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Abstract: This study presents a novel mathematical inves-
tigation of peristaltic transport in electroosmotic-driven
micropolar bio-nanofluids containing gyrotactic microor-
ganisms within a magnetized microchannel. The current
study addresses the effects of Joule heating, viscous dissipation,
first-order chemical reactions, as well as Soret and Dufour
impacts. The governing nonlinear differential equations are
derived under the assumptions of low Reynolds numbers
and long-wavelength approximation and are numerically
solved using the parametric NDSolve function in MATHEMAT-
ICA software. The influence of key parameters such as
Helmholtz-Smoluchowski velocity, electroosmotic parameter,
magnetic field strength, thermophoresis, and Brownian motion
on the velocity, temperature, concentration, microrotation, and
motile microorganism density is thoroughly analyzed. Trapping
phenomena are also examined, revealing sensitivity to electro-
kinetic parameters. Notably, increasing the electroosmotic para-
meter and Uyg enhances the fluid flow and mass transmission,
while the bioconvection Peclet number and coupling number
influence motility distribution and microrotation behavior.
Furthermore, improving the Brownian diffusion parameter
Ny, from 0.1 to 1.0 results in a 60% increase in microorganism
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density, while a higher thermophoresis parameter N; reduces it
by approximately 45%. The heat transfer rate is found to
increase by 35% when the magnetic parameter M increases
from 1 to 4. The results highlight potential applications in tar-
geted drug delivery and microscale fluid handling systems,
offering insights into the design of advanced electrokinetic
microfluidic devices.

Keywords: micropolar nanofluid, peristaltic waves, elec-
troosmotic flow, magnetic field, gyrotactic bacteria, slip
conditions, porous medium, Soret and Dufour effects

1 Introduction

There are several opportunities in the engineering field
and industry to improve heat transfer. These applications
usually entail the use of heat-transferring fluids, including
vegetable oil, ethylene glycol, paraffin oil, mineral oil,
naphthalene, etc. These fluids are selected because, in
most situations, their poor thermal conductivity helps
restrict the amount of heat transmission. The unique ther-
mophysical characteristics of nanofluids and colloidal sus-
pensions of nanoparticles smaller than 100 nm within a
conventional liquid have made them extremely popular
recently, owing to their substantial potential for heat trans-
mission applications. The first study on the basic proper-
ties of nanofluids was started in 1995 by Choi and Eastman
[1]. Subsequently, Buongiorno [2] presented a non-uniform
equilibrium prototype that clarifies the unusual increase in
thermal conductance ascribed to two principal mechanisms:
thermophoretic diffusion and the Brownian movement of
nanoparticles. The usefulness of nanofluid as a radiator
coolant is examined by Leong et al [3]. Peristalsis using nano-
fluids was investigated by Mustafa et al [4]. Using a nanoliquid,
Kothandapani and Prakash [5] investigated several peristaltic
activity features. The characteristics of nanoparticles for
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convective conditions in peristalsis were discussed by Hayat
et al. [6]. Abbasi et al. [7] investigated the effects of peristalsis
flowing with nanoparticles of Au, Fe;04 Ag, Fes04 and Cu.
Abd-Alla et al. [8] described their computational examination
of peristalsis flowing in an oblique nanoliquid duct. Using peri-
staltic flow, Tahir et al. [9] investigated the pseudo-plastic and
dilatant act characteristics of the nanofluid. By modifying
Darcy’s expression, Nisar et al. [10] investigated the peristalsis
transference of Carreau-Yasuda nanomolecules. A few more
recent investigations are available [11,12].

Peristalsis, another name for peristaltic motion, is the
rhythmic, wave-like contracting and relaxation of muscles
in the walls of the ureters, esophagus, and digestive system,
among other tubes in the human body. The passage of
materials through these organs, including food, liquids,
and waste, depends heavily on this action. There are
numerous significant uses of peristaltic motion in engi-
neering as well as biology. In the production of pharma-
ceuticals, precisely measured liquid volumes are dispensed
using piezoelectric pumps. Since there are no moving parts
in these pumps that meet the fluid, they are perfect for
handling delicate materials. Peristaltic pumps are also
employed in wastewater treatment procedures to intro-
duce chemicals and reagents, which aid in the breakdown
of impurities and water purification before disposal. The
first effort at the pump’s peristaltic transport flow is cred-
ited to Latham [13]. Shapiro et al. [14] examined the motion
of a low Reynolds number along a wavelength conduit or
duct. The features of peristaltic flow with wall and slide for
a viscous fluid property are covered by Srinivas et al. [15].
Tripathi [16] published mathematical models for the small
intestine’s peristaltic motion. Erratic peristaltic flow within
an asymmetric channel heated convectively was explored
by Sarkar et al. [17]. Reddy and Makinde [18] investigated
the Jeffrey nanofluid’s peristalsis. Reactive chemical peri-
stalsis, electroosmotic movement of a pair stress fluid, was
illustrated by Reddy et al. [19], who assessed the motion of
a peristaltic electroosmotic chemically reactive pair stress
fluid. A numerical investigation was carried out for the
Casson liquid flowing peristaltically by Priam and Nasrin
[20]. There are many studies on this subject [21,22].

Over the past few decades, microfluidic devices have
garnered the interest of many investigators owing to their
applications in various scientific and manufacturing fields.
When the normal dimension scale gets closer, the exterior
phenomena have a substantial impact on the flow. To propel
the flow, electrokinetic effects are used as opposed to flow
driven by pressure, which is ineffective in tiny devices
because of the significant production complexity and friction
losses. The surface charge repelled co-ions and caused an
overall counter-ion attraction toward the walls when an
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aqueous solution is present. Electrical double layer (EDL)
[23], which is made up of more counter-ions than co-ions, is
the consequence. An electroosmotic flow (EOF) occurs when
an electric field from the outside induces ion motion close to a
microchannel’s charged surface [24]. The first mathematical
model of electroosmosis-assisted peristaltic flow was created
by Chakraborty [25]. Key factors for EOF across microchan-
nels include the interfacial velocity of sliding and various zeta
potentials. Dutta and Beskok [26] reported the peristaltic flow
analytical investigation with slip velocity conditions when
there is an applied electrical field.

