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The question of whether to drop or to continue wearing face masks especially after being

vaccinated among the public is controversial. This is sourced from the efficacy levels

of COVID-19 vaccines developed, approved, and in use. We develop a deterministic

mathematical model that factors in a combination of the COVID-19 vaccination program

and the wearing of face masks as intervention strategies to curb the spread of the

COVID-19 epidemic. We use the model specifically to assess the potential impact

of wearing face masks, especially by the vaccinated individuals in combating further

contraction of COVID-19 infections. Validation of the model is achieved by performing its

goodness of fit to the Republic of South Africa’s reported COVID-19 positive cases data

using the Maximum Likelihood Estimation algorithm implemented in the fitR package.

We first consider a scenario where the uptake of the vaccines and wearing of the face

masks, especially by the vaccinated individuals is extremely low. Second, we consider

a scenario where the uptake of the vaccines and wearing of the face masks by people

who are vaccinated is relatively high. Third, we consider a scenario where the uptake

of the vaccines and wearing of the face masks by the vaccinated individuals is on an

upward trajectory. Findings from scenario one and scenario two, respectively, indicate a

highly surging number of infections and a low recorded number of infections. For scenario

three, it shows that the increased extent of wearing of the face masks by the vaccinated

individuals at increasing levels of vaccine and face mask average protection results in a

highly accelerated decrease in COVID-19 infections. However, wearing face masks alone

also results in the reduction of the peak number of infections at increasing levels of face

mask efficacy though the infections delay clearing.

Keywords: mathematical modeling, COVID-19 epidemic, deterministic models, pharmacological and non-

pharmacological measures, computer-aided simulations

1. INTRODUCTION

COVID-19 is themost recent to be experienced in humans among the known coronaviruses such as
Severe Acute Respiratory Syndrome (SARS) andMiddle East Respiratory Syndrome (MERS) [1, 2].
However, COVID-19 caused by Severe Acute Respiratory Syndrome-Corona-Virus-2 (SARS-CoV-
2) [2–6] has taken the longest time to clear from the human host. It seems to be themost devastating
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coronavirus with its severity and rapidly spreading trend.
Following its first report in December 2019 at Wuhan, Hubei
province in China [5, 7–9], it has been among the greatly
challenging global health emergencies in recent history [10, 11],
especially with many countries world-wide engaged in battling
the epidemic. Most countries have experienced at least three
waves of the disease triggered by divergent SARS-CoV-2 variants
probably resulting from themutational characteristic of the virus.
Each outbreak of the waves has been witnessed to re-surge the
plateau number of infections to the extent of even surpassing the
peak number of infections for the previous wave. As of January
27, 2022 (06:26 GMT), the world had recorded 363,305,191
COVID-19 positive cases with 5,646,069 deaths. The Republic of
South Africa alone had confirmed 3,594,499 COVID-19 positive
cases with 67,019 active cases and 94,651 fatalities [12].

Several non-pharmaceutical measure protocols implemented
in most countries globally in the prolific effort to contain the
spread of the epidemic have been relatively successful [13].
Among these non-pharmaceutical measures is the use of face
masks by the general public. Although there was a lot of
controversy on the use of face masks during the early outbreak
of the disease, it was very well implemented and has played
a key role in protection against contraction of the COVID-19
infections. Face masks have been proved to offer wide protection
against both coarser droplets and finer aerosol transmission [2].
Now that COVID-19 has been reported to spread from human
to human via fine respiratory droplets, it clearly implies that
face masks have played a key role in breaking the chain of
transmission for the epidemic.

On the side of the pharmaceutical pathway, over 50 companies
commenced thorough scientific investigations in early 2020 to
develop vaccines against COVID-19 [11, 14]. The fruits of
these rigorous efforts were the discovery of vaccines such as
Pfizer-BioNTech, Moderna, Oxford-AstraZeneca, and Johnson
and Johnson’s Janssen (J&J) vaccine [14, 15] among others.
Furthermore, some regulatory bodies such as Europe Medicine
Agency (EMA), US Food and Drug Administration (FDA), and
UK Medicine and Health Products Regulatory Agency (MHRA)
approved these vaccines for emergency use [11, 16]. The Pfizer-
BioNTech vaccine was first approved for use in the UK on
December 2, 2020, while the Oxford-AstraZeneca and Moderna
vaccines were, respectively, approved on December 20, 2020, and
January 8, 2021 [14]. J&J vaccine was approved for use by the US
Food and Drug Administration and first rolled out on February
18, 2021, in the Republic of South Africa [12].

