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Abstract

The fundamental goal of the study under consideration is to establish some of the
existence criteria needed for a particular fractional inclusion model of cantilever beam
in the setting of quantum calculus using new arguments of existence theory. In this
way, we investigate a fractional integral equation that corresponds to the
aforementioned boundary value problem. In a more concrete sense, we design new
multi-valued operators based on this integral equation, which belong to the certain
subclasses of functions, called a-admissible and a-yr-contractive multi-functions, in
combination with the AEP-property. Also, we use some inequalities such as
Q-inequality and set-valued version inequalities. Moreover, we add a simulative
example for a numerical analysis of our results obtained in this study.

MSC: Primary 34A08; 34A60; secondary 35A23; 39A60
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1 Introduction

Fractional calculus and its corresponding differential equations and BvPs have been widely
utilized in the vast fields of science, including biology, chemistry, economy, physics, engi-
neering, etc. [1-3]. Fractional derivatives do not merely represent a generalization of or-
dinary derivatives but also precisely and accurately describe the complex behavior, in con-
trast to integer order derivatives, of diverse physical structures. Several investigators have
examined differential equation of arbitrary order starting from the existence and unique-
ness of solutions to the analytical and computational approaches in search of solutions.
A number of monographs and articles are available concerning the developments of the-
ory of fractional differential equations and inclusions [4—31].

On the other hand, the quantum calculus is a field without the concept of limit that cor-
responds to the traditional infinitesimal one. Regardless of their vast background, both
theories are in the domain of mathematical analysis, working on their properties did not
emerge two ages later. Quantum difference operators (q-DiffOper) were first exhibited
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and introduced by Jackson [32] and have been widely analyzed in order to explain com-
plex physical structures with a number of non-differentiable functions. In early nineties,
numerous academician [33, 34] came forward with the studies on g-difference equations
which lately received great interest and attention [32, 35, 36]. There are some intriguing
insights into IVPs and BVPs coupled with g-difference equations in [37-48].

The g-analogue of a second order g-difference inclusion BvP was studied by Ahmad
and Ntouyas [49] in 2011, and they explored the existence criteria by utilizing fixed point
theory:

“D2u(s) € y(s,uls)),
1(0) = au(M), D,u(0) = a®u(M),

where ¢ € [0,M], v: [0,1] x R — P(R) is a compact-valued map and @ € R\ {1}.
Ahmad et al. [50] reviewed later the existence criteria of the following g-difference in-

clusion involving g-antiperiodic boundary conditions:

“D2u(s) € W(s, ul(s), Dqu(s), D2(s)),
u(0) +u(1) =0, D,u(0) + Dyu(1) =0, qu(o) + @;u(l) =0,

where ¢ €[0,1], g€ (0,1),2<w <3, C@g denotes the g-fractional derivatives in Caputo
sense of order w and y : [0,1] x R® — P(R).
The malformations of an elastically balanced beam with fixed and released end points

can be represented by means of a mathematical model as the fourth-order BvP

u@(c) = (s, uls), v (s)u(s),u”(s)),
w(S)e=0 =1 (¢)c=0 =u"(¢)lc=1 = (¢)|c=1 =0,

1

where y: [0,1] x ) — R is a continuous function with ) = R%, In fact, Li and Gao [51]
studied the existence results for lower and upper solution of above fully fourth-order BvP
(1) which is named cantilever beam equation in mechanics. In 2019, Li and Chen [52]
presented their existence findings to problem (1) by utilizing an approach based on the
fixed point theorem due to Leray—Schauder. In 2020, Zhang and Cui [53] utilized the con-
cepts of fixed point index theory and investigated the positivity of solutions of BvP (1)
over a cone, considering y : [0,1] x B — [0, +00], B = [0, +00] X (—00, +00) X (—00,0) X
(=00, +00).

The following nonlinear Caputo fractional quantum BvP is designed by the above re-

search works and is equipped with the fractional quantum differential conditions:

CDL(EDL)(5) € B(s,u(s), “DLu(s), “Deu(s), “DLu(s)), @
u(s)le=0 = “Dyu(s)ls=0 = “Dyu()lg=1 = “Dy ()| =1 = 0,

where ¢ € (0,1), ¢ € S:=[0,1], k € (2,3, w € (0,1, o+ 1€ (1,2], w+2 € (2,3] and D :

S x R* — P(R) is a multi-function with specified properties. Also C’DJ; displays g-Caputo

derivative of order H € {k,w,w + 1,w + 2}.
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Note that the above inclusion q-FBvP (2) is an extension of the standard practical model
of the cantilever beam to the fractional g-analogue structure. By assuming « = 3, o = 1,
and g — 1and ®(-) = {y(-)}, we obtain the above fourth-order differential inclusion arising
in the cantilever beam model (1). One can state some physical interpretations for the q-

FBvP model (2) by assuming such assumptions over « and w as follows: u(¢) stands for

3
q—1

the stiffness of the function u under the shear force, C@;_)lu denotes the stiffness of the

the deformation function, “® (C’D;_)lu) is the load density stiffness, C@;_)lu denotes
function u in the bending moment, and C@;_Au represents the slope [54, 55].

