze interfaces 

Quality inspection, basic ●   I Weight, seal, label, vision checks 

Quality inspection, advanced  ●  A, I Ambiguous defects, release decisions 

Primary packaging  ●  D, H, I, A Primary packs, food-safe handling 

Secondary packaging ●   P, D, I Cartoning, label verification, sealing 

Warehouse operations ●   P, I, A Put-away, replenishment, counts 

Outbound shipping  ●  P, A, I Load, verify, dispatch, exceptions 

Cleaning, basic  ●  H, A Floors/surfaces in low-risk zones 

Cleaning, advanced   ● D, H, A Deep cleaning, allergen washes 

Maintenance, basic  ●  A, I Preventive checks, routines 

Maintenance, advanced   ● D, A, I Reactive diagnosis, problem solving 

Changeovers  ●  D, H, A, I Tooling swaps, setup, first-off checks 

New product testing   ● D, A, I, H Trial runs, sampling, tuning 

 
Note: Readiness indicates when each cluster becomes broadly viable in controlled environments. 
“Advanced” assumes higher exception rates, stricter hygiene requirements, and greater judgement burden. 
Key need tags are sorted by order of importance. 
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1) Inbound handling, basic (2026-2030) 

This is where many plants will meet humanoids first: standard totes and 
cases moving from dock to staging with the quiet discipline of scan, verify, 
place. The technical question is rarely whether the robot can lift a box. It is 
whether it can do so safely in the messy democracy of a receiving bay, where 
people, pallets, and priorities collide. The commercial logic is strong because 
the work is repetitive, the variability can be constrained, and 
performance is measurable. Readiness here depends on packaging 
standardization and dock operating discipline as much as on robotics. In 
other words, plants that already run a clean inbound process will adopt 
humanoids faster, because robots will inherit order rather than chaos. 

2) Inbound handling, advanced (2026-2030) 

Advanced inbound is where the work becomes more complex than standard 
warehouse handling. Ingredient sacks tear. Dust escapes. A spill is not just 
a mess, it is waste, risk, and downtime. This cluster includes damaged 
goods, mixed pallets, and the first line of defense in allergen and 
traceability control. The barrier is not one single capability; it is the 
combination of payload, reliable grasping of deformable materials, food-safe 
design, and disciplined exception handling. Until those mature together, 
deployments will remain selective, useful, but bounded. 

3) Staging & preparation, basic (2026-2030) 

Staging is not glamorous, but it is decisive. It determines whether the line 
runs smoothly or spends its day waiting for the right thing to arrive at the right 
time. In basic form, the work is simple: pick, stage, present, verify. 
Humanoids can add value early because manipulation is typically 
constrained and standardized, while the complexity is largely workflow 
sequencing and verification. Integration with planning and traceability 
systems becomes the real gating factor, because physical movement 
without digital proof is operationally meaningless. Done well, this reduces 
mistakes and suppresses the informal workarounds that undermine 
consistency. 
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4) Staging & preparation, advanced (2030-2035) 

Advanced staging is where plants pay for product proliferation. Allergen 
segregation, rework loops, irregular packs, and last-minute schedule 
changes create a constant stream of exceptions. The robot’s challenge is 
less about carrying and more about rule adherence. It must respect zones, 
permissions, and segregation logic. This is why process maturity matters 
here: a robot cannot compensate for unclear governance and inconsistent 
discipline. The plants that standardize staging rules and enforce data fidelity 
will pull this capability forward; the rest will discover that automation exposes 
organizational weaknesses, it does not hide them. 

5) Batching & charging (2030-2035) 

Batching and charging are where physical execution meets digital truth. 
Errors here create scrap at best and recall risk at worst, which is why many 
plants treat this step with a mix of caution and ritual. Humanoids become 
viable when they can dose through structured interfaces and generate 
audit-grade evidence of what was added, when, and from which lot. The 
limiting factor is often not mechanics but integration with recipe 
governance and traceability, plus safe behaviors when mismatches 
occur. In early adoption, the robot will be conservative, stopping and 
escalating rather than improvising. Over time, this cluster becomes a yield 
lever because it turns tacit know-how into repeatable discipline. 

6) Processing & cooking ops (2030-2035) 

Processing and cooking are where the factory contains most of its energy, 
heat, cold, motion, and risk. Much control logic is already automated, but 
operators still intervene constantly through changeovers, 
replenishment, resets, and structured exception clearing. Humanoids fit 
first as flexible operators at the edges of machines, not as replacements for 
PLC logic. The constraints are durability in harsh environments, safety, and 
hygiene compliance in high-care zones. Over time, robots can move 
beyond basic support tasks and handle more complex interventions, as 
long as they can operate reliably and fail safely. The case strengthens in 
high-mix plants, where flexibility is worth more than speed. 
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7) Inspection & quality, basic (2026-2030) 

Basic inspection is one of the earliest wins because many checks are 
definable and measurable. Scales, cameras, and sensors already do much 
of the work; the humanoid role is often to support the system by 
presenting samples, repositioning products, executing routine 
sampling protocols, and ensuring traceability links are captured. The 
value is operational consistency: quality becomes less dependent on 
individual attentiveness and more dependent on a repeatable system. In 
many plants, this is where automation begins to feel less like a technology 
project and more like an operating model upgrade. 

8) Inspection & quality, advanced (2030-2035) 

Advanced quality is difficult because decisions are often complex and the 
consequences of mistakes are serious. Borderline defects, release 
decisions, and corrective actions require context, and governance. The 
core limitation is not seeing but deciding safely and documenting why. In the 
near term, a realistic model is decision support: AI flags, humans judge. 
Humanoids become more relevant when they can act on decisions in a 
controlled way, isolating products, rerouting flow, and initiating deeper 
checks while preserving evidence. This cluster matures slowly because trust 
thresholds are high and the downside is high risk. 