Pfizer-BioNTech, Oxford-AstraZeneca, and Moderna
vaccines are prescribed to be administered in two doses whereas
J&J vaccine is a single-dose prescribed administration [11].
Establishment on monitoring of mass vaccination campaigns
and clinical trials have shown that Pfizer-BioNTech, Oxford-
AstraZeneca, and Moderna vaccines can offer high levels of
moderate to severe COVID-19 symptomatic protection when
the two shots are administered 2–4 weeks apart [17–20].
However, most countries globally have a great challenge in
the delivery of vaccines mainly due to the supply inadequacy
and restricted capacity of distribution [11, 15]. The COVID-19
vaccines are being procured by most low- and middle-income

countries via the COVAX Advance Market Commitment (AMC)
Facility which is a world-wide risk-sharing mechanism for the
collaborative procurement of the COVID-19 vaccines [11, 21].

Based on the clinical history regarding the pharmacological
action of a wide range of existing vaccines against various
diseases, these vaccines have full protection capacity while
administered against the targeted disease. The administration
of these vaccines demands no further protection action by the
patient once administered. However, the COVID-19 vaccines
are controversial since, among the so far approved vaccines
being used, no single vaccine offers 100% protection against
the contraction of the disease. It is clearly evidenced that
even when one is vaccinated against COVID-19, there is a
possibility of being infected following exposure. Furthermore,
most vaccines have a prescription of two-dose administration
after some prescribed duration apart. This again gives room for
chances of contracting the virus while waiting to receive the
second dose and even when there is a delay in availing the second
dose. In view of these shortcomings, one natural question arises:
Which friendly non-pharmaceutical protocol can be adopted
after vaccination? This study attempts to address this question
using mathematical modeling.

Mathematical modeling has been widely used by scientists
in assessing the impacts of both pharmacological and
non-pharmacological strategies in an effort to combat the
transmission of the SARS-CoV-2 [1, 22–30]. Particularly, in Sun
andWang [23], mathematical modeling is used to investigate the
transmission dynamics of the COVID-19 epidemic. Similarly,
more studies are also done in Lukman et al. [31], Wong et al.
[22], Sameni [32], Bedi et al. [33], Boukanjime et al. [24], Garba
et al. [1], Zhao et al. [34], Gilbert et al. [35], Peirlinck et al.
[36], Ishtiaq [6], Salgotra et al. [37], and Amaro et al. [38]
on the spread dynamics of COVID-19 using different devised
mathematical models. In Eikenberry et al. [2], mathematical
modeling is adopted to assess the potential impact of the use of
face masks by the general public as a control measure strategy
against the COVID-19 epidemic spread. Similar modeling
studies addressing the effectiveness of the use of face masks to
control the spread of COVID-19 are also done in Yang et al.
[39], Li et al. [40], Howard et al. [41], Shen et al. [42], and
Stutt et al. [43]. In Garba et al. [1], a compartmental model is
employed to study the impacts of social distancing among the
public as an intervention strategy to curb the transmission of the
COVID-19 pandemic. Modeling studies on the impacts of social
distancing besides other containment measure protocols against
transmission of SARS-CoV-2 is similarly done in Nyabadza et al.
[44], Bastos and Cajueiro [5], Kennedy et al. [25], Lyra et al. [29],
and Mason et al. [45]. In Olivares and Staffetti [16], the impact
of vaccination, testing against COVID-19 and social distancing
is studied using mathematical modeling. In Moore et al. [14],
Moghadas et al. [15], Foy et al. [21], Sadarangani et al. [26], Iboi
et al. [46], and Gumel et al. [47], similar studies on assessing the
potential impacts of vaccination strategy and/or in presence of
other containment measures are also done. We note that, among
the studies mentioned above, none has considered the aspect
of wearing face masks especially after vaccination, hence, it is
worthy to bridge this gap.
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Therefore, this study seeks to develop a deterministic
mathematical model that combines vaccination programs against
COVID-19 and the use of face masks as intervention strategies in
curbing the spread of the epidemic. The model principally aims
to assess the potential impact of wearing face masks, especially on
vaccinated individuals.

We organize the rest of the article as follows: In Section 2, we
formulate the model. Section 3 presents analytical results of the
model covering positivity of solution, biological feasible region,
and stability analysis of the infection free equilibrium. In Section
4, we present numerical results and discussion including model
calibration, sensitivity analysis, and simulations. Finally, Section
5 gives the conclusion.