About the novelty of this work, one can state that such a fractional model of cantilever
beam based on g-difference operators has not been studied in any research paper so far,
and on this new structure, we derive our mathematical and analytical results ensuring
the solution’s existence by means of some special subclasses of multi-functions. For our
applied technique, we here use «-1-contractive multi-functions for the confirmation of
the existence of a fixed point and also the confirmation of the existence of an end point by
making use of another family of multi-functions having the AEP-property.

The rest of the manuscript is structured as follows: Sect. 2 is dedicated to the funda-
mental ideas of q-analogue of fractional calculus. In the beginning of Sect. 3, we provide a
lemma which presents the solution of the cantilever beam q-FBvP (2) in the form of an in-
tegral equation, and then, by making use of the o-admissible multi-valued mappings with
control function and approximate end point theory, we guarantee the solutions’ existence
for the cantilever beam q-FBvP (2). Section 4 is assigned to the illustration of the results
presented in Sect. 3 with the aid of an example. Finally, Sect. 5 describes the concluded

remarks.

2 Preliminaries
We compile and study, in the light of our approaches used in this investigation, some aux-
iliary and primitive definitions regarding q-calculus.

We suppose that 0 < g < 1. The q-analogue of the function (m1; — m,)" given for n € Ny

is defined as (1, — m5)® =1 coupled with

n-1

(my - mz)(n) = H(Wll - mzqk),
k=0

so that m,my € R and Ny :={0,1,2,...} [56]. Now, n =  is a constant which is supposed
to belong to R. We represent the following g-analogue of the existing power function

(m1 — my)" in a q-fractional setting:

o0 1_(%)qn
(1 — my) @ :m‘fg - L 3)

- (G2

for m; # 0. We consider that, by taking m; = 0, m(lw) =m{ [56]. For the same m; € R, a

g-number [#1,], is exhibited as

1-g™m

mi

(], = T4 g+ L
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The q-gamma function is illustrated using such a format

Q-

1-gt’ W

Fq(g) =

sothat ¢ e R\ {0,-1,-2,...} [56, 57]. Also, T';(¢ + 1) = [¢],T4(¢) [57].

Definition 1 ([58, 59] Riemann-Liouville g-integral) For @ > 0 and for a given function
u € Cr([0, +00)), the RL-q-integral of u is introduced by

1
Fq(w)

R~w
Jq

S
u(c) = /0 (c-a“ M@ dz (>0),

provided that the above value is finite and *J9u(s) = u(s).

For wy, wy, w,0 > 0, we have these properties [59]:

1) B3 RIFZW)(s) = RIZu(s),
Rrow -6 _ Tq+1)  gig
(2) qu - Fqgﬂwﬂ) .
1

If 6 = 0, then *3¢1(s) = S’ for any ¢ > 0.

Definition 2 ([58, 59] Caputo q-derivative) Given n — 1 <w < n, i.e, n = [w] +1 and a
function u € AC%)([O, +00)), the wth-Caputo q-derivative for this function is formulated
by

1 s
Cayoy( o) N
Du(s) Fq(n—w)/o (¢ —q2) Dyu(z) dgz,

if the integral exists.
Clearly, “©¢c = 0 for any ¢ € R and

s T0+1)

Cryw —
1 r,0-w+1)

" (¢>0).

Lemma 3 ([60]) Assumethatn—1<w<nanduc C’]g’)([o, +00)). Then

=L @k0)

RrwCryo
I7-07u)(s)=u(g) - ) ————c".
(*3ecDu)(e) =u(s) - ) Tk DS
k=0
In view of the above ] b ing th tr:= 2190 0, the given
n view of the above lemma, by assuming the constants £ := T, 0rT) > 0, the given frac-

tional homogeneous g-difference equation C’D;’u(g) = 0 has a general solution which is
given by u(¢) = €o + €1¢ + €3¢ + --- + £,_1¢" ! such that £,...,L,.1 e Rand n = [w] + 1
[60]. It should be mentioned that, for each continuous function u, and by Lemma 3, we
obtain

(FIDLu)(S) = u(g) + Lo+ €16 + o™ + -+ + £, 16",

where £, ..., £,_; illustrate constants in R [60].
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Regarding (X,, || - ||) as a normed space, the classes Pcy(X,) (all closed sets), Ppn(X,)
(all bounded sets), Pcp(X,) (all compact sets), and Pcy(%,) (all convex sets) involve the
respective form of subsets of X,.

Definition 4 ([61]) An element u € X, is an end point of the multi-function ® : X, —
P(X,) if ®(u) = {u}.

