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Abstract

Traditional industrial and organizational paradigms treat human capital as an elastic, indefinitely renewable asset. However, under

chronic operational strain, biological systems undergo progressive, non-linear degradation governed by thermodynamic and

epigenetic constraints. Within the Science 4.0 framework, this paper formulates the “Human Factor” as an exhaustible, dissipative

natural resource operating far from thermodynamic equilibrium. We introduce a conceptual non-equilibrium thermodynamic

model that relates chronic socio-technical load to increased biological dissipative demand and internal entropy production (σ_ent),

challenging the organism’s buffering capacity. To explore this framework at the molecular interface, we deploy the Nuclear

Receptor Subfamily 3 Group C Member 1 (NR3C1) gene as an illustrative biological pilot. We model how sustained operational

strain relates to cumulative allostatic load and context-dependent epigenetic remodeling at the NR3C1 promoter (exon 1F), which

in some experimental and clinical contexts has been associated with attenuated glucocorticoid receptor expression, represented

within the model as a reduction in the normalized Bioenergetic Signal-to-Noise Ratio (SNR*_bio). Using a Shannon-inspired

informational capacity formulation, we analyze the conditions under which homeostatic feedback loops lose fidelity. Modeling

the human factor through thermodynamic and kinetic resource-depletion curves provides a hypothesis-generating foundation

for sustainable ergonomics, regenerative governance, and the preservation of biological integrity in high-demand socio-technical

architectures.
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1. Introduction

I ndustrial management models—from classical Taylorism to mod-
ern algorithmic optimization—consistently conceptualize the

human operator as an adaptable, continuously renewable resource.
In economic balance sheets, physical and cognitive labor are treated
as operational expenditures rather than depletable biophysical assets.
Consequently, systemic over-utilization is frequently dismissed
as transient fatigue, assumed to resolve spontaneously through
standard rest intervals [5].

Contemporary molecular biology and non-equilibrium thermody-
namics challenge this assumption. Chronic environmental, cognitive,
and socio-technical stress is associated in mammalian systems with
persistent structural modifications in chromatin architecturewithout
altering the underlying nucleotide sequence: context-dependent
epigenetic remodeling [1, 6, 10]. DNA methylation dynamics and
chromatin compaction function as a biological recording mechanism
reflecting cumulative allostatic strain.
Building on the Science 4.0 architecture, this paper proposes

a theoretical framework reformulating the human factor as an
exhaustible open thermodynamic system [2, 3, 11, 12]. By examining
the NR3C1 glucocorticoid receptor gene as an illustrative molecular
case study [1, 9], we formulate a model mapping sustained opera-
tional strain to informational and thermodynamic decay, outlining
conceptual boundaries for human resource sustainability [5, 8].

2. The Human Factor as a Dissipative Thermody-
namic Resource

In the Science 4.0 formalism, a living human operator is modeled as
an open, non-equilibrium dissipative processor exchanging matter,
energy, and information with the surrounding environment [2, 8, 11].
The rate of total internal entropy change (𝑑𝑆tot/𝑑𝑡) is governed by
Prigogine’s open-system formulation [8, 11]:

𝑑𝑆tot
𝑑𝑡 = (

𝑑𝑒𝑆
𝑑𝑡 ) +∫

𝑉
𝜎ent 𝑑𝑉

Where 𝑑𝑒𝑆/𝑑𝑡 represents the net entropy exchange rate across the
organism–environment boundary, with positive exchange defined
as entropy entering the organism (W ⋅ K−1), and 𝜎ent ≥ 0 is the local
volumetric entropy production rate (W ⋅m−3 ⋅ K−1) generated by
irreversible biochemical reactions, molecular transport, diffusion,
and heat-transfer processes within the organism [8, 11].
Under quasi-steady physiological conditions, entropy generated

by irreversible biochemical processes is balanced at the whole-
organism scale by entropy exchange with the environment through
heat and matter flows. Physiological recovery processes may
modulate metabolic and dissipative rates but are not themselves
identified here with thermodynamic entropy export [2, 4]:
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𝑑𝑒𝑆
𝑑𝑡 < 0 such that

𝑑𝑆tot
𝑑𝑡 ≈ 0

At the thermodynamic level, the organism maintains a non-
equilibrium physiological state through continuous energy and
matter exchanges with its environment. Separately, at the phe-
nomenological organizational level, sustained operational demands
may exceed effective biological recovery capacity. We represent
this latter imbalance through a dimensionless Phenomenological
Epigenetic Debt Index (𝐷epi), without identifying it with a directly
measured thermodynamic entropy [2].

