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Abstract:  This research investigated the different types of exact soliton solutions of the
biomathematics model known as the truncated M-fractional Heimburg model. This concerned equation
describes the transmission of electromechanical pulses in nerves as well as to describe the flow of
blood through blood vessels. For our purpose, we used the modified extended tanh function scheme
and the modified (G’/G?)-expansion scheme. The obtained exact soliton solutions were the periodic,
kink, singular, dark, bright, and other soliton solutions. The obtained solutions were dynamically
explained by using 2D, 3D, and contour graphs. The obtained results were nonexistent due to the use
of a novel definition of fractional derivatives. Both schemes were not used for the concerned model
in the literature. The effect of the fractional derivative on the solutions was explained by using 2D
graphs. Next we gained the steady-state solutions with the help of modulation instability analysis.
The obtained solutions are useful for various purposes like blood flow simulation, vascular disease
modeling, hemodynamic analysis, medical device design, physiological research, etc.
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1. Introduction

Most naturally occurring phenomena are represented in the form of nonlinear fractional partial
differential equations (NLFPDEs). Different techniques have been developed to obtain the exact and
numerical solutions for the NLFPDEs such as the extended sinh-Gordon equation expansion
technique [1], the extended simple equation technique [2], the generalized first integral technique [3],
the modified simplest equation technique [4], the (G’/G)-expansion technique [5], PID controllers [6],
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the improved (G’/G)—expansion method [7], the polynomial complete discriminant system method,
the dynamical system method [8], the semi-inverse method [9, 10], and the Hirota bilinear
method [11]. etc.

We used the modified extended tanh function and modified (G’/G?)-expansion techniques in this
research. Both techniques are used for different models. For example, the modified extended tanh
function technique is used for the Broer-Kaup-Kupershmidt equation [12], the Bogoyavlenskii
equation [13], the concatenation equation [14], the Lakshmanan-Porsezian-Daniel equation [15], etc.
Similarly, the modified (G’/G?)-expansion technique is used for the classical Boussinesq system of
equations [16], the Kadomtsev Petviashvili-modified equal width equation [17], the Wazwaz Kaur
Boussinesq equation [18], the generalized Bretherton equation [19], the coupled nonlinear Higgs
equation [20], etc.

Soliton theory is the study of solitary waves that maintain their shape and speed over long distances,
often arising in nonlinear systems. These “solitons” have particle-like properties and are found in
various fields including optics, fluids, nonlinear PDEs, and signal processing, etc.

We study the biomembranes and nerves model, which was developed by Heimburg and Jackson.
The concerned biomathematics model describes the mechanical procedure in biomembranes. Assumed
by the equation, the nerve axon is represented as a cylinder-shaped biomembrane that, at the right
termperature, lower than usual, transitions from a fluid to a gel structure. Consider the following
Heimburg model:

Vi = (L4 av + b))y + Vigrr — Ay = 0. (1.1)

Here, v = v(x, t) represents the wave profile and a, b, and A are the non-zero constants.

Different types of schemes are applied to gain different results for Eq (1), including the kink- and
periodic-shaped solitons obtained by utilizing the exp(—¢({))-expansion scheme [21]. By using the
Hirota bilinear scheme, homoclinic breather wave, lump wave, and periodic cross kink wave solutions
are obtained in [22]. By utilizing the extended sinh-Gordon equation expansion technique, the Jacobi
elliptic doubly periodic function solution, and solitary wave solutions are obtained in [23].

The motivation of this research is to discover the novel exact wave solutions of the nonlinear
Heimburg equation along the truncated M-fractional derivative (TMFD). The impact of the TMFD on
the obtained solutions is shown by a 2D plot. The use of the truncated M-fractional derivative
provides the solutions nearer to the numerical solutions of the governing model. The truncated
M-fractional derivative fulfills the properties of both integer and fractional-order derivatives. The
obtained solutions do not exist in the literature. Moreover, we performed modulation instability
analysis (MI) to obtain the steady-state solutions of the concerning system. Both techniques do not
need any intermediate transformation. The used methods are simple and useful for other nonlinear
fractional models in applied sciences and engineering.

The truncated M-fractional Heimburg model explains the following:

(i) Models realistic nerve pulse propagation;

(i1) Finite memory and dissipation in biological tissues;

(111) Thermal and mechanical effects ignored by electrical models;
(iv) Stability and soliton dynamics in complex media.

This paper contains the following sections: Section 2 explains the modified extended tanh function
and modified (G’/G?)-expansion schemes. Section 3 provides the mathematical analysis and exact
wave solutions of the concerned model. Section 4 gives the graphical representation of the obtained
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solutions. Section 5 describes the modulation instability. Section 6 provides the results analysis. At

the end, a conclusion is given in Section 7.

1.1. Truncated M-fractional derivative

Definition 1.1. Consider w(y) : [0, o) — ‘R, and hence the TMFD of w of degree « is given as [24]:

w (v Eg(hy'=€)) = w(y)
h b
where Ejg(.) shows a truncated Mittag-Leffler function [25]

Dyw() = lim ae 11, >0,

i .
Es(z)= ) ————, 0>0 and z€ C.
]Z:;‘F(ﬁJ+1)

Theorem 1.1. Suppose a, b € R, and g, f are e— differentiable for y > 0, from [24]:

(a) D} (ag(y) + bf(y)) = aDil g(y) + bDiL f(3).
(b) DY (). () = gDy f(3) + FOD;, 8.
() DY (f(g)) = Dy 8Dy F ().

@ D D)) FOIDYL () — gDy £ ()
MR Fy (f))? '

(e) Djffy(C) =0, where C is a constant.

y'r o dg(y)
TB+1) dy

(f) Dyl g(y) =
2. Description of schemes

2.1. Modified extended tanh function scheme

Here, we provide the main description of the scheme.
Consider a nonlinear fractional PDE:

v v v Oy

.oy %, (9[7, ceey a, ﬁ, ) = O,

X2,

where v = v(x, f) denotes a wave profile. Suppose the wave transformation is given as:

v(x,) =V(©), 6=x—pu .

