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Abstract: Blood vessels are modelled as compliant conduits within pulsation flow systems, hence their major
ability is to actively regulate the diameter values, property which distinguishes them fundamentally from
passive hydraulic pipes. This paper presents an interdisciplinary interpretation of vascular smooth muscle
regulation based on calcium and magnesium ionic dynamics, framed using classical hydraulic theory and
control systems terminology. The well known Calcium-driven contraction and magnesium-mediated
relaxation are interpreted as competing actuation and damping mechanisms that modulate effective vessel
radius and consequently hydraulic resistance according to Poiseuille's law. The analysis highlights how small
ionic variations can produce nonlinear changes in flow, pressure drop and system stability. This perspective
provides a conceptual bridge between biological flow regulation and engineered hydraulic networks with
active feedback control.
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1. Introduction

For classical hydraulics the fluid flow regulation is typically achieved through valves, throttles and
feedback-controlled actuators that modify conduit geometry or boundary conditions. In the
cardiovascular system, the arteries perform an analogous function through vascular smooth
muscle embedded in the vessel wall.

Rather than acting as passive elastic pipes, arteries continuously adjust their effective radius in
response to mechanical, neural and chemical signals, thereby regulating flow distribution and
pressure.

The contractile behaviour of vascular smooth muscle is governed primarily by intracellular calcium
concentration, while magnesium acts as a physiological antagonist that stabilizes and limits
contractile responses.

This ionic interaction has been extensively studied in physiology and biophysics, particularly in
relation to vascular motion and blood pressure regulation (Somlyo & Somlyo, 2003; Bolton, 1979).
However, the same mechanisms can be meaningfully interpreted using hydraulic principles and
control theory, offering insights into arterial behaviour as an actively regulated flow system.

From a hydraulic standpoint, the arterial radius is the dominant control variable and according to
Poiseuille's law for laminar flow in a cylindrical conduit the fluid flow rate can be expressed by:
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Q= 841 (1)

where Q is volumetric flow rate, Ap the pressure drop, r the effective radius, y the dynamic
viscosity and / the duct length.

It can be seen that the fourth-power dependence on radius implies an obvious change in the
amount of circulating fluid, being facilitated mainly by the changes that are related to the obvious
minor calcium-induced contractions of smooth muscle that can produce large increases in
hydraulic resistance. Conversely, magnesium-facilitated relaxation restores radius and sharply
reduces resistance, improving flow efficiency.

This paper proposes an interdisciplinary framework in which vascular smooth muscle regulation is
interpreted through the analytical and conceptual tools of fluid mechanics and hydraulic control
engineering.
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Although the biochemical pathways governing the laws of calcium-induced contraction and
magnesium-mediated relaxation are well established in physiology, their translation into hydraulic
functionality, and in particular in terms of radius modulation, resistance variability, and pulsatile
flow adaptation, remains an insufficiently formalized approach in the engineering literature.

To address this gap, the study develops a simplified but physically consistent representation of the
artery as an actively controlled conduit model, which is embedded in a pulsatile flow field.

The contractile state of the vascular wall is modeled as a dynamic function of intracellular calcium
concentration, while magnesium is introduced as a modulating variable affecting both ionic influx
and efflux kinetics.

This formulation allows the expression of the vessel radius as a time-dependent control parameter,
thus allowing direct coupling to classical flow equations.

Based on Poiseuille's law, the paper quantifies how calcium-induced reductions in arterial radius
produce a nonlinear amplification of hydraulic resistance, given the fourth-power dependence of
flow on the conduit radius.

Particular attention should be paid to transient regimes, where pulsatile pressure gradients interact
with time-varying vessel compliance, and in this context the phase corresponding to magnesium
input is treated as a damping factor that attenuates excessive contractile gain and stabilizes the
radius response under oscillatory excitation.

The paper introduces an interpretation of vascular regulation from the perspective of control
systems, while calcium influx is formulated as a variable gain drive input that responds to electrical
and chemical stimuli, while magnesium contributes negative feedback and damping within the
system.

This approach allows the construction of conceptual block diagrams linking ion transport, smooth
muscle mechanics, radius modulation and flow output, and through such a representation
comparison with designed hydraulic networks using adaptive throttling and feedback stabilization is
facilitated.