To ensure that recovery cannot accumulate as a negative reserve
offsetting future unbuffered strain, the evolution of 𝐷epi over
normalized dimensionless time 𝑡∗ is formalized as:
For 𝐷epi > 0:

𝑑𝐷epi

𝑑𝑡∗ = 𝐿∗(𝑡∗) − 𝑅∗(𝑡∗)

For 𝐷epi = 0:

𝑑𝐷epi

𝑑𝑡∗ = max [0, 𝐿∗(𝑡∗) − 𝑅∗(𝑡∗)]

With initial condition 𝐷epi(0) ≥ 0. Here, 𝐿∗(𝑡∗) represents the
normalized operational strain rate and 𝑅∗(𝑡∗) is the operational
recovery rate. This formulation ensures that𝐷epi(𝑡∗) ≥ 0 at all times,

providing a non-negative phenomenological state variable tracking
cumulative biological strain and persistent structural wear [2, 8].

3. The NR3C1 Biological Pilot: Transducing Orga-
nizational Stress

To anchor this theoretical formulation in a concrete molecular
context, we deploy the NR3C1 gene as an illustrative biological
pilot [1].
NR3C1 encodes the human glucocorticoid receptor (GR), the

central transducer of the hypothalamic-pituitary-adrenal (HPA)
axis responsible for mediating negative feedback and terminat-
ing the endocrine stress response [1, 5]. In specific experimental
and post-mortem contexts, increased methylation within NR3C1
regulatory regions, including exon 1F, has been associated with
reduced GR-related transcription; experimentally methylated pro-
moter constructs have also shown reduced NGFI-A binding [6, 9].
These relationships remain tissue-, CpG-, population-, and context-
dependent [10].
Within our framework, down-regulation of receptor density

serves as a biological exemplar of a blunted feedback loop: reduced
sensitivity to circulating glucocorticoids impairs HPA axis negative
feedback, prolonging allostatic activation and elevating baseline
physiological fluctuations [1, 5].

Figure 1. Proposed illustrative pathway of epigenetic transduction and kinetic depletion dynamics.

(A) Proposed illustrative pathway across the neuro-
endocrine axis: Chronic operational load may associate with
sustained cortisol influx, dynamic DNA methyltransferase
(DNMT) activity, and context-dependent variations in NR3C1
exon 1F promoter methylation. In specific biological contexts,
increased NR3C1 promoter methylation has been associated with
reduced glucocorticoid receptor-related transcription, potentially
contributing to blunted HPA-axis feedback.
(B) Kinetic resource-depletion curve:Modeled decay of nor-

malized functional signaling capacity 𝑆∗coherent as a function of the
Epigenetic Debt Index (𝐷epi). Curves are schematic and intended
only to illustrate the qualitative behavior of the model; they are
not numerical simulations or fits to empirical data. The benchmark

SNR∗ref = 3.0 dB (dashed red line) is shown solely as an illustrative
reference point; modeled capacity decreases continuously as SNR
decreases.