9) Primary packaging (2030-2035) 

Primary packaging is hard because it sits close to food-contact rules and 
requires careful handling. Products can be fragile, sticky, or irregular, and 
packaging materials can be flexible and sensitive to misalignment. 
Hygiene requirements also tighten, especially where washdown, material 
compatibility, and cleaning procedures matter. Early humanoid roles here are 
likely to focus on tightly defined tasks around the equipment, such as 
controlled loading at infeed points, removing rejects, and clearing 
simple jams under strict rules. Over time, the scope can expand, but only 
when the robot can handle delicate placement reliably and follow food-
safety procedures without shortcuts. This is why primary packaging 
generally sits later than secondary packaging on the readiness ladder. 
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10) Secondary packaging (2026-2030) 

Secondary packaging tends to be a faster entry point because the product 
is already protected by its primary pack and the objects are usually rigid 
and standard. The work is easier to standardize, measure, and repeat: 
cartons and cases have consistent geometry, and the quality checks are 
often rule-based, such as label presence and correct orientation. Humanoids 
can add value early by handling short runs, mixed formats, and 
exceptions that fixed systems struggle with, while still operating within 
clear rules. Integration matters because the work is tightly linked to order 
logic, labeling, and traceability. In many plants, the first wins will be “support 
plus execution,” meaning replenishment, simple case handling, and 
controlled exception clearing, then expanding toward more complete 
secondary packing cycles as reliability improves.  

11) Warehouse operations (2026-2030) 

Warehouses are natural proving grounds for humanoids because they can 
be structured, measured, and optimized. Put-away, replenishment, and 
cycle counting are repetitive and auditable tasks with clear productivity 
baselines. Humanoids become viable once navigation and safe operation in 
mixed traffic are robust. The challenge at scale is fleet orchestration and 
uptime rather than individual robot skills. A plant that masters humanoids in 
the warehouse typically learns the discipline needed to bring them closer to 
food-contact zones. 

12) Outbound shipping (2030-2035) 

Outbound shipping is time-sensitive, exception-heavy, and reputation-
critical. It mixes physical loading with verification discipline and last-minute 
changes that are common in real operations. The motion of loading is only 
half the challenge; the other half is ensuring the right pallet goes on the right 
truck, with auditable proof. Robots must therefore handle exceptions 
safely and integrate with dispatch logic rather than merely move cases. 
Many firms will keep a human-in-the-loop model longer here, because the 
cost of a shipping error is immediate and visible.  
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13) Cleaning, basic (2030-2035) 

Cleaning plays a major role in compliance, and it leaves little room for error. 
Basic cleaning involves routine floors and surfaces in low-risk zones, 
waste handling, and checklist-driven wipe-down. The core challenge is 
repeatability and verification: cleaning must be demonstrably complete, 
not approximately complete. Humanoids can become viable when tools, 
routines, and boundaries are standardized and when documentation is built 
into execution. The more structured the cleaning process, the sooner this 
becomes scalable. Plants should expect gradual adoption here, with 
conservative oversight until performance is proven over time. 

14) Cleaning, advanced (2035-2040) 

Advanced sanitation is mainly about cleaning equipment, not floors. It 
includes deep cleaning of food-contact parts, removing and re-installing 
guards or tooling, and washing areas that are hard to reach. It also 
includes allergen washes, where the goal is to prevent cross-contact, not 
just make the line look clean. These steps must follow strict procedures and 
often require verification, such as documented checks and swab results 
before production restarts. For humanoid robots, the difficulty is combining 
safe tool use, careful handling of wet and chemical environments, and 
reliable step-by-step execution without missing anything.  

15) Maintenance, basic (2030-2035) 

Preventive maintenance is the structured part of reliability, which makes it 
a realistic automation target. Inspections, calibration routines, 
consumables, and scheduled checks are repeatable, measurable, and 
often under-executed in busy plants. Humanoids add value by following 
digital work instructions consistently, capturing evidence, and escalating 
anomalies without improvisation. The limiting factors are autonomy within 
strict boundaries and integration with Computerized Maintenance 
Management Systems (CMMS). Early deployments may start with 
inspection and evidence capture before expanding into basic interventions. 
The business payoff is reducing unplanned downtime by turning informal 
practices into disciplined routines. 
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16) Maintenance, advanced (2035-2040) 

Reactive maintenance is where improvisation meets accountability, and 
that is precisely why it is hard to automate. Diagnosis under uncertainty, 
flexible tool use, and rapid, safe problem solving are human strengths. For 
robots, the risk is not just failure but making the fault worse. A realistic 
pathway is assistive first: fetching parts, positioning tools, running 
diagnostics, and performing constrained repair steps under supervision. Full 
autonomy requires both dexterity and robust reasoning about failure 
modes, plus governance constraints that define what the robot is allowed to 
attempt. This cluster sits in the 2035-2040 band because the threshold is 
trust. 

17) Changeovers (2030-2035) 

Changeovers are where many factories lose time and consistency, 
because they combine tool use, judgement, hygiene discipline, and tight 
timing. The steps are often simple on paper, but hard in practice: 
removing and installing parts, adjusting guides, setting machine parameters, 
cleaning contact surfaces, and then proving the line is back in control. 
Humanoids will handle basic, guided changeover tasks earlier than full end-
to-end changeovers, but broad reliability takes longer because mistakes 
here are costly. A minor setup error can create scrap for hours, and a hygiene 
error can trigger a much bigger problem. This is why changeovers sit 
naturally in the 2030-2035 band. The gating factors are dexterity, safe tool 
use, strong verification logic, and integration with digital work 
instructions and quality release steps. 