I'(1+p)
a

2.1

(2.2)
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Here, u represents the wave speed. Substituting Eq (2.2) in Eq (2.1), we get a nonlinear ODE:
YV VA uv v’ ) =0. (2.3)

Consider the solution of Eq (2.3) shown as:
V() = ay+ ) aw(0) + ) b (0). (2.4)
i=1 i=1

Here ag, a;, b;(i = 1,2,3, ..., m) are unknowns.
By using the homogenous balance principle in Eq (2.4), we get the value of m. Here, y/({) satisfies
a given ODE:
W'(6) = Q+ (o), 2.5

where, () denotes the constant and the results of Eq (2.5) are given as [26]:
Family 1: If Q < O:

¥(0) = — V-Qtanh( V-Q 6), (2.6)
or
¥(8) = — V=Qcoth( V=Q ). (2.7)
Family 2: If Q > O:
¥(6) = VQtan(VQ 6), (2.8)
or
w(5) = — VQceot(VQ ). (2.9)
Family 3: If Q = O:
-1
W) = —. (2.10)

Putting Eq (2.4) in Eq (2.3) along with Eq (2.5), and by manipulating the system, we get the results of
Eq (2.1).
The modified extended tanh function method has several advantages:
(1) It can be applied to various nonlinear evolution equations.
(i) It provides exact traveling wave solutions, including solitons and kink solutions.
(i11) It involves straightforward calculations and simple algebraic manipulations.
(iv) It is effective for equations with complex nonlinearities.

2.2. Modified (G’ |G*)—expansion scheme

Here, we provide some main points given in [27].
Point 1:

Consider Eqs (2.1)—(2.3).
Point 2:

Consider the solution of Eq (2.3) given as

m G .
06) = ) (). @.11)
i=0

AIMS Mathematics Volume 11, Issue 3, 8104-8133.



8108

where, a;(i = 0,1,2,3,...,m) are unknowns while @; # 0. The novel profile G = G(9) satisfies the
equation

G, G’
(a) =A + ﬁl(a)z’ (2.12)

where A, and A, represent the parameters. The solutions of Eq (2.12) depending on a are given as:
Type 1: When Ap1; < 0, we have

G’ \/|/10/11| \/l/lo/l]l C] Sil’lh( V/l()/l] 6) + Cz COSh( V/l()/l] 6)
(=)=- + : ). (2.13)
G A 2 C, cosh(VApd; 6) + C, sinh(VAgd; )

Type 2: When Ay1; > 0, we have

(G') _ /10 (C] COS( V/l()/l] 5) + C2 sin( V/?.()/ll 5)) (2 14)
G2 N A ¢ sin(VAod; 6) — Casin( VA, 6) '
Type 3: When Ay = 0 and A, # 0, we have
G’ C,
—) == 2.15
(GZ) /11(C16+C2) ( )

Here C; and C, are parameters.
Point 3:
Substituting Eq (2.11) in Eq (2.14), along with Eq (2.12), and summing up the coefficients of each
power of (g—;)i equal to zero, after manipulating, the achieved set has «;, Ay, 4;, and v.
Point 4:
Using «;, v are obtained in Step 3 in Eq (2.3), one can gain the results of Eq (2.1).
Here are some advantages of the modified (G’/G?)-expansion scheme:
(1) It simplifies the process of finding exact solutions for complex nonlinear equations.
(i1) It can generate various types of solutions, including hyperbolic, trigonometric, and rational
solutions.
(111) It does not require specific initial or boundary conditions to find solutions.
(iv) It can be extended to solve fractional partial differential equations.

3. Mathematical analysis and exact solitons

Consider the concerned model in the sense of the TMFD given as

Difv = DY (1 + av + VD) + Dify — ADH(Dv) = 0. SRy

Applying the given wave relation in Eq (3.1), we have

102 107

vx,0) = V(©), §=T@+ 1)(% - ﬂ%). (3.2)

Defy =12V, Dty =v®, DEADy) = —uv®, DI (1 +av+b)DEy) = aVV +a (V') +
bV2V" +2bV (V') + V",
We obtain the following:

—aVV" —a (V') =bV2V" =26V (V') + VP + quv® + (> = DHV” = 0. (3.3)
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3.1. Novel wave solutions by the modified extended tanh function scheme

Equation (2.4) changes into the given relation if m = 1.

V(6) = a1¢(6) + ap + % (3.4)

Inserting Eq (3.4) with Eq (2.5) in Eq (3.3), and manipulating the set of equations, we get the given
results:

Set 1:
(0 = — VA2 (A2 = 6)(a® + 8bQ — 4b) + a(A* — 6) . V6 B = 0.p= V3(a® + 8bQ —4b)}
0= 2b(/l2—6) > &1 — \/E’ 1=V, u= '—Zb(/lz—6) .
(3.5)
Case 1:
222 - 6)(a® + 8bQ — 4b) + a(A* - 6)
V) == 2 - 6)
2 2 _ @
_ %(_ V=0 tanh(V_Q T'(3 + 1)(% - \/3(%4[’) %))), (3.6)
or
(22 - 6)(@® + 8bQ — 4b) + a(A* - 6)
VoD == 2b(2 — 6)
@ 2 _ @
. %(— V=0 coth (V=R (6 + D= - ‘/S(Qézz(jf? 6)4b) S 3.7)
Case 2:
2222 - 6)(a® + 8bQ — 4b) + a(A* - 6)
v n == 22 - 6)
V6 X +/3(a* + 8bQ — 4b) 1*
- %( VQtan(VQT (B + ) N =), (3.8)
or
A2 - 6)(a® + 8bQ — 4b) + a(A? - 6)
Ve n == 2b(12 — 6)
@ 2 _ @
- %(— VQ cot(VQT(B + 1)(% - ‘/3(%4@ %))). 3.9)
Case 3:
A2 (A2 =6)(a®—4b -6
v(x,t):—\/ ( Ma - )+a( )+ V6 . (3.10)
2b(2* - 6) VBTG + 1)(2 — \/3(a2—4b)ﬁ)
@ \2b(2-6) @
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Set 2:

( VR - 6)(@® +8bQ—4b) —a(®-6) V6 0 V3(a® + 8bQ — 4),
@y = Zb(/lz—6) , @ = \/E’Bl =0 u= m .
(3.11)
Case 1:
VA2(22 - 6)(a* + 8bQ — 4b) — a(2* - 6)
V1) = 26( — 6)
2 a
- %( V-Qtanh(V-Q T8 + 1)(— ‘/3(%%) ta ), (3.12)
or
222 - 6)(a® + 8bQ — 4b) — a(A? — 6)
vx 1) = 26(2 — 6)
2 a
- %( V=0 coth(V=Q T'( + ‘/3(6’2;(859 6)4b) ta ). (3.13)
Case 2:
N2 - 6)(a* + 8bQ — 4b) — a(A* - 6)
vx1) = 2601 — 6)
2 a
_ %( VQtan( VR T(B + 1)(— \/3(6%2(3?{_2 )4b) S, (3.14)
or
222 - 6)(a* + 8bQ — 4b) — a(A* - 6)
Ve = 2b(12 — 6)
2 a
_ %( VQcot( VA T( + 1)( \/3(%4[’) ta))) (3.15)
Set 3:
_ NBR@R-6)(@+4bBR- 1)) +a@ =6) N6 V6Q  3(a® +32bQ — 4b)
{CL’() - Zb(/lz—6) » & = \/I;’ﬂl - \/E M= '—Zb(/lz—6) }
(3.16)
Case 1:
A2 - 6)(@ +4b(8Q - 1)) + a(A? - 6)
v = - 262 — 6)
V6 X 3 +32bQ - 4b) 1 Wars)

= (V=Qtanh(T (B + 1) (= —
+\/E( anh( I'(3 + )(a =0 "
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Q

- (3.17)
V=Qtanh(T(B + 1) - e o2a e 3(%;22” NS BV are) )
or
A2 - 6)(@® +4b(BQ - 1)) + a(A2 - 6)
VoD == 2b(2 — 6)
V6 X \3(a? + 32bQ — 4b) 1
+ —(V=Qcoth(TB + 1)(= — —V-Q
\/_( Qcoth(I (B + I(— m V-
- « N (3.18)
V=Qeoth(T(8 + D~ = 2= V=0 )
Case 2:
A2 - 6)(@ +4b(8Q - 1)) + a(A? - 6)
vx 1) = - 262 —6)
V6 x* 4/3(a* + 32bQ — 4b) 1*
— (- VQtan(T B+ 1)(— - Vo
+ \/E( an( T8+ 1)(— 6 —IVQ)
Q
+ ), (3.19)
VQtan( T(B + 1)(% - —3((1,—2;?ij i 2yVQ)
or
A2 - 6)(@® + 4b(8Q - 1)) + a(A? - 6)
VoD == 2b(22 - 6)
V6 x® 4/3(a% +32bQ - 4b) 1*
—(VQcot(T(B + 1)(— - —)VQ
+\/E( cot( (8 + I(— m IV
Q
- (3.20)
VQ cot( T(B + 1)(Z - —”(“T;fjf" ey V-0 )
Set 4:
(@ = VA2 (2 = 6)(a® + 4b(8Q — 1)) — a(A* - 6) Y - V6 8 = V6Q  3(a® +320Q - 4b)}
o 26(2 - 6) T T T Vb2 —6)
(3.21)
Case 1:
) = VA2(22 = 6)(a® + 4b(8Q — 1)) — a(2* - 6)

2b(2%? - 6)

+ %(\/_tanh( I+ 1)(

\/3(a2+32b§2 4b) 1* V=)
\2b(22 = 6) o)
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Q
- (3.22)
V- X MI Nare)
Qtanh(I'(B + 1)( ~+ — ) )

or

VA2(22 - 6)(a* + 4b(8Q — 1)) — a(2% - 6)

v 0 = 252 - 6)

% (VTR coth F(ﬁ+1)( \/3(a2+32bQ 4b)t“) Nare)

\2b(2% - 6) a
Q

_ (3.23)

— @ V3(a+32bQ-4b) 1o
V=Qcoth(T(B + 1)(* MY et )V—Q )

Case 2:

VA2(22 = 6)(a* + 4b(8Q — 1)) — a(A% - 6)

Ve n = 2b(2 — 6)

+§( \/_tan(F(B+1)(

\/3(a2+32b§2 4b) * VD)
2b(2-6) @
Q

+ ), (3.24)
\/ﬁtan( I3 + 1)(% N V3(a2+326Q-4b) ,a)\/—)

\/2b(22-6

or

VA2(22 - 6)(a* + 4b(8Q — 1)) — a(A% - 6)
2b(2> - 6)

vix,t) =

V3(a? +326Q - 4b) 1 V)
\V2b(22-6) @
Q

_ (3.25)

VQ cot( T(B + 1)(% + %ﬂ)\/—)

%(\/ﬁcot( I+ 1)(—

Set 5:

VA2(22 - 6)(a* + 8bQ — 4b) + a(1* - 6)

V3(a? + 8bQ — 4b)
2b(2% - 6) )

\2b(2% - 6)

tao = - a1 = —, B =0,u=—-

sls

(3.26)
Case 1:

VA2(2% - 6)(a* + 8bQ — 4b) + a(A* — 6)

vt == 26012 — 6)

+ Y6 G tani( (3 + 1)( , 3@ +8bQ - 4b) ta) V=Q)), (3.27)

Vb 2b(12 = 6)
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or

Case 2:

or

Set 6:

{ap =

Case 1:

or

Case 2:

AIMS Mathematics

VA2(22 - 6)(a* + 8bQ — 4b) + a(A* — 6)

vix 1) = - 262 — 6)
2 a
%( V=Qcoth(T(8 + 1)( \/3(\‘}%4[9) Dyvoay).
2% - 6)(@ + 8bQ - 4b) + a(® - 6)
Wt =~ 2b(2 - 6)
2 @
n %( VQ tan( (B + 1)( ‘/3(%%” ) V),
A2 - 6)(a® + 8bQ — 4b) + a(A? - 6)
V0 == 26(2 - 6)
2 @
+ %( VQ cot( T(B + 1)(— ‘/3(%4[’” )VQ)).
VA2 - 6)(a® + 8bQ — 4b) — a(2 - 6) . G B =0.p= V3(a® + 8bQ — 4b)
26(22 - 6) My TR \2b(22 = 6)
N2 - 6)(a® + 8bQ — 4b) — a(A? - 6)
vxh) = 26(2 — 6)
V6 X A3(a? + 8bQ — 4b) 1
+ %(— V=Qtanh( (8 + G TR )«/_))
N2 - 6)(a® + 8bQ — 4b) — a(A? - 6)
Vxh) = 260 — 6)
; %( V=Q coth(T(8 + 1>(x_“ _ \/3(a22 ;(jfﬂ )4”) Vs
t V222 = 6)(a? + 8bQ — 4b) — a(A® - 6)
vx.1) = 2b(12 - 6)
V6 x* 4/3(a* + 8bQ) — 4b) t”) Ve,