The multi-function ® admits an approximate end point property (AEP) if

inf  sup d(u;,uy)=0.

u1€Xx yhed(uy)

Mohammadi et al. [62] introduced a new notion given as the subclass W of all nondecreas-

ing functions like
Y : [0,00) — [0,00)

so that )77, ¥"(s) < oo for any ¢ > 0. Now, by making use of such a category, we define a
new family of multi-functions.

Definition 5 ([62]) Let ®: X, — Pcppn(X,) and & : X2 — [0, +00). Then
(1) @ is w-admissible if, for each u; € X, and uy € ®uy, inequality o (uy, up) > 1 gives
a(uy,uz) > 1 for each uz € du,.
(2) @ is an a-yr-contractive multi-function if Vuy, u; € X,,

a(uy, ) Hy(Puy, Puy) < v (d(uy, up)),
where Hj is the Pompeiu—Hausdorff metric.

Next we recall requisite theorems concerning the investigation of the proposed q-FBvP

2).

Theorem 6 ([62]) Let us assume a complete metric space (X,,d), a nonnegative map
a: X% — [0,00), and W € V. In addition, assume ® : X, — Pcrpn(X,) to be an a-yr-
contractive multi-function, and let

(1) ® be a-admissible;

(2) a(ug,u1) > 1 for some ug € X, and uy; € duy;

(3) for each sequence {u,} in X, with a(u,, W) > 1 for all n € N, a subsequence {u,,} of

{u,} exist such that, for all t € N, a(u,,,u) > 1.

Then ® admits a fixed point.

Theorem 7 ([61]) Let (X,,d) be a metric space of complete type and consider
(1) an upper semi-continuous map ¥ : [0,00) — [0,00) with ¥ (c) < ¢ and

liminf(s - ¥(5)) >0, V¢ >0;
=00
(2) a multi-function ® : X, — PcLpn(X,) such that
Ha(Puy, Pup) < ¥ (d(ug, 1)), Vuy,up € X,

Then a unique end point of ® exists iff © has the AEP-property.
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3 Existence results
Regard X, = {u(¢) : u(c), C@‘;u(g), C@?”u(g),cﬁ‘;”u(g) € C(S,R)} as a Banach space of

all real-valued continuous functions on S equipped with a sup-norm
[lul| = sup|u(g)| + sup|C®;’u(g)| + sup’C”D;“*lu(g)‘ + sup|C£D‘;+2u(g)|.
ceS ceS ceS ceS
In the following proposition, the solution to the proposed fractional cantilever q-

problem (2) is presented in the form of an integral equation, which will be helpful in es-

tablishing our main findings.

Proposition 8 Let k € (2,3], w € (0,1], and G € C(S,R). Then the solution of the linear
q-FBvP

CDL(CDLU(s) = G(s),

(5)
u(6)lg=0 = “DFu(s)lg=0 = “DF  u()lg=1 = “Dgu(6)| =1 = 0,
is presented in the following form:
6= e [ -5
ug‘rq(“w) 0 ST i
§w+1 1 («-2)
- 1-g2)"" d
T, (@+ 2)T,( - 1)/0 (1-g2)"7G(2) dgz
[w+ 2]q§w+1 _ 5.(u+2 /1 5
(1-42*VG(2) dyz, (6)
T w+3),k-2) Jy = 7 a
where [w + 2], = 11‘7_0;+2

Proof Assume that u* is a solution of the given g-FBvP (5). Then C@g(cﬁ‘é’u*)(g) =G(g).
By taking « th-g-integral of Riemann-Liouville type, we obtain

1 S
D)= 1 [ (-0 VG b0+ trs o, )
q 0

where £, € R,m =0,1,2. The second condition C@f;u*(g)|§:0 =0 implies £y = 0. Thus

1

C@w * —
Zw () T

S
f (c - )" VG@) dyz + tic + £62 (®)
0

In the sequel, by using the Riemann-Liouville wth-g-integral to both sides of (8), we reach

1 S w+1 (1 +6I)§w+2
* _ _ (k+w-1) d 05+ 0 ) 9
O iy f, G- IOt T
From (9) and the condition u*(¢)|c-o = 0, we get £; = 0. Thus
1 g o+l (1 +q)§m+2
*(o) = _ gz)kteo-1) d ¢ . 10
O oy ) G- GO e S 0

Page 6 of 20
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Asw+1€(1,2] and w + 2 € (2,3], we have
D) = / (6 - 42" G) dyz + €1 + (1 + g)s (11)
.
and
Cpp(e) = — L / (6= a2 G dyz + L1+ ) 12)
p ¢ _Fq(K—Z) i ¢c-qz 2)dgz + £5(1 + q).