18) New product testing – first runs (2035-2040) 

New product testing is not just “running the line.” It is a controlled learning 
cycle where the first batches rarely come out right the first time. Plants 
typically run multiple trial rounds, inspect results, adjust parameters, and 
repeat until quality and yield stabilize. The work also has a governance layer: 
documenting results, managing deviations, and securing sign-off from quality 
and operations. Humanoids will be able to execute parts of this process 
earlier, such as setting up materials, collecting samples, and running guided 
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steps. But owning the full loop requires judgement under uncertainty and 
strong escalation rules, because the system must decide what to change, 
when to stop, and what “good enough” means. That combination pushes this 
activity into the 2035-2040 band in most realistic scenarios. The readiness 
threshold is less about physical capability and more about decision 
reliability and audit-grade evidence.  

The capability ladder in is no longer a thought experiment. We can already 
see the first commercial “edge cases” where humanoids are being 
trialed in environments that look suspiciously like a food plant’s least 
forgiving areas: busy docks, mixed traffic aisles, and time-boxed logistics 
windows. Agility Robotics’ Digit, for example, is designed specifically for 
tote and case handling in human scaled facilities, with published specs that 
position it for structured materials moves rather than delicate food contact 
work. Agility has also invested in dedicated manufacturing capacity for Digit, 
a signal that the industry expects demand to move beyond demos into 
repeatable deployments. 

Other early pilots reinforce the same pattern. Mercedes-Benz has publicly 
described exploring Apptronik’s Apollo for intralogistics style use 
cases, such as moving parts and assembly kits to the line and supporting 
basic inspection. In parallel, BMW has shared that it is testing Figure’s 
humanoid robot in a real production environment, with published 
parameters on height and load capacity, again pointing to “gross handling 
plus safe navigation” as the early commercial wedge. None of this is food 
manufacturing yet, but it is directionally important: these are highly 
instrumented, safety critical environments, and they are choosing the same 
first fields that food manufacturers will recognize. 

Taken together, is less a forecast than a prioritization instrument. It 
shows where humanoids are likely to earn trust first, where they will remain 
selectively useful, and where they will be held back by the combined weight 
of hygiene, dexterity, and judgement. It also implies a strategic asymmetry: 
the plants that will extract value earliest are not necessarily those that buy 
the most robots, but those that make work legible through audited 
processes, clean interfaces, reliable data capture, and disciplined 
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exception handling. In that sense, the humanoid era will reward operational 
maturity before it rewards ambition. The next question, then, is how the 
humanoids will arrive: in what sequence, through what deployment waves, 
and with what operating model changes around people, process, and 
technology. That is where Section 5.2 turns next. 

5.2. How (Food) Manufacturing Adopts Humanoids in Waves 

The deployment of humanoid robots in food manufacturing will not arrive 
as a single conversion moment. It will spread in waves, because capability 
matures unevenly across tasks and because trust is earned through 
repetition, not prototypes. Section 5.1 makes this point directly: work that is 
structured, standardized, and low in exceptions becomes viable earlier 
than work that is hygiene constrained, dexterity heavy, or judgement 
laden. Food manufacturing amplifies these differences. It combines 
physically repetitive handling with strict safety and hygiene, and it reserves 
its most consequential decisions for quality, sanitation, and maintenance. 

Against that backdrop, we expect three transformation waves (see Figure 
11). Over time, robots move from easy, controlled tasks to harder tasks with 
more exceptions, and they need less supervision.  

Figure 11 – Illustration of Transformation Waves with Humanoids 
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• Wave 1 – Pilots in structured, low exception work: In the first wave, 
companies introduce a small number of humanoids to execute tightly 
bound tasks where the environment can be made understandable and 
the downside risk is containable. These are not the most “complex” 
jobs on the line. They are the jobs where success can be measured, 
monitored, and repeated: dock to staging moves of standard 
containers, simple line side staging and replenishment, basic packing 
support, and straightforward end of line logistics such as moving 
finished cases to designated areas. The early lesson from other 
industries is helpful here. Initial pilots concentrate on repeatable A-to-
B moves and standard handling, not because ambition is lacking, but 
because this is where safety, uptime, and process integration can be 
proven without asking the robot to improvise. 

In Wave 1, human-robot collaboration is the default operating 
mode. Humans remain responsible for pace setting, quality decisions, 
and exception handling, while robots execute a narrow set of moves 
under clear rules and frequent oversight. The goal is confidence 
building with evidence: stable operation over hours and shifts, safe 
behavior around people and equipment, clean handoffs into WMS or 
MES workflows, and a measurable contribution to throughput, 
labor stability, or ergonomic risk reduction. In other words, Wave 1 
is not about showcasing autonomy. It is about demonstrating reliability 
in the most controlled environment and using that proof to justify 
broader scope. 

• Wave 2 – Scale-up across lines: Wave 2 begins when humanoids 
stop being a pilot and start becoming part of the operating 
system. The scope expands from a few tightly bound tasks to 
repeatable deployment across multiple lines and shifts, with a 
clear emphasis on standard work. In food plants, this typically 
means scaling the “structured domains” first and then extending into 
adjacent activities that are still rule-driven but more exception-prone: 
broader staging and preparation, more sophisticated packing support, 
warehouse operations, and outbound verification steps. The key 
difference from Wave 1 is not simply the number of robots. It is that the 
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plant starts designing processes, interfaces, and governance so 
that robots can operate reliably without constant human escort.  