—(VQtan(T (@B + 1)(=— -
+\/E( an(I'(8 + )(a W

(3.28)

(3.29)

(3.30)

;. (3.31)

(3.32)

(3.33)

(3.34)
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or

VAX(A2 - 6)(a® + 8bQ — 4b) — a(2* - 6)

VD = 2612 - 6)

V6

+%(—x/§cot(r(ﬁ+1)(xa V3(a? + 8bQ - 4b)t")\/—))

\2b(22 = 6)

Set 7:

V222 = 6)(a® + 4b(8Q — 1)) + a(A® - 6)
2b(12 - 6) ’
V6 V6Q V3(a + 32hQ — 4b)

S T T T T o6

{ag = -

Case 1:

VA2(22 - 6)(a* + 4b(8Q — 1)) + a(2? - 6)

Vo0 == 2b(22— 6)

+ i( VZQ tanh( T'(8 + 1)( \/3(a2 +326Q - 4b) 1* V)

Vb 262 —6) @

Q

— x V3(@?+326Q-4b) ja
V=Qtanh(T(B + 1)(< + BV ) V- )

+

VA2(22 - 6)(a* + 4b(8Q — 1)) + a(2% - 6)
2b(2% - 6)

v(x, 1) = —

+ i( @coth( T+ 1)(_ \/3(a2 + 32bQ — 4b) t“)\/—)

G W

Q

— x 3(a2+32bQ—4b) @
V=Qcoth( (B + 1)(& + Y 2P e o ) V-0 )

+

Case 2:

VA2(A2 = 6)(a* + 4b(8Q — 1)) + a(2% - 6)
2b(22 — )

vix,t) = —

V6 \/3(a2+32b£2 4b) 1
—(VQtan(T(B + 1 Va
+ g Vean(r@ + >< g o
Q
+ ),

VQtan(T(B + D(E + X2 —" 3(0,_2;359 i £)VQ)

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)
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— — 2 _
D) = — VA2(22 - 6)(a* + 4b(8Q — 1)) + a(A® - 6)

2b(2% — )
V6 \/3(a2 +32bQ) — 4b) 1
—(=VQcot(TB +1 Va
+ \/_( cot(I'(B + )( TR IV
Q
N ). (3.40)
_ X \/3(11 +32bQ—-4b) s
VR cot(T( + (& + =) V)
Set 8:
(2 = VA2(22 - 6)(a* + 4b(8Q — 1)) — a(A% - 6) . V6 = V6O _ V3(a® +32bQ — 4b)}
’ 2b(C ~ 6) T T T T e —e
(3.41)
Case 1:
N2 - 6)(@* + 4b(8Q - 1)) — a(22 - 6)
VD = 22 —6)
V6 x® 4/3(a% +32bQ - 4b) 1*
— (= V=Qtanh(T(8 + 1)(— — V-Q
+«/E( anh(I'(8 + 1)(— =G —IN-Q)
Q
N (3.42)
@ \3(@+320Q-4b) jo
V=Qtanh(T(B + DE - F—— o S)IV- )
N2 - 6)(a® +4b(8Q — 1)) — a(A? - 6)
VoD = 2b(2 — 6)
V6 x* +f3(a® +32bQ — 4b) 1
— (= V=Qcoth(T(B + 1)(— — —)V-Q
+«/E( coth(I'(8 + 1)(— =G IV-Q)
Q
+ ). (3.43)
— x© V3(a2+326Q-4b) @
V=Qcoth(T (B + 1)(£ R ) V-0Q)
Case 2:
22 - 6)(a® +4b(BQ - 1)) — a(A? - 6)
VD = 2b(2 — 6)
V6 x* f3(a® +320Q - 4b) 1
—(VQtan(T(B + 1)(= - —)VQ
+ V(M@ + D T
Q
N ), (3.44)
X V3(@2+326Q-4b) ja
VO tan(T(g + (& - = —=—="5)V0)
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vix, t) =

VA2(22 - 6)(a* + 4b(8Q — 1)) — a(A% - 6)

+ ﬁ(— VQcot(T(B + 1)(

2b(2> - 6)

Vb @ 2b(2-6) «@

Q

+

~VQcot(T(B + (X -

Set 9:

{ap = -

;=08 = H=—

Case 1:

v(x,t) = —

)-
V3(a?+320Q- 4b)t )\/—)

V2b(2%2-6

VA2(A2 - 6)(a* + 8bQ — 4b) + a(A* - 6)
2b(12 - 6) ’
V3(a* + 8hQ) — 4b)

Vb’ 2622 - 6)

_vea

Vo

@ 2 _ 04
X \3(a® +320Q - 4b) * V)

\/3((1 +8bQ—4b) ;e )\/—))

Vb(- V=Qtanh(T(B + 1)(Z + Yo

_ VA2(22 - 6)(a* + 8bQ — 4b) + a(1* - 6)

2b(2* - 6)

Vo

v(x,t) =—

V/3(a2+8bQ-4b) ,n) V=0))

Vb= V=Qeoth(T(B + D + e

_ VA2(22 - 6)(a* + 8bQ — 4b) + a(1* - 6)

Case 2:

v(x,t) =—

v(x,t) = —

2b(2? - 6)

V6O
Vh(VQtan(T(B + (X +

\/3(a2+8bQ—4b)

e @ £) VQ))
VA2(A2 - 6)(a® + 8bQ — 4b) + a(A* — 6)

- 2b(2% - 6) ’

V6Q
Vb(—= VQcot( TB + 1 +

V3(@2+8bQ—4b) s
- £)VQ))

_ VAW - 6)(a +8bQ — 4b) + a(X’ - 6)

AIMS Mathematics

2b(A* - 6)

(3.45)

(3.46)

(3.47)

(3.48)

(3.49)