4. Informational Channel Capacity and Modeling
Reference Thresholds

Within the Science 4.0 communication theory formulation, homeo-
static neuro-endocrine regulation is abstracted as an informational
channel [1, 3, 7].
Following resource-depletion kinetics, the normalized coherent

signaling power 𝑆∗coherent(𝑡∗) is modeled as decaying exponentially
with the accumulation of the epigenetic debt index 𝐷epi(𝑡∗):
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𝑆∗coherent(𝑡∗) = 𝑆∗0 ⋅ exp(−𝛾 ⋅ 𝐷epi(𝑡∗))

Where 𝑆∗0 is the baseline signaling capacity and 𝛾 is a dimension-
less model sensitivity parameter representing the rate of regulatory
blunting under persistent load.
We define a dimensionless normalized Bioenergetic Signal-to-

Noise Ratio (SNR∗bio) governing this regulatory axis [1, 3]:

SNR∗bio = 10 ⋅ log10 [
𝑆∗coherent

𝑁∗
metabolic + 𝑁∗

epi + 𝜀
]

Where:

• 𝑆∗coherent is the normalized coherent signaling power linked to
functional receptor availability [1].

• 𝑁∗
metabolic is the normalized noise contribution from chronic

allostatic turnover [3, 5].

• 𝑁∗
epi is the modeled structural noise reflecting transcriptional

variability associated with promoter methylation [1].

• 𝜀 is a minimal baseline stochastic background term preventing
division by zero.

The operational channel capacity index (𝐶∗) follows a Shannon-
inspired formulation [7]:

𝐶∗ = Δ𝑓∗ ⋅ log2 [1 + 10(SNR
∗
bio/10)]

Where Δ𝑓∗ represents the effective normalized regulatory band-
width.

Within this mathematical model, we evaluate an illustrative
reference benchmark:

SNR∗ref = 3.0 dB
At SNR∗ref = 3.0 dB, coherent signal power equals approximately

twice the modeled total noise power (100.3 ≈ 2.0), yielding 𝐶∗ ≈
1.585 ⋅ Δ𝑓∗. Here, 3.0 dB is used solely as an illustrative modeling
benchmark representing a 2:1 signal-to-noise power ratio and is
not proposed as an established universal physiological threshold.
As SNR∗bio decreases, modeled signal discrimination and channel
capacity decrease continuously. The 3.0 dB reference point has
no specific physiological status. As 𝑆∗coherent → 0, the model
yields SNR∗bio → −∞ dB and 𝐶∗ → 0. This represents the
formal zero-capacity limit of the mathematical model and should
not be interpreted as an experimentally established physiological
exhaustion threshold [2, 5].

Table 1. Biophysical, Thermodynamic, and Information-Theoretic Model Parameters

Parameter Symbol Dimension / Unit Biophysical & Systemic Definition

Internal Entropy Production Rate 𝜎ent W ⋅m−3 ⋅ K−1 Volumetric rate of dissipative friction generated by irreversible
biochemical reactions and transport [8, 11]

Entropy Exchange Rate 𝑑𝑒𝑆/𝑑𝑡 W ⋅ K−1 Net rate of entropy exchange across the organism–environment
boundary via heat and matter flows [8, 11]

Epigenetic Debt Index 𝐷epi Dimensionless Index Phenomenological state variable tracking cumulative imbalance
between operational strain (𝐿∗) and recovery (𝑅∗); strictly non-
negative (𝐷epi ≥ 0) [2]

Normalized Coherent Power 𝑆∗coherent Dimensionless
Variable

Normalized functional receptor signaling output in response to
endocrine stimulus [1]

Modeled Epigenetic Noise 𝑁∗
epi Dimensionless

Variable
Modeled transcriptional variability associated with promoter hyper-
methylation [1, 6]

Normalized Bandwidth Δ𝑓∗ Dimensionless Scale Operational frequency scale of neuro-endocrine regulatory cycles [3]

Illustrative Reference Margin SNR∗ref dB Modeling benchmark (3.0 dB, corresponding to an illustrative 2:1
signal-to-noise power ratio) [3]

5. Discussion: Science 4.0 and Regenerative
Ergonomics

Treating the human factor as an exhaustible, dissipative natural
resource opens new conceptual perspectives for organizational
design and occupational health:

1. Hypothesis-Generating Biomarker Framework: Rather
than relying exclusively on self-reported surveys, the
framework proposes a testable mapping between sustained
socio-technical load, recovery dynamics, epigenetic regulation
(NR3C1 methylation profiles), and physiological signal
stability [1, 4, 10]. Empirical studies are required to
prospectively validate these theoretical associations in specific
workplace cohorts.