Because fluid flow through porous materials has many
applications in chemicals, petroleum, geophysics, hydro-
geology, nuclear reactors, pharmaceuticals, and environ-
mental sciences, researchers are interested in this topic.
Fluid rheology, the distance between two places, the pres-
sure differential between them, and the interconnectivity
of the medium’s flowing paths all influence the movement
of fluid through porous media. The interconnectivity of a
porous medium is measured by permeability, which in iso-
tropic media is a scalar quantity and, in anisotropic materials,
a uniform tensor of second order [27]. Using an inclined
unequal channel, in the instance of a porous medium,
Ramesh and Devakar [28] examined how the transmission
of heat affected peristaltic magnetic flow. In the case of elec-
trohydrodynamics (EHD), the influences of sliding movement
and various zeta potential values on the dynamics of peri-
staltic circulation through porous media were investigated by
Ranjit et al [29]. The theoretical framework was created by
Noreen and Tripathi [30] to examine the heat consequences
of electroosmotic peristalsis viscous flowing across porous
non-Darcy media. Lodhi and Ramesh [31] studied the elastic
flow factor (EOF) of a fluid with viscoelasticity via an absor-
bent material when a magnetized force, slippage constraints,
and different zeta potentials caused by peristalsis are present.
Reddappa et al [32] introduced the MHD Williamson fluid
across a porous material with boundary criteria for slippage
created by regular channel wall shrinkage and relaxation.

Bioconvection is the flow created when a group of motile,
slightly denser-than-water microorganisms swim together
[33]. In one direction, the self-propelling motile bacteria
increase the conventional liquid density. The upper layer’s
microbial accumulation renders the suspension too dense,
which leads to instability. Convective instability and the crea-
tion of convective outlines occur under such a perimeter.
Bioconvection occurs in the system as a result of the micro-
organisms’ rapid and haphazard movement. According to
Pedley et al. [34], bioconvection destabilization arises from
an initially homogeneous suspension in the absence of an
unstable density disturbance. Previous studies [35,36] list
numerous researchers who have worked on bioconvection
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with various geometries. The last few years have shown a
notable boost in the study of biological fluid mechanics
in flows, particularly base fluids, and nano-bioconvection,
containing suspended nanoparticles. Unlike motile microor-
ganisms, the movement of nanomolecules is attributed to
thermophoresis along with Brownian diffusion rather than
self-propulsion. When a nanoparticle concentration is low,
bioconvection takes place in a nanofluid. Latest advance-
ments in nano-bioconvection incorporating microorganisms
are discussed in previous studies [37-39].

The micropolar bio-nanofluid model was selected due
to its superior ability to capture microscale rotational
behavior, couple stresses, and non-symmetric stress ten-
sors, which are inherent in biological fluids containing
active nanoparticles or motile microorganisms. This frame-
work offers enhanced realism and predictive capability for
simulating peristaltic transport under electroosmotic and
magnetic forces, making it highly suitable for biomedical
implementations such as drug delivery and microfluidic
control. The present work offers a novel theoretical frame-
work for analyzing the peristalsis flow of micropolar
nanofluids containing gyrotactic microorganisms with
the influence of electroosmotic forces in a magnetically
active microenvironment. This integrated model combines
electrokinetic, bioconvective, and micropolar effects
within a unified mathematical formulation. The study
contributes to microfluidic transport modeling by addres-
sing a complex interplay of forces under biologically
relevant conditions. The following succinctly describes
the uniqueness and innovation of the contemporary
examination:

* To the best of our knowledge, this is the first attempt to
analyze peristaltic transport of a micropolar nanofluid with
gyrotactic microorganisms under the simultaneous effects
of electroosmosis and magnetic fields in microchannels.

Table 1: Innovation of the existing study
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* This study uniquely incorporates electrokinetic slip and
peristaltic bio-mixing in a micropolar nanofluid under
magnetic and porous effects.
The analysis incorporates slip boundary conditions for
temperature, concentration, microrotation, and micro-
organisms, enhancing the physical realism of microscale
bio-nanofluid modeling.
* The model incorporates the Debye-Hiickel approxima-
tion, which is valid for low zeta potentials (<25 mV), to
capture the structure of the EDL.
The formulation incorporates important physical pro-
cesses that are crucial to bio-nano flow systems, such
as thermophoresis, Brownian motion, Joule heating,
and first-order chemical reactions.
The governing equations are reduced to managing long-
wavelength and low Reynolds numbers suppositions,
which are appropriate for microfluidic regimes.
The coupled nonlinear system is resolved utilizing the
parametric ND Solve command in Mathematica soft-
ware, allowing flexible and efficient parametric analysis.
* The impacts of numerous dimensionless parameters that
are interesting are depicted using graphs. The physical
ramifications of the discoveries are thoroughly addressed,
and the most important findings are then summarized.

This research enhances fundamental understanding
and has practical implications, including precise fluid
manipulation and microscale mixing. This unique method
seeks to uncover undiscovered potential at the electroki-
netic-peristaltic junction being created. Moreover, one may
understand and use the peristalsis and electroosmosis
activities for the advancement of sophisticated lab-on-a-
chip systems and microfluidic devices. This technique
might substantially improve performance and function-
ality in areas necessitating precise fluid control at the

Effects Ref. [40] Ref.[41] Ref.[42] Ref.[43] Ref.[44] Ref.[45] Ref.[46] Current investigation
EOF — Examined Examined Examined Examined Examined Examined Examined
Micropolar fluid Examined Examined — — — — — Examined
Electric and magnetic fields — — — Examined Examined Examined Examined Examined
Soret and Dufour effects — — Examined Examined Examined Examined Examined Examined
Porous medium Examined — — — Examined — — Examined
Joule heating Examined — — Examined Examined — — Examined
Viscous dissipation Examined — Examined — Examined Examined — Examined
First chemical reactions — — — Examined — — Examined Examined
Buoyancy effects Examined — — Examined — — Examined Examined
Slip boundary conditions — — — — Examined Examined — Examined
Bioconvection — — — — — — — Examined
Buongiorno’s nanofluid model Examined — — — — — Examined Examined
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microscale, including chemical analysis and biomedical
engineering. Table 1 substantiates the originality of the
present study and its contribution to the scientific under-
standing of the principles behind peristalsis electroosmotic
transfer.