2. MODEL FORMULATION

On the grounds of the challenges and drawbacks associated with
the entire COVID-19 vaccination program (refer to Section 1),
we modify the standard SEIR deterministic model to incorporate
a combination of vaccination and wearing of face masks as
intervention strategies to combat the spread of the COVID-
19 epidemic. For this reason, we add a compartment for
vaccinated individuals wearing face masks and a compartment
for individuals wearing face masks but not vaccinated. Assuming
human-to-human transmission, we subdivide the total human
population N(t) into seven mutually exclusive classes namely the
susceptible class (S(t)), the class of individuals who are vaccinated
and wearing face masks (Smv(t)), the class of individuals wearing
face masks but not vaccinated (Sm(t)), the latent class (E(t)), the
infectious class of individuals who are symptomatic (Is(t)), the
infectious class of individuals who are asymptomatic (Ia(t)), and
the class of individuals who have recovered from the COVID-
19 infections (R(t)). Therefore, the total human population over
time t for the proposed model is

N(t) = S(t)+ Smv(t)+ Sm(t)+ E(t)+ Is(t)

+Ia(t)+ R(t). (1)

We stress that the model factors in the use of face masks,
especially by the vaccinated individuals since it is evidenced that
the so far developed and approved COVID-19 vaccines being
used do not offer 100% protection against the disease. Moreover,
most of them are even 2-shots vaccines administered after some
duration apart thus allowing chances for contracting the disease
while waiting for the second dose. Thus, the main aim of this
study is to assess the potential impact of the use of face masks
by vaccinated individuals in reducing COVID-19 infections.

The model basically indicates that the susceptible individuals
(S(t)) can either progress to the class of individuals who are
vaccinated and wearing face masks (Smv(t)), or join the class
of individuals who are using (wearing) face masks but not
vaccinated (Sm(t)), or progress to the class of individuals who
are initially neither vaccinated nor wearing face masks (E(t)).
The model assumes that individuals who are neither vaccinated
nor wearing face masks are highly prone to the infections and,
thus, proceed directly to latency. The latent class E(t) though

mainly contains individuals who are initially neither vaccinated
nor wearing face masks, individuals who get vaccinated and/or
wear face masks over time may join the class following exposure
to the disease. The susceptible population either gets vaccinated
and wear face masks at the rate of ω, or wear face masks
only at the rate of (1 − ω)δ, or progress to latency at the
rate of (1 − ω)(1 − δ) following effective contact rate of β
with either symptomatic or asymptomatic infectious individuals.
Based on the aforementioned challenges associated with the
whole vaccination program, the vaccinated individuals wearing
face masks can progress to the latent class E(t) at the rate of
(1−α), following exposure to the infection by either symptomatic
or asymptomatic infectious individuals. Here, we note that the
vaccinated individuals wearing faces masks are less prone to
the contraction of the infections due to their boosted immunity
and masks’ protection effected by the vaccine and mask average
protection denoted by α on the model. Similarly, the individuals
wearing face masks only (Sm(t)) progress to the latent class at
the rate of (1 − σ ) following their close contact with either
symptomatic or asymptomatic infectious individuals. Notably,
these individuals are still protected to some extent against
infections due to the masks efficacy of σ . We note that wearing
face masks and using face masks means the same in this study.

All the exposed individuals collected in the class of latency
E(t), can either progress to the symptomatic class of infectious
individuals at the rate of ηρ or the asymptomatic class of
infectious individuals at the rate of (1−ρ)η. These are individuals
who have completed the incubation period and shed the virus,
thus, causing COVID-19 infections. Since the epidemic has been
endemic, we consider a recruitment rate of Ŵ. Despite the fact
that individuals from all the seven classes of the model can die
naturally at the rate of µ, the symptomatic and the asymptomatic
infectious individuals can die due to COVID-19, respectively, at
the rates of εs and εa. Thus, the COVID-19 epidemic induced

deaths for the model are given by dD(t)
dt

= εsIs + εaIa. The
symptomatic and the asymptomatic individuals recover from
the disease at the rates of φ and ψ , respectively. The recovered
individuals are collected in class R(t). Figure 1 illustrates the
proposed model. The resultant system of nonlinear ordinary
differential equations for the model is

dS

dt
= Ŵ − (ω + (1− ω)δ + µ)S− (1− ω)(1− δ)γ0S (2)

dSmv

dt
= ωS− ((1− α)γ1 + µ)Smv (3)

dSm

dt
= (1− ω)δS− (1− σ )γ2Sm − µSm (4)

dE

dt
= (1− ω)(1− δ)γ0S+ (1− α)γ1Smv

+ (1− σ )γ2Sm − (η + µ)E (5)
dIs

dt
= ρηE− (φ + εs + µ)Is (6)

dIa

dt
= (1− ρ)ηE− (ψ + εa + µ)Ia (7)

dR

dt
= φIs + ψIa − µR (8)
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FIGURE 1 | The proposed model incorporating a combination of vaccination against COVID-19 and wearing of face masks.

where

γi = βi(ξ Is + Ia), i = 0, 1, 2 (9)

defines the force of infections for the model with ξ < 1 denoting
the modification parameter since the asymptomatic individuals
are assumed to be more infectious than the symptomatic
individuals. We describe the other parameters of the model
in Table 1.

3. ANALYTICAL RESULTS

We present some results regarding the epidemiological
properties of the proposed model (Equations 2–8).