At this stage, firms learn a practical lesson: the robot’s ceiling is often 
set by the plant’s own process clarity. When material locations are 
ambiguous, labels are inconsistent, changeover discipline varies by 
shift, or exceptions are handled informally, robot performance looks 
“unpredictable”. Wave 2 therefore forces a stronger operating 
model. Plants invest in standardizing packaging formats and load 
carriers, clarifying lanes and buffer zones, tightening traceability, and 
improving the consistency of handoffs between physical flow and 
digital systems. These are not always heavy capital projects. They are 
targeted at enabling investments and process decisions that make 
work understandable, auditable, and repeatable. This is also why 
Wave 2 links directly to the readiness agenda in Section 5.3. The 
plant must align process ownership, KPIs, and governance before it 
can scale a robotic workforce. 

Wave 2 is also the period when the frontier of “what is possible” 
moves faster than many organizations expect. Up to 2035, 
capability improvements in perception, dexterity, and autonomy will 
steadily pull more complex tasks into scope, especially those that sit 
between logistics and production. In practical terms, that means 
humanoids expanding from moving and presenting materials to 
executing increasingly structured interventions around equipment, 
managing more exceptions in staging and outbound, and supporting 
recipe-controlled preparation steps with stronger verification. The path 
is still incremental, but the envelope expands each year. The plants 
that treat Wave 2 as a multi-year scale-up program will be positioned 
to capture these capability gains as they arrive. 

• Wave 3 – Full-scale humanoid operations: high-care work, 
exceptions, and problem solving: Wave 3 is where humanoids 
transition from being capable executors of standard work to 
becoming reliable handlers of the factory’s hardest work. This 
includes high-care environments, judgement-heavy quality decisions, 
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sanitation work where “almost clean” is unacceptable, and reactive 
maintenance where diagnosis and safe tool use matter as much as 
motion. This wave corresponds to the “advanced” activity clusters: 
ambiguous defects and release decisions, high-care sanitation with 
disassembly and validation, and maintenance that requires on-the-
spot problem solving. The challenge is not one feature. It is combining 
dexterity, food-safe design, sensing, and safe decision-making in 
one reliable system.  

Operationally, Wave 3 changes the human role from “doing and 
supervising” to “governing and intervening.” Humans still matter, 
but differently. They define safety boundaries, approve escalation 
rules, own the exceptions that remain rare, and continuously improve 
the operating model the robots execute. In many plants, the steady-
state endgame looks less like a factory with zero people and more like 
a factory with very few people on the floor and more people in 
oversight functions: quality governance, reliability engineering, food 
safety leadership, and robotic fleet operations. The shop floor 
becomes quieter and more predictable, but it is not unmanaged. 
It is managed through data, rules, and a small number of highly skilled 
interventions. 

Importantly, Wave 3 is also where gaps in process discipline and 
governance start to show. Plants that scaled robots without 
strengthening process discipline, data integrity, and sanitation 
governance will struggle, because advanced autonomy amplifies 
whatever system it inherits. Conversely, plants that used Wave 1 and 
Wave 2 to standardize interfaces, tighten traceability, and 
professionalize exception handling will find that advanced humanoid 
capability translates into commercial outcomes: higher uptime, lower 
scrap, fewer safety incidents, and tighter compliance. This is the 
strategic logic of the waves: the early phases are not only about 
automation benefits, but about building the organizational and process 
foundations that make the hardest work automatable later. 
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Are these waves a consensus view? In broad strokes, yes. The emerging 
pattern in industrial humanoids is not “full autonomy first”, but a measured 
progression from structured tasks to exception-heavy work, and from 
supervised execution to bounded autonomy. The commercial signals 
increasingly support that trajectory. Agility Robotics, for instance, has 
publicly positioned Digit for early deployments via its partner program, with 
first deliveries targeted for 2024 and broader availability in 2025, 
underpinned by its RoboFab facility built to scale production beyond the 
prototype era.  

None of this will be uniform. Labor economics, regulatory environments, 
and capital constraints will create uneven adoption, and the waves will 
overlap. A greenfield site with strong process discipline and digital 
traceability might be scaling Wave 2 while an older plant is still proving Wave 
1. The framework still holds, because it describes how capability and trust 
accumulate, not a single global schedule. 

So how should firms implement the waves: line-by-line or function-by-
function? In practice, most plants will start function-by-function, because it 
concentrates learning and makes value legible. A factory can standardize 
one category of work, create repeatable workflows, and build integration 
patterns once, then replicate across lines. Over time, as humanoid density 
increases and exception-handling improves, the logic shifts toward line-level 
transformation, but because dependencies become easier to manage when 
an entire line’s flow, governance, and exception rules are designed as a 
coherent system. The end state is typically not a single “dark line,” but a plant 
where multiple functions are robot-heavy, and the remaining human roles sit 
mainly in governance, escalation, and continuous improvement. 

5.3. Process, People & Technology Readiness 

Adopting humanoid robots at scale will take more than the robots 
themselves. Firms will need to get the basics right first: tighten processes 
so work is clear and repeatable, prepare people for new roles and new ways 
of working, and build the technology foundation that lets robots run safely, 
reliably, and at scale. 
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Process Readiness and Optimization 
Introducing humanoid robots into a manufacturing process brings a simple 
reality into focus. Automation tends to magnify what is already there, 
both the strengths and the weaknesses. If a process is unclear or 
inconsistent, robots will not fix it. They will often make the problems show up 
faster and more often. That is why we believe in the mantra that process 
optimization should precede or at least accompany robot deployment. 