To illustrate these interactions, the paper proposes computational simulations in which intracellular
ionic dynamics are coupled to time-resolved flow equations.

Parametric variation of magnesium concentration is used to evaluate its effect on contraction
amplitude, resistance oscillation and flow stability under pulsatile forcing.

Graphical results, which include surface plots, transient response curves, and resistance-radius
phase relations, are used to visualize the system behavior.

Through this combined analytical and numerical development, the study aims to highlight the
structural analogies between biological vascular control and engineering hydraulic regulation, and
by integrating ionic physiology into a fluid-mechanical and control-theoretical framework, the work
contributes to a more integrative understanding of active flow conduits and provides modeling
insights applicable to both biomedical and hydraulic research fields.

2. lonic Actuation as a Hydraulic Control Mechanism

The phenomenon of calcium entry into smooth muscle cells through voltage-gated channels
functions as an active trigger signal, and further an increase in intracellular calcium triggers force
generation, reducing the vessel radius and increasing resistance.

In theoretical terms of control theory, calcium acts as a high-gain input that amplifies upstream
stimuli, such as pressure impulses or neurohumoral signals, into mechanical constriction.

In contrast, Magnesium introduces a stabilizing influence analogous to damping in hydraulic or
mechanical systems, and by limiting calcium influx and enhancing calcium extrusion, Magnesium
reduces the effective gain of the contractile response and suppresses oscillatory or excessive
constriction. Therefore, adequate magnesium levels prevent overshoot and promote smooth
transient behavior in response to pulsatile flow.

For these reasons, the interaction between calcium and magnesium can be interpreted as a
closed-loop feedback system, with pulsatile variations in pressure and fluid flow providing the input
signal, calcium-mediated contraction serving as the actuator, vessel radius as the controlled
variable, and magnesium contributing to the damping and stability of the system. This feedback
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loop allows arteries to dynamically adapt to changing flow demands while avoiding instability,
spasm, or sustained high resistance 0, 0.

In order to formalize the hydraulic interpretation of vascular ionic regulation, the artery is modeled
as an active compliant cylindrical duct whose instantaneous radius is governed by smooth muscle
contractile state. The contractile state is, in turn, defined as a dynamic function of intracellular
calcium concentration modulated by magnesium availability and this coupling enables the
integration of ionic transport kinetics with classical flow equations.

The intracellular calcium concentration C(t) is described using a first-order nonlinear balance
between influx and efflux mechanisms. Calcium influx is modeled as a stimulus-dependent input
driven by pulsatile excitation, while efflux represents active pumping and sequestration processes.
Magnesium concentration (M) is introduced as a modulatory coefficient that reduces effective
calcium influx and enhances removal kinetics, thereby acting as a damping variable in the system
0, 0. The governing relationship may be expressed in simplified form as:

& =, (1-M)S () - kO (1) @

where k, represents baseline calcium channel conductance, k, characterizes ATP-dependent

calcium clearance and S(t) defines the pulsatile stimulation function associated with pressure or
electrical excitation.

The mechanical response of the arterial wall is linked to calcium concentration through a
contraction transfer function. Vessel radius is assumed to decrease proportionally with increasing
cytosolic calcium:

r(t)=r,[1-aC(t)] (3)

where r, is the passive (fully relaxed) radius and a is a contractility gain coefficient reflecting

smooth muscle sensitivity to calcium. This formulation captures the actuator role of calcium within
the hydraulic control system.

Flow through the artery is computed using Poiseuille's law under laminar, incompressible
assumptions:

0 :% @)

The fourth-power dependence introduces strong nonlinearity, such that small calcium-induced
radius variations produce amplified changes in volumetric flow rate and hydraulic resistance.
Resistance is correspondingly defined as:

_8ul
" ar(t) ©)

This relationship enables direct evaluation of how ionic dynamics propagate into macroscopic flow
behavior.

Within the control framework, the model can be interpreted as a closed-loop adaptive throttling
system. The pulsatile stimulation S(t) constitutes the input signal, while the calcium influx operates
as the primary actuator with gain k, and vessel radius represents the controlled variable.