(3.50)
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Set 10:
(2 = VA2(A2 - 6)(a? + 8bQ — 4b) — a(A® - 6)
0 2b(22 - 6) ’
V6O V3(a? + 8bQ — 4b)
=08 = ———, =~ .
a B = \/E s MU \/m }
Case 1:
V6
v(x,t) = —
V(= V=Qtanh(T(B + D3 + FEEER) Vo)
.\ VAX(22 - 6)(a* + 8bQ — 4b) — a(A* - 6)
2b(22 - 6) ’
V60
V()C, t) - 3(a%+8bQ—4b)
V(= V=Qeoth(T(5 + D + = ——=="5)V=Q))
.\ VAX(22 - 6)(a* + 8bQ — 4b) — a(2* - 6)
2b(12 - 6) ‘
Case 2:
V6
V(X, t) - \/%( 8bQ—4b) s
‘/E( \/ﬁtan( B+ 1)(; + W )‘/_))
. VA2(22 - 6)(a* + 8bQ — 4b) — a(1* - 6)
2b(22 - 6) ’
V60
v(x,t) = —
VB(= VQcot( (B + (& + Yot e %96‘“’) V)
.\ VA2(22 - 6)(a® + 8bQ — 4b) — a(A* - 6)
2b(12 - 6) '
Set 11:
(@ = VA2(A2 - 6)(a + 8bQ — 4b) + a(A* - 6)

2b(2% - 6)
V6  4/3(a® +8bQ - 4b),

N~y e

:O’ﬂl =

(3.51)

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)
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Case 1:

V6O

@ \3(a2+8bQ-4b) ja
Vb(- V=Qtanh(T(B + (< — BV £)V-Q))
R - 6)(@ +8bQ — 4b) + a(A® - 6)
2b(22 - 6) ’

vix,f) =

(3.57)

V6O

@ \3(a2+8bQ—4b) ja
Vb(— V=Qcoth( (B + 1)(% - RV L2)V-Q)
VAL = 6)(a® + 8bQ — 4b) + a(A* ~ 6)
2b(1% - 6) '

v(x, 1) =

(3.58)

Case 2:

V6O

V3(a2+8bQ~4b) ja
Vb(VQtan(T B+ 1)(% - RV £)VQ))
VB - 6)(a +8bQ — 4b) + a(l’ - 6)
2b(2% - 6) ’

v(x,t) =

(3.59)

V6O

_ X V3(@2+8bQ-4b) 1o

Vb= V&eot(T(B + 1)(G ~ - == D V)
VW - 6)(a +8bQ — 4b) + (X’ - 6)
2b(2% - 6) '

v(x,t) =

(3.60)

Set 12:

VA2(A2 — 6)(a® + 8bQ — 4b) — a(A® - 6)
2b(2% - 6) ’
V6Q  3(a® + 8bQ — 4b)

N 262 = 6)

{ap =

a =0,p = 3.61)

Case 1:

V6O

_ A/ X ‘\/3(a +8bQ—4b) s
Vib( \/_Qtanh( LB+ D + e o )\/_))
s V2= 6)(a + 8bQ2 — 4b) — a(A2 - 6)
2b(2% - 6) ’

v(x,t) =

(3.62)
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V6O
@ \3(a2+8bQ-4b) ja
Vb(= V=Qcoth(T(B + D)(Z + e £)V-Q))
N VA2 (2 = 6)(a® + 8bQ — 4b) — a(A* — 6)
2b(22 - 6) '

vix, f) =

(3.63)

Case 2:
V6O

Vb(VQtan( T (B + 1)(% + @zn) V)
VA2 = 6)(a® + 8bQ — 4b) — a(A> — 6)
’ 26(22 - 6) :

vix,t) =

(3.64)

V6Q
VB(= VG cot( T(B + (& + Yot %@”)W))
N \//12(/12 —6)(a? + 8bQ — 4b) — a(A> — 6)
2b(A% - 6) ’

v(x,t) =

(3.65)

3.2. Novel wave solutions by the modified (G’ |G*)—expansion technique
When m = 1, Eq (2.11) changes into:

(3.66)

V(©O) = ay + a4 (Gl(é))

G*(6))
Here, @y and «; are unknowns. Putting Eq (3.66) along Eq (2.12) in Eq (3.3) provides the following
results:

Set 1:
(g = VA2(22 - 6)(a* + 8bAyA; — 4b) + a(A* — 6) Yo V6.4, e V3(a? + 8bAgA; — 4b)
0 26(2% - 6) o N V2o =6)
(3.67)
Case 1:
A2 - 6)(@® + 8bAgA; — 4b) + a(2 - 6)
VoD == 2b(22 - 6)
\/6/11 ~ Videdy] \/ /10/11 X Af3(a + 8bAyd, — 4b) 1
- C, sinh(y/201; TB+ 1)(= -
\/E 2 ((Cysinh(y Ao T(B+ )( TR 6 )
+ C, cosh( VAol T(B+ 1)(x—
V3(a? + 8bApd, — 4b) 1 x*  4/3(a? + 8bAyd; — 4b) 1
- —))/(C; cosh(y/2pd; T(B+ 1)(— — —
6 /(Creosh(yodr T(B + D(— 6 e
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+ Cy sinh(y/A, T(B + 1)(% _ 3@+ 8bhd, — 4D) ﬁ))))) (3.68)