Consider a packaging line where products arrive at irregular intervals or in 
inconsistent positions. A robot can only pick and place reliably if the incoming 
flow is stable. If products drift, pile up, or arrive late, the robot will pause or 
mishandle items. The root cause is not the robot. It is the way the line runs. 
When the process is tightened through consistent timing, better 
alignment, and clearer operating rules, the robot’s performance 
improves quickly because it is finally working in an environment it can 
predict. 

Manufacturing history already offers a cautionary lesson. During Tesla’s 
Model 3 ramp in 2018, Elon Musk publicly acknowledged that the company 
had pushed automation too far, saying that excessive automation was his 
mistake and that humans were underrated. The underlying point is relevant 
beyond automotive. When automation is layered onto processes that are 
not yet stable, the result is not a smoother factory. It is a factory that 
struggles at higher speed. 

Therefore, in Wave 1, before scaling, it would be very beneficial to audit key 
manufacturing processes. This might involve ensuring ingredient supply is 
consistent (so a robot is not dealing with surprise ingredient substitutions), 
refining the timing of each step, and establishing clear metrics (KPIs) for 
throughput, yield, and downtime that the new robot-involved process should 
hit. It is also about governance: assigning process owners who will be 
responsible for the new human-robot process, and creating protocols 
for handling exceptions (e.g., if the robot stops, who does what?). 
Documentation and SOPs will need to be updated, and in most plants, they 
will need to become more detailed and more frequently refreshed, so the 
way of working between people and robots is clear and repeatable. In 



How Humanoids will Reshape the Food Manufacturing | 63  
 

practice, that means moving beyond static text manuals toward more 
practical formats such as short videos, and using AI-assisted tools to draft, 
translate, and keep SOPs current as robots learn and processes change.  

In Wave 2, when scaling, process readiness means harmonizing 
processes across lines. If different lines made the same product with 
slightly different methods (a common legacy of older factories), deploying 
robots’ factory-wide forces a unification – you’ll want to use the same robot 
program on each line, which is only possible if the lines work in essentially 
the same way. This could be a positive forcing function: companies will 
standardize best practices across lines to facilitate automation. It also means 
establishing governance structures to continuously monitor the automated 
processes. For example, setting up an “operations control center” that tracks 
KPIs for each robotic cell in real time. Process engineers should be ready to 
tweak robot programming or surrounding processes as data comes in – 
essentially applying continuous improvement (Kaizen) to the automated 
process. A robot might reveal bottlenecks that were not obvious before (since 
it works faster than humans did, the constraint might shift elsewhere).  

By Wave 3, process readiness reaches a level of deep optimization and 
flexibility. You have mostly automated processes, but they must be highly 
robust. At this stage, process governance includes ensuring quality control 
processes remain effective with minimal human touch. For example, if 
automatic systems handle quality checks, you need rigorous validation that 
those systems catch defects as well as or better than human inspectors did. 
Also, the process must be able to handle edge cases (e.g., a bad batch of 
ingredients) perhaps by having robots alert supervisors or automatically 
divert out-of-spec product. 

A critical process aspect in Wave 3 is maintenance processes. With so 
many robots and automation, maintenance procedures must be rock solid. 
This might involve scheduling brief downtimes for robot preventive 
maintenance, much as one would for machines – but now your “workers” 
(robots) also need maintenance. New processes around software 
updates, battery replacements, and calibration of sensors will become part 
of the manufacturing routine. 
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Overall, investing in process improvement ahead of humanoid robotics 
pays dividends. Historical data shows automation projects often fail not due 
to the robot, but due to upstream/downstream process issues or unclear 
objectives. By cleaning up processes and establishing clear governance and 
KPIs, the introduction of humanoid robots can yield the intended benefits 
(higher throughput, consistency, etc.) rather than just automate 
inefficiencies.  

Concretely, companies could undertake the following steps: 

• Value stream mapping for the production line to identify non-value-
added steps to eliminate before automation. 

• Cycle time analysis to ensure that a robot will not be starved or blocked 
by other process steps (balance the line). 

• Pilot process refinement, i.e., using the pilot (Wave 1) as an 
opportunity to fine-tune the process with one robot, then rolling those 
improvements out widely in Wave 2. 

• Quality and safety checks: ensure that introducing robots doesn’t 
inadvertently skip any quality check that humans used to do implicitly. If 
operators visually checked something as they worked, that needs to be 
formally built into the new process (either via a sensor or a periodic 
human audit). 

People Readiness 
Humanoid robots change plants in a way software rarely does. They show 
up physically, next to people, and start doing work that used to be a job. That 
triggers fast questions about pay, safety, pride, and identity. If this is handled 
poorly, the plant will not fail because the robots are weak. It will fail because 
trust breaks, key people leave, and informal resistance turns into daily 
operating friction. The hardest risk is social before it is technical. 

This is why leadership must treat the workforce transition as governance, 
not messaging. The goal is not to persuade people with slogans. The goal 
is to set clear rules, publish role impacts early, offer real pathways, and keep 
decisions credible. In practice, the most effective approach starts with one 
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consistent compact that does not change over time: routine roles will 
shrink materially, it will not happen overnight, people will get notice, 
time, and real options, and there will be no surprise layoffs tied directly 
to robotics deployment. Workers can accept difficult truths. What they do 
not tolerate for long is mixed signals, false reassurance, or shifting stories. 

The first discipline shift is to stop planning in headcount and start planning in 
roles. The question is which roles change, which shrink, which grow, and 
when. A role map becomes a management system, reviewed regularly and 
shared in plain language. It replaces speculation with a timeline. It also 
supports a simple classification where people can understand roles that 
grow, roles that change, roles that shrink, and roles that are not yet 
clear. That last bucket matters. It signals honesty, and it prevents leadership 
from making promises it cannot keep. 