Magnesium introduces damping by attenuating actuator gain and accelerating system return
towards equilibrium via enhanced calcium clearance.

The dynamic response exhibits features characteristic of second-order hydraulic control systems,
including transient overshoot, oscillatory radius modulation and stabilization under adequate
damping. Reduced magnesium levels effectively increase system gain, predisposing the conduit to
excessive constriction and resistance spikes under pulsatile forcing 0, O.
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3. Numerical analysis of nonlinear radius—flow interaction via Poiseuille modelling

The numerical analysis aims to quantify the coupled ionic—hydraulic dynamics governing arterial
radius modulation and the resulting flow regulation under pulsatile excitation.

The computational framework integrates intracellular calcium kinetics with time-dependent
hydraulic resistance and volumetric flow derived from Poiseuille-based relations.

Time-domain simulations were implemented using discretized integration of the governing
differential equations describing calcium influx, magnesium-modulated attenuation and active
calcium clearance.

The pulsatile stimulation function was represented as a periodic waveform approximating
physiological pressure forcing, enabling the evaluation of transient contraction—relaxation cycles
over multiple flow periods. Numerical stability was ensured through sufficiently small temporal step
selection relative to ionic transport time constants.

Magnesium concentration was treated as a parametric control variable spanning physiologically
relevant ranges. For each magnesium level, intracellular calcium evolution was computed, followed
by transformation into arterial radius variation through the contractility transfer function.

The resulting radius signal was subsequently introduced into the nonlinear Poiseuille formulation to
obtain instantaneous flow rate and hydraulic resistance.

The simulations revealed pronounced nonlinear amplification effects arising from the fourth-power
radius dependence. An even moderate calcium oscillation produces significant resistance
variability, particularly under low magnesium conditions where effective damping was reduced.

In these regimes, transient overshoot phenomena are observed, characterized by delayed
relaxation and elevated peak resistance following pulsatile excitation. Conversely, increased
magnesium concentration attenuates calcium accumulation, reduces contraction gain and
promotes smoother radius recovery between pulses.

Surface mapping of contraction amplitude as a function of time and magnesium level demonstrated
a clear stabilization gradient, with high-magnesium states exhibiting reduced oscillatory magnitude
and improved hydraulic compliance. Phase analysis between pulsatile input and radius response
further indicated that magnesium availability influences not only contraction amplitude but also
temporal synchronization, effectively shifting the system towards a more damped dynamic regime.
From a hydraulic systems perspective, the numerical results confirm that ionic modulation operates
analogously to adaptive throttling with variable gain and damping.

Calcium-driven actuation governs rapid resistance adjustments, while magnesium ensures
transient stability and prevents excessive flow restriction under oscillatory forcing.

This coupled behaviour reinforces the interpretation of arteries as actively regulated ducts whose
flow characteristics emerge from tightly integrated biochemical and fluid-mechanical control
processes.

4. Results, discussion and hydraulic implications

When the amount of magnesium availability is reduced, it can be considered that the damping
component of the system weakens and the result is prolonged calcium retention, sustained
contraction and further elevated hydraulic resistance, which represent conditions comparable to a
poorly damped throttle that fails to reopen fully between pressure cycles. Over time, such
behaviour increases upstream pressure and reduces system compliance, a phenomenon observed
clinically as increased arterial stiffness and hypertension.

The viewing method of vascular regulation through the proposed hydraulic and control-theoretic
framework emphasizes that biological flow systems share fundamental design principles with
engineered networks. Active radius modulation, nonlinear resistance behavior, feedback control,
and damping are common to both domains, while this analogy supports the use of simplified
hydraulic models to study vascular function and highlights the relevance of ionic balance in
maintaining stable and efficient flow regulation.

The preliminary obtained results illustrates the temporal evolution of cytosolic Ca?* concentration
under graded extracellular Mg?* levels. The oscillatory regime reflects pulsatile ionic influx
synchronized with vascular smooth muscle excitation. Increasing Mg?* produces a clear
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attenuation of Ca?* peak amplitude and a reduction in mean cytosolic concentration, consistent
with competitive channel inhibition and membrane stabilization effects. From a control perspective,
Mg?* acts as a negative gain regulator within the excitation—contraction coupling loop, damping
calcium-driven contractile signalling.