\2b(2% - 6)
Case 2:
(2 = 6)(a® + 8bAyA; — 4b) + a(A® — 6)
VoD == 2b(2 — 6)
_ Ve x* \3(a? + 8bAgA, — 4b) 1
C VAo, TB+ D) (— -
\/_( (( 1 cos( /Aoy T'(B+ )( 6 ))
+ Cz SiIl( \//10/11 F(ﬁ + 1)(—
3(a2 + 8bAgd; — 4b) 1 @ \[3(a® + 8bAyA, — 4b) 1*
_ Vi \/% L) sin VI T8+ S - Vila Jﬁ %)
. o 3(a® + 8bAyA; — 4b) t*
— Cosin(Aol; T(B+ 1)(% A \/Wo_l) )—))))) (3.69)
Case 3:
N2 - 6)(a® - 4b) + a(l® - 6 . V6 Ci
Vo) = - 20— 6) R Vi, R
! \/Zb(/l2 2
Set 2:
(g = VA2(22 = 6)(a® + 8bAyA; — 4b) — a(A* — 6) — V64, e V3(a? + 8bAgA; — 4b)}
0 2b(2% — 6) o N 262 =6)
(3.71)
Case 1:
A2 - 6)(a® + 8bAy Ay — 4b) — a(A* - 6)
V1) = 26 - 6)
V6.4, \/mom V] /10/11 V3(a? + 8bAyd, — 4b) 1
- (- ((Cysinh(y/20d; T(B + 1)(— =)
Vb 4 \2b(22 - 6)
+ C; cosh(y/0d; T(B + 1)(—
V3(a? + 8bAyA; — 4b) 1 V3(a? + 8bAyA; — 4b) 1
+ —/(Cy cosh( VAo T(B + 1)(— —
V2b(E - 6) VIE—6) @
V3(a@? + 8bAyA; — 4b) 1
+ C, sinh(y/21, T(B + 1)(— N —))). (3.72)
Case 2:
— — — 2 _
Wk ) = VA2(A2 = 6)(a* + 8bAyA; — 4b) — a(A® - 6)

2b(A% - 6)
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\/_/11( ((Cl cos( //lo/ll F(ﬁ " 1)( \/3(612 + 8bAgA; — 4b) ﬁ))

Vb 2b(2-6) @
+czsin(m F(ﬁ+1)(—

.\ V3(a? + 8bAgA; — 4b)ﬁ)))/(cl in(VIT T+ 1)(_ V3(a? + 8bAyA; — 4b) m))

V2b(2% - 6) \2b(22 - 6) @
\/3(a2+8b/10/11 4b) 1
— Cysin(ypd; TBE+1 — 3.73
2sin(y Ao T(B )( -6 ). (3.73)
Case 3:
\//12(/12—6)(a2—4b)—a(/12—6) V6 C
v(x, 1) = —( ). (3.74)
2b(12 - 6) \/‘ (€I TB+ D(E + m,) )
V2b(22-6
Set 3:
(@ = VA2 — 6)(@® + 8bAy Ay — 4b) + a(A* — 6) " - VoA, \3(a? +8bAod, — 4b)
0 26(2% - 6) Y 262 -6)
(3.75)
Case 1:
h o VA2 (2 - 6)(a® + 8bAy Ay — 4b) + a(A* — 6)
v = - 2b(A2 - 6)
V6.4, \/mom \/Ml \/3(a2+8b/10/11 4b) 1
- C, sinh(y/20d; TB+ 1 —
+\/E( 1, ((Cy sinh( 01(ﬂ+)( \/W p
+ C; cosh( /204, F(,8+1)(—
V3(a? + 8bAyA; — 4b) 1 \/3(a2+8b/10/11 4b) 1
—)))/(C; cosh(y/Apd; T(B+ 1)(—
+ 6 )/(Creosh(yodr T(B + )( RE6 )
V3(a@? + 8bAyA; — 4b) 1
C, sinh(y/2p4; T 1— — 3.76
+ Cy sinh(y/4pd1 T(B + 1)( T 6 ). (3.76)
Case 2:
2222 = 6)(a® + 8bAyA; — 4b) + a(A® - 6)
VoD == 26(22 - 6)
\/‘ 61, \/3(a2+8b/lo/ll 4b) 1
C VAod; T(B+ 1)(=
\/_( (( 1 cos(y Ao T(B + )( 6 )

+ Cysin(/Apd; T'(B + 1)(—

.\ V3(a? + 8bAyA, — 4b) ” )))/(C1 in(VIT T8+ 1)(x_“ . V3(a? + 8bAgA; — 4b) ~ )

PHE-6) o -6 @
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3(a% + 8bAyA; — 4b) t*
— Cysin(yAd; T(B + 1)( , odi — 46)

— 3.77
6 ). (3.77)
Case 3:
VA2 - 6)(a® - 4b) + a(2> - 6) V6 C
H=- -2 . (378
V(x t) Zb(/p _ 6) \/—((Cl F(B . 1)(x /3(a2—4b) ﬁ) . CZ)) ( )
V2b(22-6) @
Set 4:
(@ = VA2 (2 = 6)(a® + 8bAg Ay — 4b) + a(A* — 6) " = VoA, +/3(a® +8bAyd, — 4b)
0= 26(2% - 6) Y S 262 =6)
(3.79)
Case 1:
222 - 6)(a® + 8bAyA; — 4b) + a(A* - 6)
veen == 2b(2 — 6)
V6.4, \/mom V] aoal x* 3(a? + 8bAgA; — 4b) 1
- C, sinh(y/201; T(B+ 1)(= —
+\/E( L ((Cy sinh(yAod; T8+ D(— 6 )

+ C, cosh( VAod1 F(,B + 1)(—

V3(a? + 8bAyd; — 4b) 1 x? A/3(a? + 8bAyd, — 4b) 1
- —)))/(C; cosh(4/2pd; T(B+ 1)(— -
6 /(Creosh(yodr T(B + )( —))

V2b(22-6) @
_ x?  +/3(a + 8bAyA, — 4b) 1
+ C, sinh(4/204;, T(B + D(— - N ) (3.80)

Case 2:

o VA2 (A2 = 6)(a® + 8bAyA; — 4b) + a(A* — 6)
VoD == 262 - 6)

o4 2 _ a
\/\;ill( (Ccos( NI r(ﬁ+1)(x__ V3@ + 8bAod — 4b)

\2b(A% - 6) @ )

+ Cz sin( \//10/11 F(ﬂ + 1)(—

V3(a? +8bAyd; — 4b) 1 X
- 6 —M/(Cysin( Vi T(B + D= -

V3(a? + 8bAod — 4b) t* )
26(2-6) @

a

3(a% + 8bAyA; — 4b) t*
_ Cysin(yAo;, T8+ (= - V3 odi — 4b)
a

— 3.81
FRE—6 ) (3.81)
Case 3:
W) = — VA2 - 6)(@® —4b) +a(® = 6) VoA, C )
T 2b(12 - 6) NG @ AB@4b) o '
/ll(Cl r(ﬁ"‘ 1)(; - \/Zb(/l—za) )

(3.82)
AIMS Mathematics
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4. Graphical representation

Graphical representation for achieved results of the truncated M-fractional nonlinear Heimburg
equation will be explained here as shown in Figures 1-6.