In view of the conditions C@;”” *(S)lea1 = C@“’*Z u*(¢)|c=1 = 0 on the relations (11) and
(12), we have

/(1 q2)“IG(2)dz+ 6, + (1 +q) =0

q("_

and
L 0900 dy s a1+ g) =0
Fq(K_Z)./O -qz z)dyz + £5(1+g) =0.

By solving the above system, we get

1 1
_ _ (k=2) K— 3
0 = 7{,(1(,( Y /0 (1-92*2G(2)dyz + ——— q( 5 / (1-42“3G(z)d,z

and

¢ —_;/1(1— ) IG(2)d
k-2 Sy - TN

By putting the values ¢,, (m = 1,2) in (10), we have

w(c) = / (c - )" IG(z) d 2

q( K+ )
w+l

S
(o +2)y(

— / (1- 49" 26(2)d,z

[(1)+ 2]q§w+1 a)+2

Fylw+3)Ty(k —2)

/ (1-q2*“9G(2) dz,

which ensures that u* satisfies (6) and the proof is finished. O

We are now ready to develop our key findings about the existence of solutions for the
q-difference inclusion FBvP (2) occurring in the cantilever beam model. The function u €
C(S, X,) is referred to as the solution of the fractional cantilever g-FBvP (2) when it settles
the given boundary conditions, and a function ¢ € £(S) exists such that, for almost all
¢ €S, we have

¢(s) € @(s,u(s), “DYu(s), “Dy u(s), “Dyu(s))
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and

K+wl
u(s) = q(“ ) / ¢ - q2) ¢(2)dyz

K2

(1-g2)““¢(z)dyz

w+1
T (w+2F (K—l)/

[U) + 2]q§w+1 _ §w+2 ) -
[y(w+3)y(k - 2) /(; (1-q2)! ¢(z)dgz

for all ¢ € S. The selections’ set of the multi-function & is given by

(SEL)ou = {¢ € L(S): ¢(5) € D(5,u(s), “Du(s), “Dy u(s), “D2"u(s))
forall ¢ € S}

for each u € X,. In addition, an operator 4l : X, — P(X,) is formulated by the following

rule:
) = {v € X, : there exists ¢ € (SELL)g,, : v(s) =t(g) forall ¢ € S}, (13)
where
t(s) = / (s —q2)" " Vg(2) dyz
q(/c + )
S (1= P4,z
Fglw+2)Ty(k —1) Jo 1
[w+2] gw+1 a)+2

Ty +3)0y(k - 2) / (1-42)*6(2) dgz.
g q

For convenience, we take

. 1 1 [w+2],+1
Y= + + ,
Ik +w+1) Tyw+2)Tyk) Tylw+3)Tyk —1)
v 1 1 2+¢q
= + + ,
Fak+1) Tylk) (Q+q@Tyk—-1)
. 2 2
=t ),
T, Tylc—1)
. 2
Y= —— 14
oD (14)
and
M=plT,  Th=lplYse,  Ts=lplYs,  Ta=[plTs (15)

Theorem 9 Consider ® :S x X* — Pcp(X,) and assume the following:
(T1) The multi-function ® is bounded and integrable and ®(-,uj,up,us,ug) @ S —
Pcp(X,) is measurable for all u,, € X, (m=1,2,3,4);
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(T2) There exists p € C(S,[0,00)) and W € V such that the set-valued version inequality

Hd(q)(gi Uy, Uy, U3, u4)’ q)(gr 1y, iy, i3, ﬁ4))

. 4
SP(S‘)(Q )1/’ Z|um_ﬁm| ’ (16)
EIARY=

holds for all ¢ € S and vy, iy € X, (m =1,2,3,4), where sup_cs |p(s)| = ||pll, 0* =

1 v N ) ‘
Ty TarTa’ and Y,, (m =1,2,3,4) are given by (14);
(T3) A function Q:R* x R* — R exists such that, for all w,, i, € X, (m =1,2,3,4), we

have
Q((u, uz, u3, ), (i, Tig, i3, 11g)) > 0;
(Ta) If {untus1 is a sequence in X, with u, — u and

Q((ua(s), “DLun(s), “DL M un(5), “DL P un(s)),

(un+l(§)) CQ(;“;’HI (5‘), C®;+lun+1(§): CQ;qurH—l(g))) >0,

forall ¢ €S and n > 1, then a subsequence {u,,}¢>1 of {u,} exists such that, for all

¢ e€Sandt>1,wehave

Q((un (), DY, (), DY 14, (6), “DY 0, (),

(u(5), “DYu(s), “Dy u(s), “D4*u(s))) = 0;
(T5) There exist a member ug € X, and v € (uy) such that, for any ¢ €S,

2((uo(s), “Du0(s), “De o (5), “DY 0 (<)),

(v(6), “DY(s), Dy v(s), “Dyv(s))) 2 0,

where the multi-function i\ : X, — P(X,) is specified by (13);
(Ts) Foreveryue X, and v € W(u) with

Q((u(s), “D2u(s), DL u(s), CDL*u(s)),

(46, D56, D5 0(6), S5 0(6))) 2 0,
a member v € \(u) exists such that the Q-inequality

Q((v(s), “DYv(s), “Dg (), ‘DY (),

(x(5), “D7e(s), ‘D5 e(s), “Dye(s))) = 0,

holds for all ¢ €S.
Then the fractional cantilever beam inclusion q-BvP (2) possesses a solution on S.