3.1. Positivity of the Solution
Lemma 3.1:

Let S(0) > 0, Smv(0) > 0, Sm(0) > 0, E(0) > 0, Is(0) > 0,
Ia(0) > 0 and R(0) > 0. Then S(t) > 0, Smv(t) > 0, Sm(t) > 0,
E(t) > 0, Is(t) > 0, Ia(t) > 0 and R(t) > 0, ∀ t ≥ 0.
Proof

Suppose that the solution of the model (Equations 2–8) is not
positive for all t ≥ 0. Then there exist a first time t∗ > 0 such that

t∗ = inf{t | S(t) = 0 or Smv(t) = 0 or Sm(t) = 0 or E(t) = 0 or

Is(t) = 0 or Ia(t) = 0 or R(t) = 0}.

If S(t∗) = 0, then ∀ t ∈ (0, t∗), S(t) > 0, Smv(t) > 0, Sm(t) > 0,
E(t) > 0, Is(t) > 0, Ia(t) > 0 and R(t) > 0, dS(t∗)

dt
< 0. In

TABLE 1 | Parameter description for the model (Equations 2–8) and their

estimated values.

Symbol Parameter description Value

per day

Source

Ŵ Recruitment rate 11,244 [44]

βi Effective contact rate 1.0598 [44]

ω Extent of vaccination and face masks use (0,1) Variable

δ Measure of face masks use by unvaccinated 0.66 Assumed

α Measure of vaccine and mask average protection (0,1) Variable

ρ Measure of symptomatic development 0.38 Fitted

η Incubation period 0.1961 [16, 21]

ξ Infectious rate by the symptomatic individuals 0.3214 [46]

σ Measure of face mask efficacy (0,1) Variable

φ Rate of recovery by the symptomatic individuals 0.1429 [46, 48]

ψ Rate of recovery by the asymptomatic individuals 0.3217 Fitted

εs Rate of death by the symptomatic individuals 0.035 [1]

εa Rate of death by the asymptomatic individuals 0.018 [1]

µ Rate of natural death 0.0001 [48]

contradiction from Equation (2) we have dS(t∗)
dt

= Ŵ > 0 which
implies that S(t) > 0 for all t ≥ 0. Arguing similarly, it can be
verified that Smv(t) > 0, Sm(t) > 0, E(t) > 0, Is(t) > 0, Ia(t) > 0
and R(t) > 0 for all t ≥ 0.

Frontiers in Applied Mathematics and Statistics | www.frontiersin.org 4 April 2022 | Volume 8 | Article 872284

https://www.frontiersin.org/journals/applied-mathematics-and-statistics
https://www.frontiersin.org
https://www.frontiersin.org/journals/applied-mathematics-and-statistics#articles


Kinyili et al. Impact Analysis Using Mathematical Modeling

3.2. Biological Feasible Region
Lemma 3.2:

Let �R =

{
(S, Smv, Sm,E, Is, Ia,R) ∈ R

7
+ : S + Smv + Sm

+E+ Is + Ia + R ≤ Ŵ
µ

}

be a biological feasible region defined for all t ≥ 0. Then, �R

is positively invariant and absorbing with respect to the model
(Equations 2–8).
Proof

We compute the time derivative of the total population N(t) in
line with Equation (1) along the solution to obtain

dN

dt
= Ŵ − µN − εsIs − εaIa

≤ Ŵ − µN. (10)

Solving Equation (10) by integration and the Gronwall Inequality
with N(0) = N0 we get

N(t) ≤
Ŵ

µ

(
1− e−µt

)
+ N0e

−µt . (11)

Employing comparison theorems on ODEs [49],
Equation (11) gives

lim
t→∞

N(t) ≤
Ŵ

µ
. (12)

From Equation (12), we see that N ≤ Ŵ
µ
, ∀t ≥ 0. This shows that

N is bounded and, therefore, infers that the biological feasible
region �R is positively invariant and absorbing for all t ≥

0. Hence, the dynamics of the model (Equations 2–8) can be
considered in�R for all t ≥ 0 [50].

3.3. Infection Free Equilibrium and
Stability Analysis
At the instant when no individual is infected in the population
of concern, then this situation is referred to as infection-free
equilibrium [48, 51]. We find that the proposed model has a
unique infection-free equilibrium denoted and defined as

E
∗ =

(
S∗, S∗mv, S

∗
m, 0, 0, 0, 0

)
(13)

where,

S∗ =
Ŵ

ω + (1− ω)δ + µ
,

S∗mv =
Ŵω

(ω + (1− ω)δ + µ)µ
,

S∗m =
Ŵ(1− ω)δ

(ω + (1− ω)δ + µ)µ
. (14)