2 Mathematical formulation

2.1 Analysis of flow

This study investigates the two-dimensional unsteady flow
of an electroosmotic micropolar bio-nanofluid within a
microchannel under the influence of peristaltic wave
motion, magnetic, and electric fields. The fluid contains
suspended nanoparticles and oxytactic microorganisms,
making it suitable for modeling physiological and micro-
fluidic transport. A transverse magnetized force and an
axial electrical field are imposed to induce Lorentz and
electroosmotic forces. The channel walls exhibit sinusoidal
peristaltic waves, and appropriate slip boundary condi-
tions are applied to account for microscale effects. The
regulating equations are formulated under long-wave-
length and low Reynolds numbers approximation.
Assumptions and problem setup are as follows:
¢ The flow is considered two-dimensional, unsteady, and
incompressible within a microchannel of half-width a
(Figure 1).
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Figure 1: A diagram of EOF accompanied by peristalsis.
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* The channel walls exhibit peristaltic motion, modeled as
sine wave trains of wavelength A, propagating at a con-
stant velocity c.

* A rectangular coordinate system (X, ¥) is adopted: X is
along the flow direction and Y is perpendicular to it.

* An external magnetized field B = (0, By, 0) is utilized
transversely, assumed uniform and steady.

* The external magnetic field is assumed to be applied
transversely at x = 0.

* The flow is governed by low magnetized Reynolds
numbers, allowing the induced magnetic field to be
neglected.

* An axial electric field E = (0, 0, —Ey) is utilized, and the
flow follows Ohm’s law J= d(E + V x B), where J. 0,
and V stand for the Joule current, conductivity of elec-
tricity, and mobility field, respectively.

* The fluid is considered electrically conductive and sub-
ject to electroosmotic effects.

* The lower channel wall’s temperature as well as the
concentration fields are maintained at T, and C,, while
the upper channel walls are maintained at 7; and G;.

Microchannel geometry can be represented mathema-
tically as [47]

¥ = h( ,‘f)=[a+bsin

m@]l. W

2.2 Governing equations

The EOF of a micropolar nanofluid in an electromagneto-

hydrodynamic (EMHD) environment is controlled by the

following formulas in the laboratory frame [37,47-49]:
Continuity equation:

a—[,{ + a—‘i = 0 (2)
oxX odY

Equation of motion:

o .oU _oU
—+tU—=+V—=
lar *Vax " Var
op o0 o o
=-——+ WU+ K)— + —=|+k—=
ox ¢ >[a)?2 or?) " "ot o
3
~ +Kk) .
+o(EOBO—B§U)—(“k )y
0

+ (1= Co)peBg(T - T) - (p, - pp)g(C - Co)
- (N - NO)gV(pm - pp) + peEX)
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Equation of microrotation motion:
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Energy equation with viscous dissipation:
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Concentration equation:
aC _oC _oC
—— tU—=+V—=
ot X oY
“lax? " o7?] Thlax*  a¥?
DBkT[ *T 0T ~
+—|- k(C - Cy).
Tn 0> of’ e
Microorganisms’ equation:
ﬂ + flﬂ + Vﬂ
ot X oY ®
2N bW, |_.8*C oN aC
=Dp|—= |- <IN *+* =
av°) (G -G)| o7 oY oy

where U, V, @, T, C, N, J, P, u, k, and y* constitute the
speeds in the directions of X and ¥, microrotation vector,
temperature profile, concentration profile, microorganism
profile, micro-gyration parameter, fluid pressure, and visc-
osity constants for dynamic and micropolar fluids, in each
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case. Also, here, Ps signifies the density of the nanofluid, oy
is the nanofluid’s conductivity of electricity, p, is the
overall density of charges, E, is the acceleration in the
x-orientation of the electrical field, B, signifies the field
of magnetized attraction, § is the volume expansion factor,
and kj is the permeability constant of the permeable sub-

stance. a; = where k* is the diffusivity of thermal

(pC)
expansion, (pc,), signifies the effective heat capacitance

of nanomaterials, C indicates the dispersion of the nano-
material’s concentration, Dy denotes the thermophoretic
diffusion coefficient, and Dp is the Brownian diffusion.
D and Kr symbolize the corresponding mass diffusivity
and the ratio of thermal diffusion. N is the percentage of
mobile bacteria in the microorganism’s whole size, b is the
chemotaxis constant, and W; is the fastest pace at which a
cell can swim. p,, p,,, and y are the nanoparticle density,

the density of microorganisms, and the typical number of
microbes, respectively. It is assumed that bW, is a constant
product, and k& stands for chemical reaction rate.

2.2.1 EHD [47]

In a microscopic channel, Poisson’s equation [25] is defined

as follows:
vig = -2
£

I (9)

where ®, &, and p, stand for the potential of electricity, dielec-
tric permeability, and the overall charge density, respectively.

2.2.2 Potential distributions

Consistent with the distributions of Boltzmann [50], the
total density of charges p, is as follows:

p, = —Zye(l” - "). 10)

The definition of the anions (77) and cations (%) in
this situation are

_ ez, ~

i~ =Mnyexp Tnks ,

ez, &
nt = =y exp T;IVKB s

an

where 71, symbolizes the concentration, Z, is the balance of
charges, Kz is the Boltzmann’s constant, e is the electrical
charge, and T, is the typical temperature The principle of
Debye—Hiickel is a linearization stat
lowered to
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€ ~
Pe = ~73® (12)
D

>

Given that Eq. (9) yields
@ _
dy’?

€ ]:IVKB

®, 13)

S| =

where Ap = (eZ,)™
tities that follow

. Using the dimensionless quan-

3 -
o=2y=2, (14)
{ a
Eq. (13) therefore becomes
d’®
W = mesz, (15)

a
where m, = 3, represents the parameter for electroos-
mosis. With the boundary constraints % =0 at y=0
and ® =1 at y = h, the mathematical solution of Eq. (15)

is as follows [47]:

coshmgy
&=— 16
coshm.h (16)

2.2.3 Boundary under certain conditions, the lubrication
technique, and non-dimensionalities

The fluctuating boundary causes the motion to be erratic
within the stationary frame (X, ¥). Nevertheless, caused by
the static border, it can be regarded as steady when eval-
uated in a movable frame (X, y ). Consequently, Noreen [51]
represents the translational transition between the fol-
lowing frames:

x=X-ct,y=Y,0%,y)=U0X,Y,1)-c,
T(x,7)=V&,Y,0),P(x,5)=PX, Y1),
Tx.y)=T&X YD), an
C(x,y)=CX,7,0),NX,5)=NX,¥,0),dx,5)
=aX,Y,7).