We used contour, 3D, and 2D graphs to explain the dynamical behavior of the results. Plots when
a = 0.4,0.6, 1 are also drawn to show the impact of the fractional derivative. To avoid the complex or
singular solutions, A2 > 6 and b # 0 should hold for all the obtained solutions.

3.00
25"
= 20

~ 15¢

1.0

0.5¢

0.0-

-6 -4 -2

X X
(a) 2D plot (b) 2D plot
2 0= : : : ‘ ‘ )
15¢ i
~ 1.0F :
Iv (x8)]
2
| A |
0.0 ‘ ‘ ‘ ‘ ) ——
-6 -4 -2 0 2 4 6
X
(c) 3D plot for @ = 0.5 (d) Contour graph when a = 0.5

Figure 1. The graph of |[v(x,?)| is denoted through Eq (3.6) for: a = 0.06,b = 0.4,Q =
—0.5,4 = 0.5, and 8 = 1. (a) represents the 2D graph for x € (-7,7) for @ = 1, with a blue
shape for r=0, an orange shape for r=1, and a green shape for t=2. (b) is the two-dimensional
plotif =7 < x < 7and 0 < t < 2, with a red shape if @ is 0.4, a black shape if @ is 0.6, and
a blue shape if @ is 1. We can observe that the phase of the wave changes with the change
in the value of @. (c) is a 3D graph for @ = 0.5 with 0 < ¢ < 2. (d) shows a contour graph
when « is 0.5 when ¢ € (0,2). Kink soliton solutions have various applications such as in
condensed matter physics, particle physics, biological systems, and optical fibers.
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Iv (x)]

8 ] _ 15
6 J —t=0 o
4 —t=1

ot —t=2 50
0

i v ] 1
—20 —10 0 10 20 "_20 -10 0 10 20
X X

(a) 2D plot (b) 2D plot

2.0 2.0F!

15-

2.0 ~ 1.0r

Iv (x,0)]

0.5+
0.0L, ! h n ]
-20 -10 0 10 20
20 X
(c) 3D plot for@ = 0.5 (d) Contour graph when a = 0.5

Figure 2. The graph for |v(x,?)| is denoted through Eq (3.7) for: a = 3.8,b = 1,Q =
—-0.006,4 = 0.8, and 8 = 1. (a) represents the 2D plot when x € (-20,20) for @ = 1,
with a blue shape for =0, an orange shape for t=1, and a green shape for t=2. (b) is the
two-dimensional plot if —20 < x < 20 and 0 < ¢t < 2, with a red shape if « is 0.4, a black
shape if @ is 0.6, and a blue shape if « is 1. It is seen that the phase of the wave solution is
shifted along the variation of @. (c) is a 3D graph for @ = 0.5 with 0 < ¢ < 2. (d) shows
a contour graph when a is 0.5 if r € (0,2). Singular solitons have applications in different
fields including nonlinear optics, fluid dynamics, plasma physics, and mathematical models.
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15

Iv (x0)]

\\% | “

0.5+ —t=1
—t=2

0.0 e .0 ¢! ! ! &
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
X X
(a) 2D plot (b) 2D plot
2.0

1.0 X

(c) 3D plot for @ = 0.5 (d) Contour graph when & = 0.5

Figure 3. The graph of |v(x, 1)| is represented by Eq (3.8) for: a = 1.2, = 1.1,Q2 =04, =
0.4, and 8 = 1. (a) shows the 2D plot for x € (—1,1) for @« = 1, with a blue shape for r =
0, an orange shape for # = 1, and a green shape for ¢ = 2. (b) is the two-dimensional plot if
-1 <x < 1land 0 < ¢ < 2, with a red shape if « is 0.4, a black shape if « is 0.6, and a blue
shape if @ is 1. We can observe that the phase of the wave solution changes with the change
in a. (c) is a 3D graph for @ = 0.5 with 0 < 7 < 2. (d) shows the contour graph when « is
0.5 when ¢ € (0,2). Periodic soliton solutions have applications in nonlinear optics, water
waves, plasma physics, and Bose-Einstein condensates.
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157

—t=0
—t=1
—t=2

-15 -10 -5 0 5 10 15

X

(a) 2D plot (b) 2D plot

Iv (x0)]

(c) 3D plot for@ = 0.5 (d) Contour graph when a = 0.5

Figure 4. The graph of |v(x, )| is represented by Eq (3.17) for: a = -0.01,b = 1,Q =
—0.04,1 = 4, and 8 = 1. (a) shows the 2D plot when x € (-15, 15) for @ = 1, with a blue
shape for ¢ is zero, an orange shape for # = 1, and a green shape for r = 2. (b) is the two-
dimensional plot if =15 < x < 15 and 0 < 7 < 2, with a red shape if « is 0.4, a black shape if
a is 0.6, and a blue shape if « is 1. It is observed that the phase of the waves shifts with the

change in the value of a. (c¢) is a 3D graph for @ = 0.5 with 0 < ¢ < 2. (d) shows the contour
graph when « is 0.5 when ¢ € (0, 2).
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800 -
400 -

600 -

Iv (x0)]

*+ 400~

— =04

200 - h — a=0.6
—a=1.0
0 » r T

-4 -2 0 2 4 -4 -2 0 2 4

x

X

(a) 2D plot (b) 2D plot

v (x,0)]

(c) 3D plot for@ = 0.5 (d) Contour graph when a = 0.5

Figure 5. The graph for |[v(x, )| is denoted through Eq (3.19) for: a = 0.01,b = 0.2,Q =
0.1,4 =1, and B8 = 1. (a) represents the 2D plot for x € (-5, 5) for a is 1, with a blue shape
for t = 0, an orange shape for =1, and a green shape for t = 2. (b) is the two-dimensional plot
if =5 <x<5and0 <t < 2, with a red shape if « is 0.4, a black shape if « is 0.6, and a blue
shape if @ is 1. We can see the « effects on the phase of the wave solution. (c) is a 3D graph
for @ = 0.5 with 0 < ¢ < 2. (d) denotes the contour graph when « is 0.5 when ¢ € (0, 2).
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25F
20
= 15¢
¥ -
210" —1t=0
—t=1
0.5 —t=2
0.0 ; ; ; ; J
-3 -2 -1 0 1 2 3
X X
(a) 2D plot (b) 2D plot