3.3.1. Reproduction Number and Local Stability
We analyze the model’s infection-free equilibrium local
asymptotic stability by first computing the reproduction
number. Since the model incorporates vaccination and the use
of face masks as control measure strategies against COVID-19,
some proportion of the susceptible population has adopted
the measures, and thus, we define the vaccination-mask
reproduction number which we denote by Rvm. The Rvm here
is defined as the mean secondary number of infections sourced
by one infectious individual when introduced into a susceptible
population where a proportion is vaccinated and/or wear face
masks. We adopt the next generation operator technique for
the computation of the Rvm [51]. The Jacobian for secondary
infections F and transfer of infections V for the model (Equation
2–8) are respectively given by

F =



0 βξŴ

ω+(1−ω)δ+µ
ℓ

βŴ

ω+(1−ω)δ+µ
ℓ

0 0 0
0 0 0


 , (15)

where

ℓ = (1− ω)(1− δ)+
(1− α)ω

µ
+

(1− σ )(1− ω)δ

µ

and

V =




η + µ 0 0
−ρη φ + µ 0

−(1− ρ)η 0 ψ + µ


 , (16)

thus

FV
−1 =




βŴ

(ω+(1−ω)δ+µ)(η+µ)
ℓ
{
ρηξ
φ+µ

+
(1−ρ)η
ψ+µ

}
βŴξ

(ω+(1−ω)δ+µ)(φ+µ)
ℓ

βŴ

(ω+(1−ω)δ+µ)(ψ+µ)
ℓ

0 0 0
0 0 0


 . (17)

Hence, the model’s reproduction number is

Rvm =
βŴ

(ω + (1− ω)δ + µ)(η + µ)
ℓ

{
ξρη

φ + µ
+

(1− ρ)η

ψ + µ

}
.

(18)

Therefore, the infection-free equilibrium of the proposed model
is locally asymptotically stable if

Rvm =
βŴ

(ω + (1− ω)δ + µ)(η + µ)

ℓ

{
ξρη

φ + µ
+

(1− ρ)η

ψ + µ

}
< 1. (19)

We note that the symptomatic and the asymptomatic individuals
account for the new COVID-19 infections, and therefore, we can
re-write (Equation 18) as

Rvm = Rvm−s +Rvm−a (20)
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where

Rvm−s =
βŴ

(ω + (1− ω)δ + µ)(η + µ)
ℓ

{
ξρη

φ + µ

}
(21)

and

Rvm−a =
βŴ

(ω + (1− ω)δ + µ)(η + µ)
ℓ

{
(1− ρ)η

ψ + µ

}
. (22)

3.3.2. Global Stability
We adopt the approach used by Castillo-Chavez
et al. [51] to prove the global stability of the model’s
infection-free equilibrium.
Theorem 3.3.2

Let the model be expressible in the form, dP
dt

= Y(P,Q), dQ
dt

=

M(P,Q), M(P, 0) = 0, where P denotes the collection of non-
disease classes and Q represents the collection of disease classes
of the model. The equilibrium point E∗ = (P∗, 0) of the model is
globally asymptotically stable (g. a. s) if and only ifRvm < 1 and
satisfies the following conditions

C1 :
dP
dt

= Y(P, 0), P∗ is globally asymptotically stable.

C2 : M(P,Q) = NQ − M̃(P,Q), M̃(P,Q) ≥ 0 for (P,Q) ∈ R
7
+

where N = ∂M
∂Q E

∗ and R
7
+ is the region where the model

makes biological sense.

Proof

We deduce that P = (S, Smv, Sm,R)
T and Q = (E, Is, Ia)

T from
the model (Equations 2–8). The infection-free equilibrium of the
model is E∗ = (P∗, 0) =

(
S∗, S∗mv, S

∗
m, 0, 0, 0, 0

)
as established by

Equation (13). The point E∗ = (P∗, 0) is g. a. s ifRvm < 1, hence

dP

dt
= Y(P, 0)

=




Ŵ − (ω + (1− ω)δ + µ)S
ωS− µSmv

(1− ω)δS− µSm
0
0



,

and, therefore, C1 is satisfied. We next check the satisfaction of
C2 as

NQ =



−(η + µ) 0 0
ρη −(φ + µ) 0

(1− ρ)η 0 −(ψ + µ)






E
Is
Ia




and
M(P,Q) =



β(ξ Is + Ia)(1− ω)(1− δ)S+ (1− α)β(ξ Is + Ia)Smv + (1− σ )εβ(ξ Is + Ia)Sm

ρηE− (φ + µ)Is
(1− ρ)ηE− (ψ + µ)Ia


 .

UsingM(P,Q) = NQ− M̃(P,Q) then,

M̃(P,Q) =



β(ξ Is + Ia)

{
(1− ω)(1− δ)

(
1− S

N

)
+ (1− α)

(
1− Smv

N

)
+ (1− σ )ε

(
1− Sm

N

)}

0
0


 .

therefore M̃(P,Q) ≥ 0 hence C2 is satisfied. Thus, we
conclude that the model’s infection-free equilibrium is globally
asymptotically stable wheneverRvm < 1.