Applying the changes described in (17), the continua-
tion, momentum, microrotation, energy, quantity, and
microorganisms within the waveform frame referencing
Eqs. (2)-(8) can be expressed as [41,49,52-54] follows.

Continuity equation:

au ov

6x ay = 0. (18)
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Equation of motion:
_ou iy _ ol
A* ox ay
_ ap 62 62
~ (19)
+(1- Co)pfﬁg(T - T) - (p, - pp8(C - Co)
- (N = No)gy(p,, = pp) + 9(EoBy — B(@ + ¢)
+k
-0 G opk,
ko
ua—\7 + va—v
p ox ay
op o v 617
oy Tt k)l ayZ] kox 20)
+ (1 - CO)pfﬁg(T -To)-(p, - pf)g(é - G)
~ u
- (N = Nogy(pn = py) = 3. 7.
Equation of microrotation motion:
i H@ + \7@
s V%
2 2 (21)
0%W  0*W oV ou
- _ ~ % -
2o +y Iaxz Tyt Mox T oy ]
Energy equation with viscous dissipation:
ﬁa—T +V £
ox oy
_ [P, @T), |, [aCaeT | oCaT
ox2 ~ ay? oX X 0y oy
~\2 =2
Dy||oT oT o
== - - B — E, 2
1| ox [ ayy 0oy ((T@+c)By — Eo)*  (22)
Dk (0°C | 8| (w+bl,
C(Cp)y|ox*  o* (PCp)f
6v ou |
ax ay
Concentration equation:
_oC _aC
U— +v—_—_—-
o0x ay
2T, o), mfeT oT)
Blox2 ~ ay2| T |ox?  ay?
DBkT T o T ~
T W - k(C - ().
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Microorganisms’ equation:

_ON ~aN
i— +V
ox 6x
~ o 24)
O bW (g0°C , o ot
"lay?] (€= Cy) oy oy |
Familiarizing the nondimensional variables:
oy @ T
X = AX’ y—a, u_c’ v ¢’
2ma? _ 2ma @ h
ProaP T e e
@ T-T C-G N-N,
¢ = _} 9 = b = ) )
SR Sl Aol
nl T preca
W= ﬂ) = Lz; Re - ! >
c a u
PP -C)TH-Tp)  (p, ~ p) (G- Co)
' ue T (- Co)Bp (- T’
V(P = Pp)(N1 = No) ol
b= ) = - aBo;
(1 - Co)Bps(Th — To) \/;
_ L ko _a _ _ ek
El - CBO’ Da - (12’ me = /‘lD’ UHS - Cll ) (25)
ok o @kl K
u+k)’ Vu+k) ' (pey)’
v PP ke (1 - 1) a
Se==—, &= v NS k—,
Dg Tt (G- G) vy
i bW, N
Ly=—, R=—X,0= ,
" Dn’ ¢ Dn N - No
E = c? _ _Dgkr (G- Go)
M=) Y oo (L~ T’
u (Pcp)prDT(Tl - T)
B=— t =
an (pcp)flﬂb
N = (Pcp)prDB(Cl - Cp)
b (PCp)fll

Here, ¢,¢,w, ], Re, Gy, Ny, Ry, M, E1, Dy, Mg, Ugs, N, m?%, S, Sy,
Yo L, P, 8, E¢, Dy, B, Np, and N; represent the non-dimen-
sional temperature’s function, amount of nanoparticles,
motile microorganism profile density, microrotation func-
tion, non-dimensional micro-gyration parameter, Reynolds
number, the local temperature’s Grashof number and the
buoyancy proportion, bioconvection Rayleigh number,
magnetic field, electric field, Darcy number, electroosmotic
parameter, Helmholtz—Smoluchowski velocity, coupling
number, micropolar parameter, the Schmidt, Soret num-
bers, chemically reactive variable, Lewis number for bio-
convection and Peclet coefficient, the ratio of motile
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microorganism, Eckert number, Dufour number, Prandtl
number, the Brownian motion and characteristics of ther-
mophoresis, respectively. After removing the bars, we
obtain [41,49,52-54] by applying the non-dimensional vari-
ables (25), which are the controlling flow field equations
(Eqgs. (18)—(24)).
Continuity equation:
ou ov
— +

ax oy =0, (26)

Equation of motion:

ou ou
R,|6u— +v
oy
ap 1 ow o’u  o%u
= —-— — + 55—+ —
x 1-N ay oxt  ay? @7
+ Gr(0 — Nop = Ry§) + M*(E; — (u + 1))
1
-+ + 2¢
1 - N)D, (u +1) + Uysm, P,
R é‘lé‘u@ + vav
ox oy
2
_a_p_'_Lé‘a - 82N aw+5ﬂ (28)
ay 1-N| ox ax = ay?
1
+ - Ng - Ry§) - ————6v.
8G:(0 = Np = Rof) = (o0
Equation of microrotation motion:
o2V 5,22 4 20
J ax  ay
2 2 (29)
2-N
s DN D) (o o)
m ox ay ox oy

Energy equation with viscous dissipation:

R6u6—9+v%
1Toax o
_ L g20% , 9% .20 00, 99 26
B ox?  ay? ax ax ay ay
29 (o6
+Nf52a_] +[a] FMEL D = ED° (30
62(p % 1 ouY
|8 — + ——FE|4|6—
M KAPTORPY ) I | L
o520, ouf
ox oy
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Concentration equation:

o]
R, 6ua—¢ + v%
1{ 02 92 620 8%
a4 T P )
S| ox ay? ox ay
N 1( 0% 9%
+

T Y ] Ne-

Microorganism equation:

LyR, 6ua—f va—f
ox ay
(32)
= ﬁ (& + )i aE 6(0
Ty R ay dy |

In the context of the stream characteristic ¥, the non-
dimensional components of velocity (u, v) are connected
through the subsequent relationships:

u= % = —6—11) (33

oy’
Eq. (26) is met in the same way once Eq. (33) is intro-
duced, and Eqgs. (27)-(32) are as follows [37,47,49,52,53].
Equation of motion:

oo oy
dy dxdy  9x dy?
2
- w Z—wéaa—i—w] 2 [Zw]
X - X% | Ay y?
y y (34)
oy
+ G0 - Noo — Ryd) + MY|Ey - | + 1
ay
1 (oy
-— | =+ 1|+ )
ol 1]+ v mio,
{2020 v
ay ox*  ox axay
) Z_p+ 1—1N x| Zf 62Ng_t
Y (35)
55[ 5_‘/’]] + 8Gr(0 - Ny — RyS)
s L 000
(1-N)D, ox
Equation of microrotation motion:
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Energy equation with viscous dissipation:
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with the small Reynolds numbers, we obtain the subse-
quent equations without considering the concepts of
degree § and higher order:
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When pressure is removed from Eq. (40) as well as Eq.
(41), we obtain
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The boundary conditions applied in this study reflect
realistic physical constraints commonly encountered in
microfluidic environments. At the lower wall, no-slip and
insulation conditions are assumed, implying that there is
no penetration of fluid, heat, mass, microrotation, or
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microorganisms across the wall. This represents a thermal
and mass-insulated surface with no microrotational
effects. At the upper peristaltically oscillating wall, velocity,
thermal, concentration, microrotation, and microorganism
slip conditions are incorporated to account for the partial
interaction between the wall and fluid. These slip condi-
tions simulate more accurate physical behaviors, where
the wall may allow limited transfer or interaction due to
surface characteristics or biological coatings. Collectively,
these boundary settings allow the model to realistically
capture the influences of wall dynamics and surface attri-
butes on electroosmotic peristalsis flow of micropolar bio-
nanofluids. Here, f is the average circulation rate of the
moving frame’s devoid of dimensions, and © is the average
rate of flow without dimensions in each frame. Moreover,
the relationship between f within the movable frame and
0 within the stationary structure is as follows [41,47,52-54]:

0=f+1, (48)

h(x)a
where f = [[""2%dy = $(h(x) - Y(0)).
The followmg are the non-dimensional formulas [41,52-54]
describing the rate of pressure surge for wavelength AP:

1
dpr
AP = ‘([adx (49)

3 Computational methodology

The use of mathematical models to address real-world
issues has become crucial in several aspects of contem-
porary life for elucidating, delineating, or forecasting a
wide array of phenomena. To exemplify these challenges,
scientists often use a set of very intricate non-linear linked
equations derived from partial differential equations.
Analytical solutions for such challenges are often unattain-
able. We can efficiently and dependably manage this
degree of complexity due to our expertise in numerous
prominent computational programming languages.
Mathematica, an advanced and completely integrated
software programming language, has been used in our
problem-solving endeavors. A systematic and successful
methodology for addressing the complexity of solving the
governing system of equations has been established with
the built-in command, parametric estimate NDSolve. This
numerical approach provides substantial benefits by
decreasing mistakes and reducing CPU time per evaluation.
This built-in tool generates a suitable method for numer-
ical computations and produces the corresponding gra-
phical output. According to the selected convergence
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criterion, the difference between consecutive solution
values must be less than 10~ to guarantee good precision.

4 Verification of the outcomes

To demonstrate the validity of our current work, we com-
pare our numerical approach for dimensionless velocity
and the results of two earlier studies [54,41], concentrating
on a particular case. Many phenomena are disregarded in
this comparison, including the mass and heat transmission
of the liquid, the motion of organisms in the non-existence
of the porous material in the channel, and, most impor-
tantly, the impact of the field of magnetic attraction. Table 2
contrasts the speed profiles of the two scenarios — the hydro-
dynamic case [54] and the EHD instance [41] — to show how
our model compares with the findings given by Ali and
Hayat [54] and Noreen et al [41]. To enable pertinent com-
parisons, we have setG, = 0,G. = 0,M = 0,y, = y; =), = 0,
Uys = 0, m, = 0.001, and D, — . As a result, the results we
obtained from the methodology are in good agreement with
these analytical techniques.

5 Computational discussion of the
results

The physical structure of the problem comprises a micro-
channel, which is a simplified but accurate depiction of
microfluidic devices encountered in real-world applica-
tions. In the above structure, the addition of an electric
field from the outside E, promotes the formation of elec-
troosmotic forces. These forces are influenced by the
unique characteristics of micropolarity liquids, such as
interior microrotational movement. Furthermore, the
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thickness and distribution of charges of the EDL may
have an impact on the size and direction of the EOF. The
double layer’s thickness additionally affects the EOF;
thicker layers of double thickness have lower flow rates.
On a physical level, the electric body force fluctuates pre-
cisely according to E,, demonstrating that a thicker EDL
causes a significant drop in the electrical body force. The
wavelength typically varies between a few millimeters and
100 um. Some have been identified as constants, such as e
(the electron charge) and Kj (the constant of Boltzmann).
Generally, the wave speed ranges between 1 and 10 mm/s .
The wave’s amplitude, which typically ranges between
10 and 200 um, represents the largest divergence from
the standard deviation position. The conduit width d for
peristaltic flow typically spans from 1 to 10 mm. The mate-
rial constants are k, y, and y*. These parameter ranges
vary according to the experimental conditions, micro-
scopic structure, and rotational kinematics. This section
addresses the effects of diverse configurations (i.e., slip-
page temperature 0.02 <y, < 0.05, electroosmotic para-
meter 0.0 <m, < 6.0, maximal electroosmotic velocity,
and Helmholtz—Smoluchowski speed -0.2 < Uyg < 0.1,
Peclet number 0.5 < P, < 0.8, the bioconvection constant
0.5 < @ < 0.8, thermophoresis parameter 0.01 < N; < 0.04,
Brownian motion parameter 0.5 <N, < 0.8, coupling
number 0.0 < N < 0.6, Darcy number 0.1 <D, < 0.4, and
magnetic field parameter 1.0 < M < 1.3) on the velocity
distribution u(x, y), temperature distribution 6(x, y), con-
centration distribution ¢(x, y), motile microorganism dis-
tribution £(x, y), concentration distribution w(x, y), stream
lines patterns ¥(x,y), and heat transfer rate Z [41,47].
Figures 2-8 are included for this reason. To capture spatial
variations along the channel, results are evaluated at
two distinct axial positions: x = g X = 37”, representing dif-
ferent cross-sections within one wavelength of the peri-
staltic wave. This allows for a comparative understanding
of flow characteristics at various locations along the
channel.