Role mapping only works if the company also makes pathways real. When 
roles begin to shrink, workers need practical options, not motivational 
language. In most food manufacturers, those options fall into three 
categories: training into technical or supervisory roles, moving to 
another function or site, or planning a supported exit over time.  

Timing is the real difference between stability and chaos. People should get 
early notice, with enough time to plan and act. And choosing early should 
come with priority access to training and open roles. If the program waits 
until displacement is imminent, the best people leave first, and the plant loses 
the knowledge it needs to keep operations stable during the transition. 

Credibility also depends on how decisions are made. Robots cannot be 
introduced only by engineering or only by corporate. Plants need a joint body 
with real authority, including respected people from the floor, that approves 
what gets automated next and can stop unsafe or unfair deployments. Firms 
can formalize this as a Robotics Guild. Its purpose is practical, not 
symbolic. It reduces rumors, builds legitimacy, and gives the organization a 
place to resolve issues before they become conflicts. 

Table 2 summarizes the practical people requirements by wave. It is 
designed as a planning tool, showing how leadership commitments, role 
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mapping, training, governance, and retention actions need to deepen as 
deployments move from pilots to scale. 

Table 2 – People Readiness Requirements by Wave 

Dimension Wave 1 – Pilot Wave 2 – Scale-Up  Wave 3 – Advanced 
Leadership 
message and 
trust 

Publish a clear compact 
early. Use plain 
language. No false 
reassurance. Keep 
message consistent 
across levels. 

Repeat the same truth as 
deployments spread. 
Address anxiety with 
timelines and rules, not 
slogans. 

Maintain credibility when 
job impacts are visible 
and the workforce is 
smaller. 

Role 
architecture & 
visibility 

Start role mapping for 
the pilot area. Classify 
roles as “grow / change 
/ shrink / unclear” and 
share the logic. 

Extend role maps plant-
wide and across sites. 
Update regularly as 
capability expands. 

Use role architecture as 
the main workforce 
planning tool, with clearer 
end-state role definitions. 

Pathways and 
mobility 

Define real pathways 
before scaling: training 
seats, move rules, and 
supported exit options. 

Scale pathways with 
deployment. Use 
redeployment and planned 
exits to avoid disruptive 
shocks. 

Maintain mobility and 
reskilling options for the 
remaining specialized 
workforce to avoid skill 
bottlenecks. 

Training & 
skills 

Practical training: safe 
interaction, basic 
operation, escalation 
procedures, and 
incident response. 

Broad training: supervision 
and troubleshooting 
across shifts, plus deeper 
training for maintenance 
and quality roles. 

Higher-level training: fleet 
oversight, data-based 
performance 
management, and safe 
intervention in automated 
areas. 

Governance 
(Robotics 
Guild) 

Establish early with real 
authority. Approve tasks 
and stop unsafe or 
unfair deployment 
through the Robotics 
Guild. 

Expand scope and make it 
routine. Keep decision 
rights stable to protect 
trust. 

Evolve into an operating 
committee for safety, 
fairness, performance, 
and exceptions in robot-
heavy operations. 

Retention of 
key 
knowledge 

Identify critical process, 
sanitation, and 
maintenance knowledge 
holders. Put retention 
plans in place early. 

Retention becomes 
operational. Losing tacit 
knowledge slows scale-up 
and increases incidents. 

Build redundancy in 
critical skills; avoid single 
points of failure in a 
smaller workforce. 

Labor 
relations  

In union plants, engage 
early. In non-union 
plants, publish rules in 
writing to reduce fear. 

Codify notice and 
pathways. Avoid “pilot 
exceptions” that weaken 
credibility. 

Maintain license to 
operate through safety 
record, fairness, and 
disciplined governance 
as autonomy increases. 
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Across the waves, the workforce agenda changes in predictable ways. In 
Wave 1, the pilot is as much a trust test as a technical test. The basics 
matter: clear safety rules, simple operating routines, and a credible 
escalation path. This is also when the first role map should be published 
for the pilot area and when the Robotics Guild should be formed, so the 
organization learns governance early rather than improvising it later. In Wave 
1, plants also need clear human–robot collaboration rules so daily work 
does not turn into improvisation. They need to define simple “if–then” 
handoffs, plus a straightforward way for workers to pause the robot and call 
for support when something feels unsafe or unclear. 

In Wave 2, the social risk rises because job impact becomes visible. This 
is where training capacity, redeployment planning, and retention of key 
knowledge become operational requirements. Plants often underestimate 
how quickly uncertainty can cause the wrong kind of attrition. The people 
most likely to leave are often the ones with tacit process knowledge, 
sanitation discipline, and practical problem-solving skills, precisely the 
people needed to keep the plant stable while robots’ scale. Also in Wave 2, 
collaboration protocols become part of standard work across shifts 
and lines, not local know-how. Plants should redesign workflows so 
responsibilities are explicit and repeatable, and standardize the signals, 
pause procedures, and escalation paths so humans and robots can share 
space without slowing throughput or increasing risk. 

By Wave 3, the workforce is smaller and more specialized, and the human 
role shifts further toward governance and intervention. The plant relies on 
clear rules, disciplined exception handling, and safe intervention 
protocols, not informal workarounds. At this stage, credibility is sustained 
by outcomes. The organization needs redundancy in critical skills, broad 
training to avoid single points of failure, and governance strong enough to 
protect safety and compliance as autonomy increases. 

This logic also plays out differently depending on labor relations and 
ownership structure. Union plants often handle the transition better because 
transparency and notice periods fit collective governance. The pragmatic 
move is to integrate the Robotics Guild into joint labor–management 
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structures and codify notice and pathways. Non-union plants can be riskier, 
not safer, because fear of sudden layoffs spreads faster. The mitigation is 
straightforward: publish the compact internally, put notice periods in writing, 
and give the Robotics Guild real authority.  