2. Dynamic Workload Calibration: The model hypothesizes
that recovery requirements may increase non-linearly as

regulatory blunting accumulates. Prospective studies would be
required to test this prediction and calibrate its parameters [1, 6].
Future studies could investigate whether workload–recovery
schedules can be calibrated against empirically validated
physiological and molecular markers. The illustrative 3.0 dB
reference used in this model is not proposed for occupational
decision-making [3].

3. Regenerative Architecture: Science 4.0 conceptualizes sus-
tainable operations not through continuous maximum ex-
traction, but through alternating phases of work and recov-
ery, aligning industrial demands with intrinsic biological con-
straints [2, 3].

6. Conclusion
The human factor cannot be conceptualized as an infinitely elastic or
instantaneously renewable asset; it operates as a thermodynamically
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bounded open biological system [2, 8]. The Science 4.0 framework
provides a hypothesis-generating biophysical model coupling non-
equilibrium thermodynamic dissipation to informational signal
degradation, using the NR3C1 axis as an illustrative pilot [1, 3, 7].
While empirical calibration and prospective clinical studies remain
necessary to establish definitive physiological thresholds, this
framework offers a formal, hypothesis-generating mathematical
framework for sustainable ergonomics and the preservation of
long-term human biological integrity.
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## 1. Introduction
Industrial management models—from classical Taylorism to modern algorithmic optimization—consistently conceptualize the human operator as an adaptable, continuously renewable resource. In economic balance sheets, physical and cognitive labor are treated as operational expenditures rather than depletable biophysical assets. Consequently, systemic over-utilization is frequently dismissed as transient fatigue, assumed to resolve spontaneously through standard rest intervals [@5].

Contemporary molecular biology and non-equilibrium thermodynamics challenge this assumption. Chronic environmental, cognitive, and socio-technical stress is associated in mammalian systems with persistent structural modifications in chromatin architecture without altering the underlying nucleotide sequence: context-dependent epigenetic remodeling [@1; @6; @10]. DNA methylation dynamics and chromatin compaction function as a biological recording mechanism reflecting cumulative allostatic strain.

Building on the Science 4.0 architecture, this paper proposes a theoretical framework reformulating the human factor as an exhaustible open thermodynamic system [@2; @3; @11; @12]. By examining the NR3C1 glucocorticoid receptor gene as an illustrative molecular case study [@1; @9], we formulate a model mapping sustained operational strain to informational and thermodynamic decay, outlining conceptual boundaries for human resource sustainability [@5; @8].

## 2. The Human Factor as a Dissipative Thermodynamic Resource
In the Science 4.0 formalism, a living human operator is modeled as an open, non-equilibrium dissipative processor exchanging matter, energy, and information with the surrounding environment [@2; @8; @11]. The rate of total internal entropy change ($dS_{\text{tot}} / dt$) is governed by Prigogine’s open-system formulation [@8; @11]:

$$
\frac{dS_{\text{tot}}}{dt} = \left(\frac{d_e S}{dt}\right) + \int_V \sigma_{\text{ent}} \, dV
$$

Where $d_e S / dt$ represents the net entropy exchange rate across the organism–environment boundary, with positive exchange defined as entropy entering the organism ($\mathrm{W \cdot K^{-1}}$), and $\sigma_{\text{ent}} \geq 0$ is the local volumetric entropy production rate ($\mathrm{W \cdot m^{-3} \cdot K^{-1}}$) generated by irreversible biochemical reactions, molecular transport, diffusion, and heat-transfer processes within the organism [@8; @11].