Table 2: Velocity profile u(x, y) comparison for various coupling numbers N and micropolar parameter m values when G, = 0, G = 0, M = 0,

V.=V3=)=0,and D, > o

Microrotation m Coupling Hydrodynamic case [54] Current EHD Case. [41] Current
number N (Ugs = 0, m, = 0.001) study (Ugs = 0.5, m, = 6) study
1 0.2 -1 -1 2.49730 2.45870
10 0.2 -1 -1 3.00531 3.01260
100 0.2 -1 -1 3.28171 3.27924
100 0.3 6.173850 6.17425 3.25985 3.25478
100 0.4 6.739920 6.73578 3.23800 3.23576
100 0.5 7.111769 7.11234 3.21614 3.21458
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5.1 Velocity profile

This section discusses the implications of the coupling
number N, Darcy number D,, the electroosmotic factor
m,, the maximal electroosmotic velocity, and Helmholtz—
Smoluchowski velocity Uys on the distributions of velocity,
which, in turn, are shown in Figure 2(a-d). First, we inves-
tigated the influence of diverse variables upon the speed
profile and compared them at different sectors of the
channel. We found that the influence of speed when chan-

. . . s _n
ging these variables improves significantly at x = - than at

X = %ﬂ The data indicate that the velocity charts have a
descending concavity. These graphs illustrate a parabolic
trajectory, with the apex situated in the center of the
channel. The impact of the coupling number N on the axial
speed is shown in Figure 2(a). The micropolar parameter
explains spin diffusion. It is possible to reduce the micro-
polar liquid description to the Newtonian liquid theory for
k — . It is seen that the circulation reversing trend
occurred around the conduit’s walls, but it increases
towards the channel’s middle line as the coupling number
increases. Figure 2(b) illustrates how the fluid speed is
influenced by the Darcy numbers. The velocity of the axial
direction decreases as one gets close to the channel walls
and increases as the Darcy number increases toward the
channel center. Under similar conditions, the parameter
for electroosmotic characterizes the EDL’s thickness (that
is, for m, — oo, EDL is extremely thin; it can be emotionally
deduced that liquid flowing is unaffected by the arrange-
ment of electrons throughout the wall’s surface), and
Helmholtz—Smoluchowski velocity symbolizes the conse-
quence of an electric field that is applied externally. If
Ugs — 0, the issue will arise from the peristalsis transfer-
ence of micropolar liquid through a symmetric channel.
According to Figure 2(c), m, raises the magnitude of
u(x,y), indicating that u(x,y) increases as m, increases
in the channel’s center and reduces as it approaches the
channel’s walls, as m, equals the channel height divided by
Debye’s length Ap. This implies that Ap and EDL are inver-
sely proportional. As a result, the middle region, y = 0, has
a greater fluid flow. Zeta potential is a commonly used
representation of the electroosmotic parameter. It is an
indication of the outermost density of charge at the fluid-
solid contact. The zeta potential controls the EOF’s ampli-
tude, direction, and velocity. In essence, the electroosmotic
variable gauges a liquid’s ability to move across a charged
surface when an electrical field exists. Again, the flow is a
simple hydrodynamic for m, — 0, and EHD at a particular
m, value. The hydrodynamic flow curve is positioned
beneath the EHD flow outlines, indicating that the velocity
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profile is influenced by the applied electric field. Figure
2(d) depicts that u(x,y) decreases as Uys increases in
y = 0; conversely, an opposing movement is observed at
y = h(x). According to the physical conclusion Uys, fluid
velocity drops, as the EDL thickness increases. As a result,
when EDL is present, fluid flow reduces. Physically, the
Helmholtz—Smoluchowski velocity is a physical represen-
tation of the equilibrium between the frictional forces of
the fluid and the force of electricity operating on the
charged particle. Specifically, the mean particle velocity,
excluding the impact of extraneous external factors like
viscoelastic drag or gravity, is known as the Helmholtz—
Smoluchowski velocity. For purely hydrodynamic flow, the
velocity is shown by the curve for Uys — 0.

5.2 Temperature profile

Figure 3(a—d) depicts the temperature change with perti-
nent fluid parameters. Temperature profiles, like velocity
profiles, display the graph’s parabolic form, with the
highest possible temperature occurring in the center. The
change in the temperature slip parameter y, or an
increasing amount of y,, on the operating temperature
outlines are described, as shown in Figure 3(a). It is clear
from the provided findings that the temperature outline
increases. Figure 3(b) demonstrates how the ambient tem-
perature distribution is influenced by the field’s magnetic
parameter M. It is obvious from the figure that the envir-
onmental temperature outline increases when the magne-
tized force impact is larger than its tendency to reverse the
flow. Also, Figure 3(c) displays that 8(x, y) increases with
increasing m,. Hence, the reduction in EDL increases
0(x, y) significantly. Figure 3(d) shows the consequences
of extreme electroosmotic velocity Ugs on 6(x, y). It indi-
cates that for more values of Uys, 6(x, y) declines. Further-
more, Figure 3(c) shows that when m, increases, 6(x, y)
also increases. As a result, there is a notable increase in
0(x,y) when EDL decreases. The impact of maximal elec-
troosmotic acceleration Uygg on 6(x, y) is shown in Figure
3(d), and indicates that 6(x, y) decreases when Uyg values
increase.