Technological Readiness and Infrastructure 
Beyond the robots themselves, manufacturers will need a reliable 
technology backbone to deploy humanoids safely and at scale. This 
backbone is less about “future tech” and more about basic operating 
requirements: dependable connectivity, clean data flows, system integration, 
fleet oversight, and safety controls. In early pilots, these can be lightweight. 
As deployments scale, they become core infrastructure. Table 3 summarizes 
how requirements typically evolve across the transformation waves. 

Adapting technology across the waves follows a clear pattern. In Wave 1, 
the goal is a safe and controlled pilot, so an isolated setup and basic 
monitoring are usually enough. In Wave 2, scaling becomes a technology 
and integration challenge: reliable site-wide connectivity, clean links into core 
systems such as MES, SCADA, and WMS, and fleet tools to manage many 
robots across shifts. By Wave 3, the plant depends on coordination more 
than novelty. Robots, equipment, and planning systems need to work from 
the same rules and data, so schedule changes, quality holds, and exceptions 
can be handled quickly and consistently, with strong safety and security 
controls built in. 
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Table 3 – Tech Readiness Requirements by Wave 

Tech Reqs. Wave 1 – Pilot Wave 2 – Scale-Up  Wave 3 – Advanced 
Connectivity & 
Networking 

Stable local 
connectivity for a 
pilot cell or zone, 
typically on a closed 
LAN and/or 
managed Wi-Fi. 
Clear safety 
controls such as 
emergency stops, 
safe zones, and 
access control for 
the pilot area. 

Plant-wide coverage 
capable of supporting 
many robots at once, using 
enterprise Wi-Fi (e.g., Wi-
Fi 6/6E) and/or private 
cellular where appropriate. 
Redundancy and 
monitoring to reduce 
dropouts, plus clear rules 
for “degraded mode” 
operation. 

Highly reliable and 
redundant coverage across 
the facility, designed for 
continuous operation and 
remote support. 
Segmented networks 
(OT/IT) and strong 
monitoring so performance 
remains stable as robot 
density and data volumes 
rise. 

Data Systems 
& Integration 
(MES, SCADA, 
ERP, WMS) 

Minimal integration 
at the start. Basic 
logging of robot 
uptime, incidents, 
and task 
completion. Manual 
export or light 
integration to 
evaluate the pilot. 

Robots begin to consume 
and produce operational 
data. Integration pathways 
connect robots to MES for 
work orders and 
schedules, to SCADA for 
equipment states and 
alarms, and to WMS for 
inventory moves and 
staging. Dashboards 
become operational tools, 
not just pilot reporting. 

A real-time orchestration 
layer coordinates robots 
and workflows, while 
MES/WMS/ERP remain 
systems of record (with 
more automated logging 
and fewer manual 
confirmations). 
SCADA/PLC remains the 
control and safety 
backbone. 

Robot fleet 
management & 
orchestration 

Limited fleet tools 
are sufficient for 1–2 
robots. Vendor tools 
are used to 
configure tasks and 
monitor basic 
health. 

Fleet management 
becomes a core layer: task 
assignment, traffic 
management, charging 
rotation, health monitoring, 
and incident triage across 
multiple robots and shifts.  

Advanced orchestration: 
dynamic allocation of tasks 
across robots based on 
online needs & status. 
Automated failover logic 
(tasks rerouted when 
robots fail). 

Physical & 
digital 
enablement 
(charging, 
routes, markers, 
interfaces) 

Light site 
preparation: 
charging point, 
defined travel 
routes, clear staging 
points, and a 
controlled operating 
area. 

Structured “robot-ready” 
operations: consistent 
staging and buffer 
locations, standardized 
material containers and 
labels, and charging 
capacity sized for fleet 
duty cycles. Optional low-
cost navigation aids 
(markers, mapped zones). 

Broader standardization 
across zones: more 
consistent equipment 
interfaces, better-defined 
handoffs between 
machines and robots, and 
monitoring/alerting that 
supports fewer people on 
the floor. 
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6. What Food Manufacturers Need to Do Now 
Humanoid adoption in food manufacturing is likely to be wave-based, with 
early value coming from tightly scoped deployments where work is structured 
and downside risk is contained. The immediate question is therefore not 
whether to invest, but whether plant work can be made sufficiently 
standardized, auditable, and machine-readable for robots to execute 
safely, repeatedly, and economically.  

Build the physical and digital backbone humanoids will depend on 

Humanoids are best treated as software-driven capacity. That capacity 
degrades quickly when work instructions, line states, and exception handling 
remain implicit, fragmented, or dependent on informal human coordination. 
The backbone should be strengthened in parallel with Wave 1 activity: 

• Physical processes should be synchronized. Key manufacturing 
workflows, ingredient supply, and line timing should be audited and 
harmonized across lines to ensure physical consistency and minimize 
the variability that is typically managed by a human. 

• Critical work should be made machine-readable. SOPs should be 
converted into structured, version-controlled work packages with 
parameters, tolerances, and exception rules; otherwise, each process 
change becomes rework rather than a controlled update. 

• Event-level traceability should be designed. Task completion, 
downtime causes, quality holds, sanitation events, and changeovers 
should be captured in a consistent event model to enable root-cause 
analysis and safe iteration. Digital observability is not an IT ambition; it 
is a precondition for safe automation. 