Under quasi-steady physiological conditions, entropy generated by irreversible biochemical processes is balanced at the whole-organism scale by entropy exchange with the environment through heat and matter flows. Physiological recovery processes may modulate metabolic and dissipative rates but are not themselves identified here with thermodynamic entropy export [@2; @4]:

$$
\frac{d_e S}{dt} < 0 \quad \text{such that} \quad \frac{dS_{\text{tot}}}{dt} \approx 0
$$

At the thermodynamic level, the organism maintains a non-equilibrium physiological state through continuous energy and matter exchanges with its environment. Separately, at the phenomenological organizational level, sustained operational demands may exceed effective biological recovery capacity. We represent this latter imbalance through a dimensionless Phenomenological Epigenetic Debt Index ($D_{\text{epi}}$), without identifying it with a directly measured thermodynamic entropy [@2].

To ensure that recovery cannot accumulate as a negative reserve offsetting future unbuffered strain, the evolution of $D_{\text{epi}}$ over normalized dimensionless time $t^*$ is formalized as:

For $D_{\text{epi}} > 0$:

$$
\frac{dD_{\text{epi}}}{dt^*} = L^*(t^*) - R^*(t^*)
$$

For $D_{\text{epi}} = 0$:

$$
\frac{dD_{\text{epi}}}{dt^*} = \max\left[0, L^*(t^*) - R^*(t^*)\right]
$$

With initial condition $D_{\text{epi}}(0) \geq 0$. Here, $L^*(t^*)$ represents the normalized operational strain rate and $R^*(t^*)$ is the operational recovery rate. This formulation ensures that $D_{\text{epi}}(t^*) \geq 0$ at all times, providing a non-negative phenomenological state variable tracking cumulative biological strain and persistent structural wear [@2; @8].

## 3. The NR3C1 Biological Pilot: Transducing Organizational Stress
To anchor this theoretical formulation in a concrete molecular context, we deploy the NR3C1 gene as an illustrative biological pilot [@1].

NR3C1 encodes the human glucocorticoid receptor (GR), the central transducer of the hypothalamic-pituitary-adrenal (HPA) axis responsible for mediating negative feedback and terminating the endocrine stress response [@1; @5]. In specific experimental and post-mortem contexts, increased methylation within NR3C1 regulatory regions, including exon 1F, has been associated with reduced GR-related transcription; experimentally methylated promoter constructs have also shown reduced NGFI-A binding [@6; @9]. These relationships remain tissue-, CpG-, population-, and context-dependent [@10].

Within our framework, down-regulation of receptor density serves as a biological exemplar of a blunted feedback loop: reduced sensitivity to circulating glucocorticoids impairs HPA axis negative feedback, prolonging allostatic activation and elevating baseline physiological fluctuations [@1; @5].



![Proposed illustrative pathway of epigenetic transduction and kinetic depletion dynamics. (A) Proposed illustrative pathway across the neuro-endocrine axis: Chronic operational load may associate with sustained cortisol influx, dynamic DNA methyltransferase (DNMT) activity, and context-dependent variations in NR3C1 exon 1F promoter methylation. In specific biological contexts, increased NR3C1 promoter methylation has been associated with reduced glucocorticoid receptor-related transcription, potentially contributing to blunted HPA-axis feedback. (B) Kinetic resource-depletion curve: Modeled decay of normalized functional signaling capacity S_(coherent)^(*) as a function of the Epigenetic Debt Index (D_(epi)). Curves are schematic and intended only to illustrate the qualitative behavior of the model; they are not numerical simulations or fits to empirical data. The benchmark SNR_(ref)^(*) = 3.0 dB (dashed red line) is shown solely as an illustrative reference point; modeled capacity decreases continuously as SNR decreases.](media/image1.png)

Figure 1. Proposed illustrative pathway of epigenetic transduction and kinetic depletion dynamics. **(A)** Proposed illustrative pathway across the neuro-endocrine axis: Chronic operational load may associate with sustained cortisol influx, dynamic DNA methyltransferase (DNMT) activity, and context-dependent variations in NR3C1 exon 1F promoter methylation. In specific biological contexts, increased NR3C1 promoter methylation has been associated with reduced glucocorticoid receptor-related transcription, potentially contributing to blunted HPA-axis feedback. **(B)** Kinetic resource-depletion curve: Modeled decay of normalized functional signaling capacity $S^*_{\text{coherent}}$ as a function of the Epigenetic Debt Index ($D_{\text{epi}}$). Curves are schematic and intended only to illustrate the qualitative behavior of the model; they are not numerical simulations or fits to empirical data. The benchmark $\mathrm{SNR}^*_{\text{ref}} = 3.0\text{ dB}$ (dashed red line) is shown solely as an illustrative reference point; modeled capacity decreases continuously as SNR decreases.