Calcium Dynamics vs Magnesium Levels
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Fig. 1. Calcium dynamics versus Magnesium modulation

Radius variation is computed as an inverse functional response to cytosolic Ca?*. The plots
demonstrate progressive vasorelaxation as Mg?* concentration increases. High Mg?* shifts the
operating point towards larger equilibrium radii while simultaneously reducing pulsatile amplitude.
This indicates both tonic relaxation and dynamic damping of vasomotor oscillations. The
mechanical response confirms the role of ionic balance in defining arterial compliance and
instantaneous lumen geometry.

Arterial Radius Modulation
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Fig. 2. Arterial Radius Modulation

Using the time-varying radius as input to Poiseuille's formulation, the resulting flow traces exhibit
strong nonlinear amplification. Even modest Mg?*-induced radius increases generate substantial
flow augmentation due to the fourth-power radius dependency. The pulsatile envelope becomes
smoother and elevated under higher Mg?*, reflecting reduced contractile impedance. This
demonstrates how ionic regulation at the cellular scale propagates into macroscopic hemodynamic
performance.

42



ISSN 1453 - 7303 “HIDRAULICA” (No. 1/2026)
Magazine of Hydraulics, Pneumatics, Tribology, Ecology, Sensorics, Mechatronics

Pulsatile Flow Modulation
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Fig. 3. Pulsatile Flow Modulation

Regarding the resistance evolution the inverse fourth-power relationship with arterial radius is
considered. Elevated Ca?* states correspond to sharp resistance spikes, whereas Mg?"
enrichment compresses both mean resistance and oscillatory spread. From a hydraulic systems
point of view, Mg?* functions analogously to a damping element that stabilizes impedance
fluctuations and improves flow conductance.

Resistance Amplification via Radius Modulation
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Fig. 4. Hydraulic Resistance Dynamics

The surface plot integrates time and Mg?* concentration into a unified contraction field where the
gradient along the Mg?* axis highlights monotonic suppression of contractile state, while the
temporal axis preserves pulsatile excitation (figure 5).

The topology reveals a nonlinear interaction domain where small Mg?* increments produce
disproportionately large relaxation effects at high contractile states, while the visualization concept
supports the interpretation of Mg?* as a modulatory control parameter within the vascular actuation
system.
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lonic-Controlled Contraction Surface
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Fig. 5. lonic-controlled contraction surface (3D surface representation)
5. Conclusions

The present study demonstrates that arterial flow regulation can be coherently interpreted through
a coupled ionic—hydraulic framework in which calcium-driven smooth muscle contraction operates
as the primary actuation mechanism, while magnesium exerts a modulatory stabilization role.
Numerical simulations integrating intracellular Ca?* kinetics with radius-dependent Poiseuille flow
revealed that even small variations in cytosolic calcium produce amplified hemodynamic
consequences due to the fourth-power sensitivity of flow and resistance to lumen radius.
Magnesium elevation consistently attenuates calcium accumulation, reduces contractile gain and
promotes larger equilibrium arterial diameters, while this process is translated hydraulically into
increased volumetric flow rates and diminished resistance oscillations under pulsatile forcing.

The results highlight magnesium's functional equivalence to a damping and gain-reduction
parameter within an automatic control representation of vascular behavior.

Surface and time-domain analyzes further indicated that ionic balance governs not only steady-
state vascular tone but also transient synchronization between pulsatile excitation and mechanical
response. Systems with low magnesium exhibited overshoot and delayed relaxation, whereas
magnesium-rich conditions approached critically damped dynamics with improved flow stability.
Overall, the study confirms that arterial ducts behave as actively regulated hydraulic elements
whose impedance is dynamically tuned by ionic transport processes.

Embedding calcium—magnesium coupling into biofluid models provides a quantitatively robust
pathway for linking cellular electrophysiology with macroscopic hemodynamic performance, with
potential applications in vascular diagnostics, pharmacological modulation and biomimetic flow
control design.
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