(c) 3D plot for@ = 0.5 (d) Contour graph when a = 0.5

Figure 6. The graph for |v(x, #)| is denoted through Eq (3.68) for: a = -0.01,b = 0.2, 4 =
-03,4,=1,4=14,C, =0.2,C, = 0.5, and 8 = 1. (a) represents the 2D plot if x € (-3, 3)
for @ = 1, with a blue shape for r = 0, an orange shape for r = 1, and a green shape for ¢ =
2. (b) is the two-dimensional plot if -3 < x < 3 and 0 < ¢ < 2, with a red shape if @ is 0.4,
a black shape if @ is 0.6, and a blue shape if @ is 1. The phase of the wave solutions shifts
with the change in the value of @. (c) is a 3D graph for @ = 0.5 with 0 < ¢ < 2. (d) denotes
the contour graph when « is 0.5 when 7 € (0, 2). Bright soliton solutions have applications in
optical communications, nonlinear optics, Bose-Einstein condensed, and fluid dynamics.

5. MI analysis

The modulation instability study is carried out by perturbing a continuous wave (CW) steady-state
solution of the governing equation, which is taken in the form

vix,t) = V(x, 1) e™. (5.1)

This state represents a uniform background of constant intensity over which small disturbances are
introduced.
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To examine the stability of a steady—state solution of the Heimburg equation, we consider a
perturbed wave of the form [28,29]

vix, ) = (V(x,0) + V1) e, (5.2)

where 7 is a real constant associated with the carrier phase (or intrinsic temporal frequency) of the
background wave, and V(x, ) denotes a small complex-valued perturbation (envelope) superimposed
on the steady state /7. In the context of the Heimburg model, 7 is not an optical power but a model
parameter governing the phase/frequency scale of the membrane or mechanical excitations.
Substituting Eq (5.2) into the governing equation (1) and retaining linear terms in V, we obtain

ATV + 20V, + AV + V= Vi + Ve = T2V = 7/2 = 0, (5.3)

where A is the dispersion parameter already defined in the main model. Equation (5.3) represents
linearized perturbation dynamics around the uniform background state. We seek harmonic
perturbations of the form

V(x, 1) = AP 4 Aye PerD) (5.4)

where p is the perturbation wave number, r is the corresponding temporal frequency, and A;, A, are
small amplitudes. Substituting Eq (5.4) into Eq (5.3), collecting the coefficients of ¢"P*~" and e~“P*~"")
and setting the determinant of the resulting coefficient matrix to zero yields the dispersion relation

PP+ 2p® = APpir + Pptr = 2ptr = 2ptet + pt = 2p? P = 2pt T 4 =2+ T =0, (5.5)

Solving Eq (5.5) for r gives the dispersion branches

1 1
r==+ \/—5(/12 -Dpt+pP+1i 5 V222 — 4)p8 — 412 pb + 16p*72 + 16p>T2. (5.6)

The steady state becomes modulationally unstable when the radicand produces a negative real part
inside the outer square root, i.e.,

1 1
—5(42 —“)pt+pr4Tt 3 VA2 — 4)p8 — 412pb + 16p*T? + 16p*12 < 0. (5.7)

Under this condition, r acquires a nonzero imaginary component and the perturbation grows
exponentially in time.
Accordingly, the modulation—instability gain spectrum is defined as

1 1
G(p) =2 |Im(r(p))| = \/_5(/12 -Dpt+pP+1Ti s 5 VA2 — 4)p8 — 412 pb + 16p*T2 + 16p>T2.
(5.8)
All variables and parameters used here are consistent with the notation of the main governing

equation, ensuring a unified physical interpretation within the Heimburg framework. The graphical
interpretation of MI is shown in Figure 7.
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[ I}
T T T T

(a) 2D plot (b) 3D plot

Figure 7. MI gain spectrum.

6. Results analysis

Here, we will compare the obtained results and the existing results of the concerned model.
In [21], periodic- and kink-shaped soliton solutions are obtained by using the exp(—¢(£))-expansion
function method. In [22], lump waves, multi-waves, homoclinic breather waves, and periodic cross
kink solutions are gained by applying the Hirota bilinear method. In [23], solitary wave solutions,
soliton solutions, and Jacobi elliptic doubly periodic function solutions are obtained through an
extended sinh-Gordon equation expansion scheme. While we discovered the periodic wave solution,
kink wave solution, singular wave solution, and many other soliton solutions with the help of the
modified (G’/G?)-expansion method and the modified extended tanh function method, these two
methods were not used for the model under consideration. We performed modulation instability for
the concerned equation and used the governing model with the truncated M-fractional derivative,
which was not used earlier. We also analyzed the effect of a fractional-order derivative on the obtained
solutions. To analyze the effects of the fractional order @ on physical quantities, we can observe:

- Propagation velocity: Changes in « can alter dispersion relations, affecting velocity.
- Peak amplitude: Fractional order « can influence nonlinearity and dispersion balance, impacting
amplitude.
- Pulse width: « can affect the balance of terms, altering pulse broadening or compression.
Table 1 shows the effects of @ on the wave profile.

Table 1. Effect of a on the wave profile.
Value of @ Wave height (Amplitude) Wave width

1.0 Highest Narrow
0.6 Moderate Medium
0.4 Lowest Wide

7. Conclusions

Finally, we have successfully obtained the various types of wave solutions for the nonlinear
biomembranes and nerves equation with a TMFD. By utilizing the modified (G’/G?)-expansion
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method and the modified extended tanh function method, we obtained the kink, periodic, singular,
dark, and bright soliton solutions involving trigonometric, hyperbolic trigonometric, and rational
functions. The achieved solutions are represented by using 2D, 3D, and contour plots with the help of
Mathematica software. All the obtained analytical solutions require the parameter conditions A% > 6,
a* > 4b, and b > 0. The obtained results are useful in different related fields. By using modulation
instability analysis, we get the steady-state solution and stability for the concerned model. The used
techniques are useful for other nonlinear fractional partial differential equations. In the future, we can
compare the obtained exact solutions with the numerical solutions of the concerned model. We can

perform bifurcation analysis, sensitivity analysis, and study chaotic behavior for the concerned model.
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