Etemad et al. Journal of Inequalities and Applications (2021) 2021:174

Proof Evidently, the fixed point of the multi-function i : X, — P(X,) given by (13) is
identified as the solution for the cantilever beam inclusion g-FBvP (2), so we try to check
the assumptions of Theorem 6 on this multi-valued operator. Since the compact-valued
set-valued map ¢ — ®(s,u(s), C@;’u(;), C@;“lu(g), C@;’”u(;)) is measurable as well as
closed-valued for any u € X,, so the map ® has a measurable selection and (SEL)qg,,, # 9.
At first, we verify that the subset (1) of X, is closed Yu € X,. For this purpose, consider a
sequence {u,},>1 in (i) via u, — u. Now, for each n > 1, we have a member ¢, € (SEL)qg,,
satisfying

1 S
_ _ (k+w-1) -
u(c) Fq(ﬂw)/o(ng) Gu(2) dgz
S.a)-*—l
Fylw+2)Ty(k - 1)

[w + 2]q§w w+2
[y + B)Fq(/c -2)

1
/u—wwm@w%z

/u 42" I(2)dgz

for almost all ¢ € S. Since ® admits compact values, we take a subsequence of {¢,},>1
(following the same symbol) that tends to some ¢ € L!(S). Thus, ¢ € (SEL)s,, and

1 < K+w—1)
u,(s) = u(s) = m/; (¢ —qZ) ¢(2)dyz

w+1

1
S (k-2) -

- 1- d
T+ 2T,k - 1)[0 (=2 70(E) 4z
[w + 2]q§w+l _ S_w+2
Iglw+3)Ty(k —2)

1
/ (1-492“?é(z)d,z
0

for all ¢ € S. This leads to the conclusion that u € $1(ut) and the multi-function  is closed-
valued. Since ® is compact-valued, it is easy to ensure the boundedness of l(u) for every
u € X,. Next, we prove that 4l is an o-¥-contractive multi-function. In view of this in-
tention, we take a function « on X, x X, with nonnegative values which is defined by
a(u,u) =1if

Q((u(s), “@2u(s), “@2 M u(s), “D2**u(s)),
(ii(s), “@21i(5), ‘@2 i(s), “D2**iu(s))) = 0,

and otherwise, it is defined to be zero for all u, it € X,.. Suppose u, 1t € X, and v; € $4(u1) and
select ¢; € (SEL)g 5 such that

S
vi(g) = ;)/0 (¢ —q2)"* " V1(2) dyz

Ik +

w+l
S

1
- k=)
[y(w+2)Tyk ~1) / (1-42)" " ¢1(2)dgz

[w+2]q§w+l w+2 K _3)
[+ 3)0,(k - 2) / 1= 01 =)dsz

Page 10 of 20
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for all ¢ € S. Utilizing (16), we get

Ha (D (s,w “Du, “D0 1w, “D0 ), @ (g, 1, “DYn, “D0 1, “D20))

il
Ipl

+ |C©(;+2u _ C@;}+2ﬁ|)

= P(S‘)( >1//(|u—ﬂ| + |C©f;u_ C@;}ﬁ| + |C®;)+1u_ C@‘;”ﬁ|

for all u,u € X, with

Q((u(s), “Du(s), “D5 u(s), “Dy**u(s)),

(<), “D2ii(), S0 i(s), “Di(S))) = 0
for almost all ¢ € S. Thus, a member
te d(s,u(s), “Dyu(s), ‘D u(s), “Dyu(s))

exists such that

o
el
+ |C®cqo+1u(s_) _ Cgcqo+1ﬁ(g)| + |C©;)+2u(g) _ C@;)+2a(g)|).

|91(s) =] < p(§)< )W(Iu(g) —14(5)| + [“Dgu(s) - Do)

Now, consider a map R : S — P(X,) which is characterized by

e

N() = {te %o finte) -+ <0001

)W(Iu(g) —u(g)| + [“Deuls) - “DLu(s)|
+ |C©;u+lu(g) _ C@;u+lﬁ(g)| + |C®c;+2u(g) _ C®;+2ﬁ(§)|)}
for any ¢ € S. Since ¢; and