## 4. Informational Channel Capacity and Modeling Reference Thresholds
Within the Science 4.0 communication theory formulation, homeostatic neuro-endocrine regulation is abstracted as an informational channel [@1; @3; @7].

Following resource-depletion kinetics, the normalized coherent signaling power $S^*_{\text{coherent}}(t^*)$ is modeled as decaying exponentially with the accumulation of the epigenetic debt index $D_{\text{epi}}(t^*)$:

$$
S^*_{\text{coherent}}(t^*) = S_0^* \cdot \exp(-\gamma \cdot D_{\text{epi}}(t^*))
$$

Where $S_0^*$ is the baseline signaling capacity and $\gamma$ is a dimensionless model sensitivity parameter representing the rate of regulatory blunting under persistent load.

We define a dimensionless normalized Bioenergetic Signal-to-Noise Ratio ($\mathrm{SNR}^*_{\text{bio}}$) governing this regulatory axis [@1; @3]:

$$
\mathrm{SNR}^*_{\text{bio}} = 10 \cdot \log_{10} \left[ \frac{S^*_{\text{coherent}}}{N^*_{\text{metabolic}} + N^*_{\text{epi}} + \varepsilon} \right]
$$

Where:

- $S^*_{\text{coherent}}$ is the normalized coherent signaling power linked to functional receptor availability [@1].


- $N^*_{\text{metabolic}}$ is the normalized noise contribution from chronic allostatic turnover [@3; @5].


- $N^*_{\text{epi}}$ is the modeled structural noise reflecting transcriptional variability associated with promoter methylation [@1].


- $\varepsilon$ is a minimal baseline stochastic background term preventing division by zero.


The operational channel capacity index ($C^*$) follows a Shannon-inspired formulation [@7]:

$$
C^* = \Delta f^* \cdot \log_2 \left[ 1 + 10^{(\mathrm{SNR}^*_{\text{bio}} / 10)} \right]
$$

Where $\Delta f^*$ represents the effective normalized regulatory bandwidth.

Within this mathematical model, we evaluate an illustrative reference benchmark:

$$
\mathrm{SNR}^*_{\text{ref}} = 3.0\text{ dB}
$$

At $\mathrm{SNR}^*_{\text{ref}} = 3.0\text{ dB}$, coherent signal power equals approximately twice the modeled total noise power ($10^{0.3} \approx 2.0$), yielding $C^* \approx 1.585 \cdot \Delta f^*$. Here, 3.0 dB is used solely as an illustrative modeling benchmark representing a 2:1 signal-to-noise power ratio and is not proposed as an established universal physiological threshold. As $\mathrm{SNR}^*_{\text{bio}}$ decreases, modeled signal discrimination and channel capacity decrease continuously. The 3.0 dB reference point has no specific physiological status. As $S^*_{\text{coherent}} \to 0$, the model yields $\mathrm{SNR}^*_{\text{bio}} \to -\infty\text{ dB}$ and $C^* \to 0$. This represents the formal zero-capacity limit of the mathematical model and should not be interpreted as an experimentally established physiological exhaustion threshold [@2; @5].