5.3 Density of motile microorganism profiles

Figure 4(a—d) shows the activities of motile microorganism
profiles for various values of physical factors. It can be
established from Figure 4(a) that as the Brownian diffusion
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variable Nj increases the density of the motile microbe
profile also increases. It is obvious that an increase in Nj
results in a higher transfer rate of motile microorganisms.
The effect of the parameter used for thermophoresis N; on
the motile microorganisms density is shown in Figure 4(b),
where it is observed that an increase in the parameter
causes an overall reduction in the density of the motile
microbe profile. The temperature of the fluid increases
with an increase in N;, which places the nanoparticle in
a higher temperature region. Accordingly, the microbe’s
density decreases. The impact of biological convective
Peclet numbers on the motile microorganism’s density is
depicted in Figure 4(c). The motile microorganism’s density
reduces with an increase in the bioconvective Peclet
number. Stronger Peclet numbers are indicative of poorer
Brownian movement diffusion coefficients, which means
that swimming microorganisms can only penetrate a rela-
tively shallow depth. Figure 4(d) illustrates how the density
of motile microorganisms is affected by the bio-convection
constant 2. A higher bioconvection constant appears to
result in a lower motile microbe density. This can be phy-
sically explained by the reality that the Lorentz force has a
more substantial influence on the intensity flow of fluid
and, in turn, on shear stress. Engineering and biological
sciences benefit from such results. Since bacteria aid in the
breakdown of organic materials, they produce oxygen and
preserve the wellness of humans.

5.4 Concentration profile

Figure 5(a—d) shows how different physical parameters
affect the concentration distribution @(x, y), which gener-
ally shows a parabolic pattern with higher values near the
channel center. Figure 5(a) shows that increasing the con-
centration slippery variable ), reduces the concentration
near the walls, as it allows more freedom for particles to
move away from the surface, thereby decreasing accumu-
lation. The Lorentz force, which prevents uniform trans-
port of nanomolecules and pushes them away from their
natural routes, causes a concentration reduction, as shown
in Figure 5(b), when the magnetized force variable M is
increased. Increasing the electroosmotic parameter m,,
which represents a thinner EDL, improves EOF, which
transports nanoparticles along the channel more quickly
and lowers their localized concentration, as shown in
Figure 5(c). Physically, the local electric field close to the
wall is strengthened by a smaller EDL linked to a larger m,.
This produces a stronger electroosmotic force that quickly
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transports the nanoparticles downstream. This reduces
their residence time in the flow domain, leading to a
noticeable drop in the local concentration. Finally, Figure
5(d) shows that as the Helmholtz—Smoluchowski velocity
Uys increases, the electric field drives stronger convective
transport of nanoparticles, resulting in higher concentra-
tion values near the core flow region. Physically, an
increase in Uys strengthens the electroosmotic driving
force, enhancing the convective transport and leading to
nanoparticle accumulation near the channel center, thus
increasing the local concentration.

5.5 Microrotation profile

The features and characteristics of various pertinent
hydrodynamical flow variables, such as the microrotation
slip parameter y;, coupling number N, magnetic field para-
meter M, and electric field parameter E; on dimensionless
microrotation speed of the liquid, are shown in Figure
6(a—d). The effect of the microrotation slip parameter y;
on the microrotation velocity profile w(x, y) is illustrated
in Figure 6(a). It is detected that increasing y; enhances the
magnitude of w(x,y), indicating stronger microrotation
near the channel boundaries due to increased slip. Physi-
cally, an increment in the microrotation slip variable y;
signifies the reduced endurance to spin motion near the
channel walls. This allows the fluid particles to rotate more
freely at the boundaries, thereby enhancing the microrota-
tion velocity w(x, y) within the domain. The result of this
function for the coupling coefficient N on the microrota-
tion characteristic is presented in Figure 6(b). It is percept-
ibly detected that improving the values of the coupling
number N increases the microrotation profile of the fluid.
The impact of electromagnetic field parameter M on the
microrotation component w(x, y) is shown in Figure 6(c). It
was observed that when the parameter associated with the
magnetic field increases for a fluid that is micropolar,
w(x,y) decreases for a fixed value of y. It is noteworthy
to observe that with the increasing number of Ej, the
microrotation profile w(x,y) decreases at the end of the
channel, which is shown in Figure 6(d). The accelerating
body force is introduced by the electric field that is pro-
duced and acts in the applied electrical field. The forward
momentum of the boundary layer thickens, and the
boundary layer movement is accelerated by this body
force, also referred to as the Lorentz force. As a conse-
quence, the microrotation velocity decreased near the
channel’s ends.
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5.6 Heat transfer rates

In Figure 7(a-d), the corresponding changes in the (a) mag-
netic field parameter M, (b) Eckert number E,, (c) electro-
osmotic parameter m,, and (d) thermophoresis parameter
N;, respectively, at N=0.6, G- =01, N, =02, R, = 04,
M=01, E;=05, D, =01, Uygs = —-0.06, m, =2, N; = 0.1,
N;=01, B =62, E.=05 D,=01, m=05 S, =01,
§=01, y,=01, y,=03, y;=05, ), =02, y;=04,
P, = 0.5, and € = 0.4 display the heat transfer rate Z pro-
gression across the whole channel length. In the area
where x = 0.32, it is observable that the rate of thermal
transmission increases by a substantial amount. The
shearing stresses that are placed on the boundaries of
the channel and the geometrical structures of the walls
both provide proof that the oscillation of the walls of the
channel is the source of periodic vibrations. The findings
demonstrated the evolution of thermal transfer rate
Z through the entire channel length. In the same context,
the findings indicated that M, E., m,, and N; increase to

(©)
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maximize heat transfer rates. It is possible to draw the
conclusion from this fact that the heat that is produced
by viscous dissipation as a result of the viscosity of the
fluid increases, and the conduction of heat decreases as
the value of the viscous dissipation parameter increases.
Consequently, the rate of heat transfer via the sides of the
channels might be controlled by these factors due to their
influence.

5.7 Streamline patterns

In the context of peristalsis fluid flow, a trapping method is
a significant additional feature of rheological effectiveness.
The propagating bolus structure of this phenomenon may,
in certain instances, take the shape of a streamlined orga-
nization that is parallel to the boundary walls. They move
in the same orientation as peristaltic impulses and are
reliant on the wave that has peristaltic characteristics on