4. NUMERICAL RESULTS AND
DISCUSSION

4.1. Calibration of the Model
We use the Maximum Likelihood Estimation algorithm
implemented in the fitR package for calibrating the model
(Equations 2–8). The public data used are the daily COVID-19
positive cases as reported by the government of the Republic of
South Africa from June 01, 2020, to September 08, 2020 [12].
The goodness of fit is established in Figure 2.

4.2. Sensitivity Analysis
We perform the sensitivity analysis for the model graphically
using Equation (18) to assess the impacts of the parameters of
interest on the vaccination-mask reproduction numberRvm. The
cardinal parameters of scrutiny for this research are ω for the
measure of the extent of vaccination and face mask use, α for
the measure of vaccine and face mask average protection, and
σ for the measure of face mask efficacy. The vaccine and face
mask average protection here refers to the mean value protection
against the contraction of the infections brought about by the
combination of the vaccine efficacy and face mask efficacy. This
aspect only occurs to those people who are vaccinated and still
wear face masks. They enjoy double protection in which one is
facilitated by the vaccine and the second is facilitated by the face
mask. Those people who wear face masks only enjoy the benefit
of face masks protection brought about by the face mask efficacy.
We define to have a poor extent of vaccination and face mask
use, a poor extent of vaccine and face mask average protection,
and poor face mask efficacy if each of the parameters approach
zero whereas the perfect extent of vaccination and face mask use,
the perfect extent of vaccine and face mask average protection,
and perfect face mask efficacy are attained when each of the
parameters tends to unity, hence, 0 < ω < 1, 0 < α < 1, and
0 < σ < 1. We consider four levels of the extent of vaccine and
face mask average protection (α) such that α = 20%, α = 50%,
α = 70%, and α = 95%. For the face mask efficacy (σ ), we also
consider four levels, i.e., σ = 20%, σ = 40%, σ = 60%, and
σ = 80%. The impacts assessment is depicted in Figure 3.

The figure demonstrates the variation of the reproduction
number with ω when α and σ are simultaneously endorsed in
at increasing levels as aforementioned. We clearly observe that
Rvm decreases gently with an increase in ω at each level of
α and σ . Distinctively, the figure reveals an incredible shift of
Rvm values tending to less than unity when the α and σ levels

are simultaneously increased. We see that increasing levels of α
and σ accelerates the reduction in the value of the reproduction
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FIGURE 2 | Calibration of the model (Equations 2–8) to COVID-19 positive reported cases (01 June–08 September, 2020) in the Republic of South Africa. The black

dotted line shows the reported data while the red-continuous line depicts the model’s goodness of fit. Parameter values used are as listed in Table 1 where

ω = 0.00001, α = 0.00001, and σ = 0.00001.

number. This distinct observed trend stipulates that increasing
the extent of vaccination against COVID-19 simultaneously with
the wearing of face masks, highly reduces the value of basic
reproduction. This consequentially leads to the speeding up of
the stabilization of the infection-free equilibrium, hence, leading
to the eradication of the epidemic over a relatively shorter time.

4.3. Simulations
We test for different scenarios with respect to the parameters of
interest via numerical simulations using the calibrated model.
We concentrate the simulations on the disease classes of the
model which include the latent class, the symptomatic, and
the asymptomatic infectious classes. The principal purpose of
the model (Equations 2–8) was actually to assess the impact
of wearing face masks on those individuals who are vaccinated
against the COVID-19 epidemic. This is based on the grounds
that with the already developed and approved vaccines in use, it
is evidenced that no vaccine offers 100% efficacy, and therefore,
individuals who are vaccinated have a chance of contracting
the infections. Furthermore, some vaccines are prescribed to
be administered in 2 doses after some duration apart, and
thus, a vaccinated individual can also contract the infections
while waiting to receive the second dose. Hence, we carry out
simulations varying the aforementioned parameters of interest
for this study. The other parameter values used are listed
in Table 1.

We first consider a scenario where the uptake of the vaccines
and wearing of the face masks especially by the vaccinated
individuals is extremely low. Second, we consider a scenario
where the uptake of the vaccines and wearing of the facemasks by
people who are vaccinated is relatively high. Third, we consider a
scenario where the uptake of the vaccines and wearing of the face
masks by the vaccinated individuals is on an upward trajectory.
Under this third scenario, we consider four levels of the extent of
vaccine and face mask average protection (α) such that α = 20%,
α = 50%, α = 70%, and α = 95% as considered during
the sensitivity analysis. For the face mask efficacy (σ ), we also
consider four level that is, σ = 20%, σ = 40%, σ = 60%, and
σ = 80%.