3=p(2 )+ /D - g+ %D - 0y + 0 -0 )

are measurable, so the multi-map R(:) N ®(-,u(-), C@‘;u(-), C@;”lu(-),cﬁﬁ;*zu()) is also

measurable. Now, choose
¢ € D(s,u(s), “Dyuls), “De uls), ‘DL u(s))

so that, for all ¢ € S, we have

o

Ipll
+ |C©;u+lu(§) _ C@;u+lﬁ(5_)| + |C©;u+2u(g) _ C@;u+2ﬁ(g)|)

61(6) — p2(5)| < p(§)< )w(lu(g) —1(s)| +|“DYu(s) - “Du(s)|

Page 11 of 20
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Consider v, € $(u) given by

1 S
— _ (k+w-1) 7 d
va(s) Fq(/c+w)/0 (¢ —q2) 9a(2)dyz

w+1

_ S
LCylw+2)Ty(k — 1)

1
/ (1 - 422 (2)dyz

w+l _ a)+2

[w+2],6
Fylw+3)Ty(k —2)

/ (1-42)"g2(2)d,z
for any ¢ € S. Then we obtain the following inequalities:

1 S
R /0 (6 a2 V|¢1(2)  62(2)| dyz

w+l

S
gl +2)Ty(k — 1)

1
/ (1- 92 |¢1(2) - $2(2)] dy2

|[a)+2]q§w+l w+2|
(o +3)T(k —2)

/ (1- 42 )1(2) — )| dyz

*

<41 u
“Tkrorl) IIPII(HPH)I//(IIu—uII)

t

P ||< )w(nu—an)
T+ 2T, " il

[w+2],+1 ( *) B
o Py ¥ e - 50)

~ |: 1 1 [w+2];+1 :|
Tk to+1) T+ 2)T,k) @ Tyw+ 3k 1)

|no||(|| *”)w(nu—an)

= o* V1 (flu - ).

Also, we have
“Dgvi(s) - “DYma(s)|

<[ L 1, 2*d ]npn(*)w(nu—ﬁn)
- 1—‘q(K"'l) Fq(K) (1+6I)Fq(’<_1) Il

= 0" oy (Ilu—1if),

D2 ui(g) - “DL M u ()|
2 2 * - A -
< [% + m}npn(”p”)w(llu—ull) =0 Vs (|l 1),

and

€D, (6) - D2 ny(6)| < [F—)}npu( )w(nu—ﬁn) = o*Yay (u—ll)
q

Il

Page 12 of 20
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for all ¢ € S. Hence

[lvi = va|
= sup|vi(s) - va(g)| + sup| “Dwi(s) - “Dgwa(s)|
ceS ceS
+sup| “DL () = “DY M vy(5)| + sup| DY i (s) - DY ()|
€S ceS
< 0" (T1+ Yo+ T3+ Y)Y (Ilu—all) = v (llu—all).
Thus,

o (b, 5)H (L) — £4(@)) < ¥ (Il — 1l

for any u,u € X, which indicates that il is an «-y/-contractive multi-function. Now, sup-
pose that u € X, and u € {(u) satisfy o(u, ut) > 1, and so

Q((u(s), “@u(s), “De M u(s), “D"u(s)),
(ii(), “D2i(s), DU i(5), “DLi(S)) ) = 0.
Then, from the hypothesis, a member v € £l(i1) exists such that
Q((u(s), “DLu(s), “DLMuls), “DL(S)),s
(x(5), “D7e(s), “Dy M e(s), “Dy (<)) = 0.

It implies that a(u, t) > 1, and so we deduce that il is ¢-admissible. Now, take 1y € X, and
u € H(up) so that

2((1t0(6), D2 0(5), D (), CD2 2o ),
(1), “DYu(s), “Dy M ii(s), “DY*i(s))) = 0

for all ¢ € S. Then it follows that (1o, 1) > 1. Let us assume that {u,,},>1 is a sequence in
X, such that u, — uand «(u,,u,,1) > 1 for all #. Then we obtain

Q((1s(€), D2 (), D2 1, (0), €D 21, (<)),
(un+1 (§)r nguiﬂl(g); C@;)+1un+1(g)r C©;+2un+l(§))) > 0.

Utilization of the assumption (74) leads to the existence of a subsequence {u,, };>1 of {u,}
such that

Q((un, (), “DY 14, (), “ D M1, (6), DY a4, (5)),
(u(), “D7u(s), “Dy M u(s), “D5?u(s))) = 0
for all ¢ € S. This directly implies that «(u,,,1) > 1 for all . Hence, Theorem 6 is settled

and the multi-function 4l possesses a fixed point which is regarded as a solution for the
fractional cantilever beam inclusion g-BvP (2). O
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Now, we utilize the notion of end points for other subclass of multi-functions to achieve
the desired aim.