Figure 7: The rate of heat transmission for (a) M, (b) E, (c) m,, and (d) N..
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Figure 8: (Continued)

the boundary sides. They migrate at the same tempo as
peristaltic impulses. The characteristics of regurgitation,
an increase in vorticity, as well as the strength of blood
flow that occurs during peristalsis movements, can be
determined. Figure 8(a—d) shows the additionally discov-
ered behavior of trapping. To portray the streamlined
configuration for diverse values of the Helmholtz-Smolu-
chowski velocity Uys, the magnetic field M, micropolar m,
and electroosmotic m,, Figure 8(a—d) shows when N = 0.6,
G, =01, N, =02 R,=04, E;=05 D,=01, N; =01,
R =62 E.=05 D,=01, S =01, S=01, y, =01,
¥, =03, y;=05, =02, y;=04, =05, and £=04.
Upon investigation, it has been discovered that stream-
lining adheres to the geometric configurations for the issue
and fills the flow zone. It is possible to see many convection
cells in the area of the uneven edges. A representation of
the effect that the Helmholtz—Smoluchowski velocity Uys
has on the trapped phenomenon is shown in Figure 8(a).
Figure 8(a) demonstrates the increase in the volume of the
trapping bolus that occurs when the Debye-Hiickel para-
meter, which is responsible for the reduction in the thick-
ness of the EDL, increases for negative values of the Helm-
holtz-Smoluchowski speed (Uys = —2). On the other hand,
when the Helmholtz—Smoluchowski velocity is positive
(Ugs = 2), the size of the trapped bolus reduces as the value
of the Debye-Hiickel coefficient increases. The influence of
the magnetic field parameter (M = 1-3) and the microrota-
tion factor (m = 1-3) on trapping is shown in Figure 8(b)
and (c). It has been demonstrated that when the micro-
polar and magnetic field parameters vary from 1 to 3, there
are slight changes in the bolus’ size. In addition, the effect
of varying the electroosmotic parameter (m, = 0-10) on

0.0 0.5 1.0 -1.0 -0.5 0.5 1.0

(d)

trapping is depicted in Figure 8(d). More trapping boluses
are generated when m, is increased from 0 to 10. The inner
composition of the flow can be effectively changed by
rationally stating different parameters. This will provide
designers with substantial influence over the hydromecha-
nical effectiveness of the pumping in customized applica-
tions. In real-world implementations, peristaltic pumps
can be more silent, flexible, or partially flexible systems
composed of a forcefully compressible, adaptable element
(dubbed an engineered composite tube) that entirely closes
the inside channel, forming a closed-off chamber made up
of the moving sides. The closure points, or contractions, are
propelled down the channel by wall shrinkages, which are
a natural phenomenon.

6 Concluding remarks

In this study, we have developed a novel mathematical
model to investigate the peristalsis flow of a micropolar
bio-nanofluid, comprehending gyrotactic microorganisms
with the combined effects of electroosmotic forces, magne-
tized fields, viscous dissipations, Joule heating, first-order
chemical reactions, and slip boundary conditions. This
comprehensive framework addresses an unstudied
configuration in the literature and incorporates important
microfluidic phenomena, such as thermophoresis,
Brownian motion, and chemical reactions. The model
reveals how parameters like the electroosmotic velocity,
Helmholtz—Smoluchowski speed, and micropolar effects
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influence the velocity, temperature, concentration, and
microorganism distributions. Importantly, the application
of slip conditions enhances physical realism and reflects
actual microchannel behaviors. The problem’s linked non-
linear differential equations are reduced to a multidimen-
sional form using Reynolds numbers that are small and
long-wavelength approximations. Because of the intricacy
of the outcome’s set of mathematical equations, mathema-
tical modeling has been performed via the computing soft-
ware program Mathematica by employing the integrated
function (parametric NDSolve). The results offer a thor-
ough comprehension of the system’s behavior, which
exhibits a significant correlation with the physical charac-
teristics controlling it. In particular, the zeta potential, vol-
tage, and channel shape are found to have a considerable
impact on the acceleration of EOF. These discoveries may
prove useful in the creation of microfluidic devices sui-
table for certain uses requiring fine-grained fluid handling.
Finally, we discussed how various parameters affect the
results. The significant findings are as follows:

* The administration of specific pharmaceuticals may be
enhanced by using electroosmotic forces to modify the
nanofluid during peristalsis movement. This coordinated
mobility may facilitate the exact delivery of drugs to
certain physiological regions or cells.

Thermal and mass transport phenomena are highly sensi-
tive to slip boundary conditions. For instance, thermal and
concentration slip enhance energy and species diffusion,
influencing nanoparticle and microorganism distributions.
Regulated buoyant forces may be used in biological pro-
cesses to manipulate the behavior of nanoparticles in
blood-based fluids. For instance, it may influence the
distribution and circulation of therapeutic nanomater-
ials in drug delivery systems.

Electroosmotic forces play a dominant role in enhancing
flow transport; increasing the zeta potential and electric
field intensity significantly boosts the axial flow and
nanoparticle convection.

* The density of motile bacteria exhibits contrasting
results with increasing levels of the Brownian movement
variable and the thermophoretic variable.

The Helmholtz—Smoluchowski velocity emerges as a cri-
tical parameter in tuning both the fluid velocity and
particle concentration profiles, particularly near the
channel center.

Trapping phenomena are notably affected by the electro-
osmotic parameters, revealing possibilities for controlled
transport and targeted delivery in bio-microfluidic
systems.

The results of this study exhibit a strong correlation with
the body of literature already in circulation [47,48].
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* The micropolar effects, including microrotation and spin
viscosity, subtly influence the flow near the walls but
have a limited effect at the core region, offering fine
control over wall-bound layer dynamics.

* The theoretical results may find practical applications in
physiological flows and commercial applications invol-
ving electroosmosis-driven peristaltic transport sub-
jected to microrotation of fluid particles.

7 Future directions and limitations

This work can be developed further in several ways.
The significance of biomedical engineering has been
strengthened by its reliance on curvature effects. It is
also important to note the application of different rheolo-
gical concepts and the ciliated wall effects, along with the
pushing of bacterial cells and spermatozoa. These practical
studies will contribute to the development of more
advanced nanomagnetic and electric microrobots. The cur-
rent analysis relies on several simplifying assumptions,
such as the long wavelength, low Reynolds number, and
the Debye-Hiickel approximation, which limits its applic-
ability to low-potential, slow-flow regimes. The model
also considers constant wall properties and diminished
first-order chemical reactions. Although these assumptions
were required for tractability, they may not fully capture
the complexity of actual bio-microfluidic systems. Future
work could target optimization of flow rate by tuning
electrokinetic and geometric parameters. Additionally, a
sensitivity analysis is recommended in future investiga-
tions to identify the most influential parameters affecting
the system behavior and optimize design considerations
accordingly.
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