Figures 4A–C, respectively, show the trajectory of the
symptomatic, the asymptomatic, and the latent classes of the
model (Equations 2–8) when the uptake of the COVID-
19 vaccines and wearing of face masks by the vaccinated
individuals is extremely low. In this situation, we clearly
observe a highly surging number of recorded symptomatic
infections, asymptomatic infections, and latent cases as a
result. This observation suggests that the absence or low
implementation of these control measure strategies would lead
to a resurgence in the peak number of COVID-19 infections
as well as rising exposure cases. Furthermore, it is observed
that the infections take a relatively long time to clear from the
human host.
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FIGURE 3 | Change of the reproduction number with ω as α and σ increase. Parameter values used are listed in Table 1.

Figures 5A–C, respectively, illustrate the trajectory of the
symptomatic, the asymptomatic, and the latent classes of the
model (Equations 2–8) when the uptake of the COVID-19
vaccines and wearing of face masks by the vaccinated individuals
is relatively high. The Figures show low numbers of recorded
symptomatic infections, asymptomatic infections, and latent
cases consequentially. These observations stipulate that serious
uptake or implementation of these control measure strategies
would result in an accelerated reduction in the peak number
of COVID-19 infections and reduction in the latent cases.
Moreover, we observe that the infections clear within a relatively
shorter time span.

Figures 6A–D (left-hand-side sub-figures) and Figures 1–4
(right-hand-side sub-figures), respectively, show the trajectory
of the symptomatic cases and the asymptomatic cases of the
model (Equations 2–8) as ω varies when α = 20%, α = 50%,
α = 70%, and α = 95%. We observe that the number of
symptomatic infections and the asymptomatic infections reduces
as ω increases at each level of α. Remarkably, we see that a
concurrent increase in ω and α accelerates the reduction in
the number of both symptomatic and asymptomatic infections.
In other words, continuous increase in ω at relatively higher
levels of α, speed up reduction in the recorded symptomatic and
asymptomatic infections. This situation results in a decrease in
the cumulative peak number of infections. These observations are
explained by the fact that, when more people are vaccinated and
continue to wear face masks, their chances of being infected are
highly reduced following the combined protection brought about

by the vaccine efficacy and the face mask efficacy. Therefore, we
infer that serious uptake of the COVID-19 vaccines with the
simultaneous wearing of face masks even after vaccination can
eradicate the epidemic within a relatively shorter period of time.

We note that wearing the face masks by the general public is
one of the non-pharmaceutical control measure protocols which
was immediately introduced right from the early outbreak of the
COVID-19 pandemic. As it is captured in Section 1, it was highly
and well implemented hence playing a key role in containing
the spread of the pandemic. In reality, wearing face masks has
been greatly adhered to by a greater proportion of the population
in various countries where the COVID-19 epidemic has been
seriously observed. Although this model assumes that about 66%
of the Republic of South Africa’s population at higher risk of
contracting the disease wear face masks, especially in public
areas, we consider varying the parameter δ for the measure of
wearing of the face masks by unvaccinated individuals. This is
done considering four levels of the face masks efficacy denoted
by σ such that σ = 20%, σ = 40%, σ = 60%, and
σ = 80%. The trajectories of the symptomatic infections and
the asymptomatic infections of the model (Equations 2–8) are,
respectively, established by the Figures 7A–D (left-hand-side
sub-figures) and Figures 1–4 (right-hand-side sub-figures) of
Figure 7. The figure shows that as δ increases at each level of σ ,
the peak number for both the symptomatic and the asymptomatic
infections decreases. However, we observe that as δ increases
at each level of σ , the infections delay clearing, hence, taking a
relatively long time span. This observation implies that the use of
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FIGURE 4 | (A) Trajectory of the symptomatic infections for the model (Equations 2–8) when the uptake of the COVID-19 vaccines and the use of face masks by the

vaccinated is extremely low. (B) Trajectory of the asymptomatic infections for the model (Equations 2–8) when the uptake of the COVID-19 vaccines and the use of

face masks by the vaccinated is extremely low. (C) Trajectory of the latent cases for the model (Equations 2–8) when the uptake of the COVID-19 vaccines and the

use of face masks by the vaccinated is extremely low. Trajectory of the symptomatic, asymptomatic, and latent classes of the model (Equations 2–8) when the uptake

of the COVID-19 vaccines and the wearing of face masks by the vaccinated is extremely low.
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FIGURE 5 | (A) Trajectory of the symptomatic infections for the model (Equations 2–8) when the uptake of the COVID-19 vaccines and the use of face masks by the

vaccinated is relatively high (80%). (B) Trajectory of the asymptomatic infections for the model (Equations 2–8) when the uptake of the COVID-19 vaccines and the use

of face masks by the vaccinated is relatively high (80%). (C) Trajectory of the latent cases for the model (Equations 2–8) when the uptake of the COVID-19 vaccines