Adopt an option-based investment strategy, monetize learning early 

Humanoid hardware and autonomy will improve rapidly. Waiting may reduce 
unit costs, but it does not eliminate the integration burden, nor does it build 
the organizational muscle required for scale. The economically rational 
posture for many manufacturers is therefore to invest early in a staged way, 
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so that Wave 1 delivers a fast payback while creating durable learning and 
site adaptation. As argued in this paper, where payback can be achieved in 
under a year, early deployment becomes less a speculative bet and more a 
self-funding capability build. 

• Wave 1 capital should be allocated to self-funding use cases. 
Deployments should be scoped to tasks where performance can 
be measured cleanly and where economic value is captured 
immediately through reclaimed capacity, reduced downtime, reduced 
waste, or avoided labor volatility. This converts “early adoption” into a 
financed learning curve rather than a cost center. 

• Procurement should preserve upgrade optionality. Commercial 
structures that reduce lock-in should be preferred, including leasing or 
Robot-as-a-Service where appropriate, milestone-based 
expansion, and explicit upgrade/refresh clauses. The objective is to 
buy learning and capacity now without being stranded on an early 
hardware generation. 

• Scale decisions should be governed through stage gates tied to 
operational proof. Investment escalation should be conditional on 
performance stability across shifts, exception rates, sanitation 
compliance, and traceability completeness. 

Redesign the operating model: new roles, governance, incentives 

The hard part of Wave 1 is not technical feasibility; it is organizational 
coherence. Plants need clear ownership for robot-enabled processes, clear 
escalation paths, and credible workforce transition rules: 

• Accountability for robot-enabled cells should be assigned end-to-end. 
A single owner should be empowered across production, sanitation, 
maintenance, QA, and OT/IT interfaces to prevent exception handling 
from becoming cross-functional gridlock. 

• A cross-functional governance mechanism should be instituted with 
stop authority. Decisions on what gets automated next should be 
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anchored in hygiene, safety, and quality requirements, not solely in 
engineering enthusiasm or corporate narratives. 

• New capability roles should be seeded early. Humanoids shift labor 
demand away from repetitive execution and toward engineering, 
process discipline, and reliability (e.g., robot reliability engineering, 
sanitation engineering for robotized cells, operational data product 
ownership, and human–robot safety/compliance leadership). 

Under this approach, early investment is justified less by predicting the final 
form of humanoids and more by accelerating the plant’s readiness curve. As 
technology improves, early movers absorb gains faster because the 
surrounding system is already standardized, observable, and governed. 
Those that wait may still buy better robots, but typically pay more in retrofits, 
exceptions, and organizational friction that could have been designed out 
upfront. 
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About Value Gene Consulting Group 
Value Gene Consulting Group is a distinguished boutique consulting firm 
specializing in delivering strategic business solutions that yield significant, 
swift, and sustainable outcomes. Our dedicated team collaborates closely 
with C-level executives, providing expert guidance tailored to mastering 
business challenges within the Food and Consumer industries. 

In the ever-evolving landscape shaped by our clients' needs, we prioritize 
sound strategy and decision-making as cornerstones for enduring success. 
Our approach is grounded in fact-based quantitative and qualitative analysis, 
fostering positive change in the best interest of our clients and their 
stakeholders. 

As a boutique management consulting company, we stand out by leveraging 
the unique skills of our enthusiastic team. Our consultants, with prior 
experience in top-tier strategy firms, bring a result-oriented focus to decision-
making and business management. 

Embodying our 'boutique service principle,' we ensure heightened 
responsiveness, a long-term commitment from our team, and high-quality 
advice with direct involvement of our senior team in day-to-day operations. 
Remarkably, over 90% of our business originates from longstanding client 
relationships, showcasing our dedication to our clients. 

At the core of Value Gene Consulting Group is a consulting team comprising 
top-educated and globally experienced members. With more senior 
involvement than industry standards, we consistently produce immediately 
applicable results. Our deep subject expertise, coupled with pioneering 
industry knowledge, guarantees impactful and quality work. 

Our distinctive approach involves working collaboratively with client 
organizations, fostering a partnership that goes beyond traditional 
consulting. We are catalysts for change, driving transformation within our 
clients' businesses by connecting analytics understanding to actionable 
business insight. 
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Our success is measured by our ability to maintain enduring client 
relationships, exhibit client responsiveness, and demonstrate unwavering 
dedication. Value Gene stands apart in the industry, delivering the content-
driven insights that our clients seek from their strategic advisor. 
Disclaimer 
This report, prepared by Value Gene Consulting Group, is intended for 
informational purposes only and is based on the data available up to the date 
of its publication. The analysis and insights provided are subject to change 
without notice and may not be exhaustive. While every effort has been made 
to ensure the accuracy of the information presented, Value Gene Consulting 
Group makes no representations or warranties of any kind, express or 
implied, about the completeness, accuracy, reliability, suitability, or 
availability with respect to the report or the information, products, services, 
or related graphics contained in the report for any purpose. 

The content of this report is proprietary to Value Gene Consulting Group, 
and unauthorized use, reproduction, or distribution of any part of this report 
is strictly prohibited. Any reliance you place on the information presented in 
this report is at your own risk. Value Gene Consulting Group shall not be 
liable for any loss or damage, including without limitation, indirect or 
consequential loss or damage, or any loss or damage whatsoever arising 
from loss of data or profits arising out of, or in connection with, the use of this 
report. 

This report does not constitute professional advice, and users are 
encouraged to seek independent professional advice before making any 
business decisions. Value Gene Consulting Group disclaims any liability for 
actions taken or not taken based on the content of this report. 

Value Gene Consulting Group reserves the right to update or revise the 
information contained in this report at any time without notice. Any changes 
made to the report after its publication will be considered as part of the 
ongoing analysis and research process. 

By accessing and using this report, you agree to these terms and conditions. 
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