Theorem 10 Consider ® : S x X* — Pcp(X,) and assume:
(77) 3y : [0,00) — [0,00) as an increasing and u.s.c. function with liminf._, (¢ —
V() = 0and Y(s)<5,¥s >0;
(Tg) the multi-function ® :' S x X* — Pcp(X,) is bounded and integrable such that the
map O(-,uy,up,us,uy) : S — Pep(X,) is measurable for all u,, € X, (m=1,2,3,4);
(7o) Fp € C(S,[0,00)) satisfying

Hd(q)(;, Uy, Uy, U3, u4)’ qD(grﬁl: ﬁZ; ﬁSr ﬁ4))
=

p()owr (Jur = Ty | + |ug — Tip| + [uz — U] + [ug — 1ia]) (17)

forall ¢ €S and u,,,u,, € X, (m=1,2,3,4), where 0, = m and T, (m =
1,2, 3,4) are the constants defined by (15);
(Tho) L, given by (13), has the AEP-property.
Then the fractional cantilever beam inclusion q-BvP (2) admits a solution.

Proof To fulfill Theorem 7, we have to prove that the multi-map 1 : X, — P(X,), given by
(13) has an end point. At first, since

s @(5,u(s), “DYu(s), “Dy u(s), ‘D¢ ?u(s))

is a closed-valued as well as measurable map, so ® has a measurable selection and
(SEL) g, # ¥ for each u € X,. Using the same method as given in Theorem 9, one can
deduce that $l(u) has closed values. Since the multi-function ® is compact, so (1) is
bounded for any u € X,. This time, we only try to show that H,(4(u), 4(r)) < ¥ (|ju —¢])).
Let us assume that u, v € X, and v; € U(t). Select ¢; € (SEL)g,. such that

1 s
= = _ (k+w-1) 7 d
vi(s) Tcro) /0 (¢ —q2) $1(2)d,z
S.a)+1 1 )
_ Ry
Ty +2)Tyk — 1) _/0 (1-g2)“ " ¢1(2) dgz

[a) + 2]q§w+1 _ gw+2
Fglw+3)Ty(k —2)

1

| -0
0

for almost all ¢ € S. Since, for any ¢ € S, we have

Ha(P(s,u(s), “Dou(s), “D u(s), “D8*u(s)),
®(s,t(s), “D(s), ‘DY (), “Dye(s)))
<p(9)as¥ (Ju(s) = v(s)| + |“Deu(s) - “Der(s)| + |“De M u(s) - D e(s))|

+[€D22u(5) - D2 e(s)|),

there exists a member

N

he ®(s,u(s), “Dou(s), “De M u(s), ‘D u(s))
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such that

|61(5) = A| < p(S)eu ¥ (Juls) - e(g)] +|“Douls) - “D2x(s)|

+ ‘C@;’“u(g) _ C@;}+lt(§)| + |C©(;+2u(§) _ C’D‘;"Zt(g)’)

for any ¢ € S. Now, the map E : S — P(X,) is considered which is given by the following
way:

E(s)={reX.:

$1() = A < p()anvr (Juls) —v(s)| + [“DYu(s) - “Doe(s)|

+ ‘C©;+lu(§) _ C@;)+lt(§)| + |C©(;+2u(§) _ C©?+2t(§)|)}.

The multi-function E(-) N (-, u(-), “Dyu(-), “D&* u(-), “D*?u(-)) is measurable because

¢1 and

k =po.y(ju—rt|+ \CCD;"u - CCD;“t| + |CCD‘;“u - C@;‘”lt| + |C®‘;*2u - C@‘;*ZtD
are measurable. Now, a member

62 € B(5,u(s), “D2u(s), “DY M u(s), S0 us))
is selected such that

|91(5) = @2()| < p() ¥ (|u(s) = e(6)| + [ “DYu(s) - “Dee(s)|
+ |C©(;+lu(g) _ C@;}+lt(g)|

1
Cryw+2 Cryw+2
+|"D2u(s) -~ D =
| d (g) d (§)|)|:H1+H2+H3+H4]

for all ¢ € S. Choose v, € (u) such that, for all ¢ €S,

1 S
_ _ (k+w-1) 7
”““EﬁTﬁﬂ(gq” 622 dyz

w+l

_ S
(o +2)Ty(

1
_ (k=2) 7
— | e P e

[w + 2]q§w+1 _ S.a)+2
Fy(w+3)Ty(k —2)

1
| -0 V@4
0
By employing the same methodology used in the proof of Theorem 9, we reach
lvi = ol = SUP|V1(§) - Vz(s‘)\ + SUP|C©;UU1(§) - C@;)V2(§)|
ges ceS
+5up|CDE 1y (6) — CDU iy (6)| + sup| D vy (6) — DT ()|
ceS ceS

< 0u(TTy + Ty + T3 + Ty (lu —ell) = ¥ (Jlu —el).