and the use of face masks by the vaccinated is relatively high (80%). Trajectory of the symptomatic, asymptomatic, and latent classes of the model (Equations 2–8)

when the uptake of the COVID-19 vaccines and the use of face masks by the vaccinated is relatively high (80%).
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FIGURE 6 | (A–D) Simulations of the model (Equations 2–8) showing the trajectory of the number of symptomatic infections (left-hand-side sub-figures) and the

number of asymptomatic infections (right-hand-side sub-figures) as ω varies at changing levels of α.
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FIGURE 7 | (A–D) Simulations of the model (Equations 2–8) showing the trajectory of the number of symptomatic infections (left-hand-side sub-figures) and the

number of asymptomatic infections (right-hand-side sub-figures) as δ varies at changing levels of σ .
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FIGURE 8 | (A–D) Simulations of the model (Equations 2–8) showing the trajectory of the latent cases as ω varies at changing levels of α (left-hand-side sub-figures)

and the latent cases as δ varies at changing levels of σ (right-hand-side sub-figures).
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the face masks alone may facilitate the clearance of the infections
from the human host though within a relatively long time as
compared to when vaccination is combined with the wearing of
the face masks. The advantage for both cases is that the plateau
number of infections keeps on reducing.

Additionally, as a result of a greatly accelerated reduction
in the recorded numbers of both the symptomatic and the
asymptomatic COVID-19 infections across all the observed levels
of α and σ , the plateau number of the latent cases keep on
decreasing, respectively as ω and δ increase. This observation is
clearly evidenced by Figures 8A–D (left-hand-side sub-figures)
and Figures 1–4 (right-hand-side sub-figures), respectively, for
varying values of ω at the aforementioned levels of α and for
changing values of δ at the earlier stated levels of σ . This trend is
completely in order since as much as the peak infections reduce,
then the risk of exposure decreases hence triggering low latent
cases consequentially.

5. CONCLUSION

In this study, we developed a modified SEIR deterministic model
which factored in the combination of the COVID-19 vaccination
program and the wearing of face masks as intervention strategies
to curb the spread of COVID-19 infections. The developed
model principally aimed at assessing the potential impact of
wearing the face masks, especially by the vaccinated individuals
in combating further contraction and spread of COVID-19. This
special consideration was made since it was learned that people
who are already vaccinated still had a probability of further being
infected following their exposure to infectious individuals. This
was based on the reasons aforementioned in Section 1.

Analytical results on epidemiological properties of the model
ascertained that the model’s solution remained positive and
bounded within a defined biological feasible region for all non-
negative time. We further adopted the Maximum Likelihood
Estimation algorithmwhich was implemented in the fitR package
to calibrate the developed model. We used the Republic of South
Africa’s COVID-19 positive cases reported data from June 01,
2020, to September 08, 2020, in calibrating the model. This
important exercise was performed majorly to authenticate the
model for use in testing different scenarios. For the sensitivity
analysis, we used the expression for the reproduction number
Rvm to plot the Rvm against the ω for the measure of the extent
of vaccination and face mask use, while endorsing α for the
measure of vaccine and face mask average protection and σ for
the measure of face mask efficacy at simultaneously increasing
levels. It was found that Rvm decreased gently with an increase
in ω at each level of α and σ . Uniquely, it was discovered that
there was an incredible shift of Rvm values tending to less than
unity when the α and σ levels were simultaneously increased.
Furthermore, increasing the levels of α and σ accelerated the
reduction in the value of the reproduction number.

For the numerical simulations, we first considered a scenario
where the uptake of the vaccines and wearing of the face
masks especially by the vaccinated individuals was extremely
low. Second, we considered a scenario where the uptake of
the vaccines and wearing of the face masks by people who are
vaccinated was relatively high. Third, we considered a scenario
where the uptake of the vaccines and wearing of the face masks
by the vaccinated individuals was on an upward trajectory. Under
the third scenario, we considered four levels of the extent of
vaccine and face mask average protection (α) such that α = 20%,
α = 50%, α = 70%, and α = 95%. We also considered four
levels of the face mask efficacy (σ ), such that σ = 20%, σ = 40%,
σ = 60%, and σ = 80%.

Results indicated a highly surging number of infections
and a low recorded number of infections for scenario one
and scenario two, respectively. For the third scenario, it
was observed that the increased extent of wearing face
masks by the vaccinated individuals at increasing levels of
vaccines and face mask average protection resulted in a highly
accelerated decrease in COVID-19 infections. This situation
triggered the clearance of the COVID-19 infections from
the human host within a relatively shorter period of time.
Wearing face masks alone also resulted in a reduction in
the peak number of infections at increasing levels of face
mask efficacy though the infections were delayed to clear.
This aspect would make the clearance of the COVID-19
infections take a relatively long span of time. Thus, this study
advocates for the continued wearing of face masks even after
full vaccination.
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