Table 1. Biophysical, Thermodynamic, and Information-Theoretic Model Parameters

| **Parameter** | **Symbol** | **Dimension / Unit** | **Biophysical & Systemic Definition** |
| --- | --- | --- | --- |
| Internal Entropy Production Rate | $\sigma_{\text{ent}}$ | $\mathrm{W \cdot m^{-3} \cdot K^{-1}}$ | Volumetric rate of dissipative friction generated by irreversible biochemical reactions and transport [@8; @11] |
| Entropy Exchange Rate | $d_e S / dt$ | $\mathrm{W \cdot K^{-1}}$ | Net rate of entropy exchange across the organism–environment boundary via heat and matter flows [@8; @11] |
| Epigenetic Debt Index | $D_{\text{epi}}$ | Dimensionless Index | Phenomenological state variable tracking cumulative imbalance between operational strain ($L^*$) and recovery ($R^*$); strictly non-negative ($D_{\text{epi}} \geq 0$) [@2] |
| Normalized Coherent Power | $S^*_{\text{coherent}}$ | Dimensionless Variable | Normalized functional receptor signaling output in response to endocrine stimulus [@1] |
| Modeled Epigenetic Noise | $N^*_{\text{epi}}$ | Dimensionless Variable | Modeled transcriptional variability associated with promoter hypermethylation [@1; @6] |
| Normalized Bandwidth | $\Delta f^*$ | Dimensionless Scale | Operational frequency scale of neuro-endocrine regulatory cycles [@3] |
| Illustrative Reference Margin | $\mathrm{SNR}^*_{\text{ref}}$ | dB | Modeling benchmark (3.0 dB, corresponding to an illustrative 2:1 signal-to-noise power ratio) [@3] |

## 5. Discussion: Science 4.0 and Regenerative Ergonomics
Treating the human factor as an exhaustible, dissipative natural resource opens new conceptual perspectives for organizational design and occupational health:

1. **Hypothesis-Generating Biomarker Framework:** Rather than relying exclusively on self-reported surveys, the framework proposes a testable mapping between sustained socio-technical load, recovery dynamics, epigenetic regulation (NR3C1 methylation profiles), and physiological signal stability [@1; @4; @10]. Empirical studies are required to prospectively validate these theoretical associations in specific workplace cohorts.


2. **Dynamic Workload Calibration:** The model hypothesizes that recovery requirements may increase non-linearly as regulatory blunting accumulates. Prospective studies would be required to test this prediction and calibrate its parameters [@1; @6]. Future studies could investigate whether workload–recovery schedules can be calibrated against empirically validated physiological and molecular markers. The illustrative 3.0 dB reference used in this model is not proposed for occupational decision-making [@3].


3. **Regenerative Architecture:** Science 4.0 conceptualizes sustainable operations not through continuous maximum extraction, but through alternating phases of work and recovery, aligning industrial demands with intrinsic biological constraints [@2; @3].

## 6. Conclusion
The human factor cannot be conceptualized as an infinitely elastic or instantaneously renewable asset; it operates as a thermodynamically bounded open biological system [@2; @8]. The Science 4.0 framework provides a hypothesis-generating biophysical model coupling non-equilibrium thermodynamic dissipation to informational signal degradation, using the NR3C1 axis as an illustrative pilot [@1; @3; @7]. While empirical calibration and prospective clinical studies remain necessary to establish definitive physiological thresholds, this framework offers a formal, hypothesis-generating mathematical framework for sustainable ergonomics and the preservation of long-term human biological integrity.
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| Entropy Exchange Rate | $d_e S / dt$ | $\mathrm{W \cdot K^{-1}}$ | Net rate of entropy exchange across the organism–environment boundary via heat and matter flows [@8; @11] |
| Epigenetic Debt Index | $D_{\text{epi}}$ | Dimensionless Index | Phenomenological state variable tracking cumulative imbalance between operational strain ($L^*$) and recovery ($R^*$); strictly non-negative ($D_{\text{epi}} \geq 0$) [@2] |
| Normalized Coherent Power | $S^*_{\text{coherent}}$ | Dimensionless Variable | Normalized functional receptor signaling output in response to endocrine stimulus [@1] |
| Modeled Epigenetic Noise | $N^*_{\text{epi}}$ | Dimensionless Variable | Modeled transcriptional variability associated with promoter hypermethylation [@1; @6] |
| Normalized Bandwidth | $\Delta f^*$ | Dimensionless Scale | Operational frequency scale of neuro-endocrine regulatory cycles [@3] |
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