Accordingly, we have H,;(4((11), £U(t)) < ¥ (JJlu —t||) for any u, v € X,. From assumption (710)
implying the existence of the AEP-property for the multi-function &, the application of
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Theorem 7 leads to the existence of u* € X, satisfying {(u*) = {u*}. This indicates that u*
is a solution for the cantilever beam inclusion q-FBvP (2). a

4 An example
Based on the fractional cantilever beam inclusion q-BvP (2), we here present some exam-
ples in this framework to confirm the validity of the results.

Example 1 Consider the cantilever beam inclusion g-FBvP

CDFHEDEIW(S)
c c 3
o, slarcsin(u(c))+5|“DYIu(s) +s> \ﬂ;; DEJus)l+s3 arctan(CDIu(s) I, 12¢5], (18)

w(6)le=0 = “Du(6)lc=0 = “Du(6)lc=1 = “D2°u(g)|¢=1 = 0,

where ¢ € S = [0, 1], and we have selected g = 0.7,k = 2.8, w = 0.9. Now, consider the multi-
valued map @ : S x R* — P(R) which is determined by

®(g,u1(5), u2(), uz(5), ual(s))

_ [O g/ arcsin(ui(5)) + s lua(s)| + 5* sin(us(s))| + ¢* arctan(ua()| g]
=0, 77 + 1Ze

for any ¢ € S. Next, consider the function p € C(S, [0, 00)) given by p(¢) = % forall ¢ €S.
Then ||p|| = sup s |%| = ﬁ Moreover, we choose ¥ : [0,00) — [0,00) as an increasing
u.s.c map given by ¥(¢) = % for almost all ¢ > 0. It can be easily seen that liminf, (¢ —
¥ (¢)) >0and ¥(¢) < ¢ forall ¢ > 0. In the light of preceding data, (14) and (15), we obtain

. 1 1
T = +
! F0b7(2.8 +0.9 + 1) F0’7(0.9 + 2)F07(28)
[09 + 2]0.7 +1

+ T07(09+3)0 (28— 1) ~ 1.54029,

T2 - : R 2+07 ~2.67215,
[o7(28+1) To7(28) (1+0.7)[x7(2.8-1)

Voot X 346062,
Io7(2.8) To7(2.8-1)

v 2

Yy = T 8- ~2.11890,

and
TI; ~ 0.14003, TI, = 0.24292, TI5 = 0.31460, T, = 0.19263.

For each u,,,1,, € R (m = 1,2, 3,4), we have

Ha (@ (s, m1(6), u2(), us(6), 1a(s)), D (5,1 (), Tia(<), 13(), 1ha(s)))
< % ;(|arcs1n(u1(g)) arcsin (i (¢)) | + [ua() - tia(6) |

+ [sin(u3(s)) - sin(iis(¢))| + |arctan(ua(s)) — arctan(iia(s)) )
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= %.;ﬂul(g) —11(9)] + |ua(s) = Tia(s)| + |us(s) = ti3(5)| + |uals) — tha(s)])
= l—glw(luﬂg) ()] + [u2(s) = iha(6)| + [us(6) = U3(6)] + [uals) — Tia(<)])
<p()Y (Jui(s) =1 (s)| + [ua(s) = tia(s) | + [uz(s) —Uiz(s) | + [uals) — 1a(s)|)

1
X|=——m————.
|:H1+H2+H3+H4]
Now, define the multi-function 4 : X, — P(X,) by
Uw) = {v € X, :3¢ € (SEL)g, s.t. v(s) =t(5),Vs €S},

where

1 S
- - _)(2.8+0.9-1) ¢
t(s) Fq(2.8+0'9)/0 (¢ —q2) ¢(2)dyz

0941 1 .
- 1-q2)®52¢(2)d
I,09+2),(28-1) /0 (1=g2) " 79le) dyz
[09 + z]qg0.9+l _ §0.9+2 1
r,009+3),28-2) Jo
1
- T,37)

[2'9]q§1'9 -2 1 e
" T,B9T,0.8) /0 (1-92)*¢(2) sz,

(1-q2)*%34(2)d,z

S_1.9

S 1
2.7 2 0.8 -
/0 (6 =2 9@ - s /0 (1-42°%6(2) d 2

and [2.9]p7 =~ 2.14848. As the multi-function il possesses the AEP-property, so utilizing
Theorem 10, one can clearly follow that the q-FBvP (18) has a solution.

5 Conclusion

A variety of complex natural phenomena that arise from science and technology are mod-
eled by fractional operators. In the present study, we considered a fractional inclusion
model of cantilever beam in the context of quantum calculus. We therefore, specified sev-
eral operators based on the special classes of «-admissible and «-y-contractive multi-
functions, relying on the equivalent integral equation. We studied the existence of solu-
tions and, in addition, for such operators, we explored the AEP-property. Lastly, an exam-
ple was given to examine the results regarding the proposed cantilever beam inclusion q-
FBvP. As a future proposal, one can consider some other fractional operators to discuss the
existence of solutions and approximating them for different generalized fractional models

of the cantilever beam equation.
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