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Abstract
Wireless body area network (WBAN) is a wireless communication technology 
which facilitates the medical staff to remotely monitor and provide accurate treat-
ment to patients. Wireless body sensors are resource constrained, and consequently, 
an efficient routing protocol is vital in the design of these networks. Although many 
protocols have been presented for the routing in WBANs, sufficient features have 
not been adequately addressed in these techniques. Moreover, parameters of these 
protocols are manually set and remain constant in all applications, i.e., no automatic 
tuning procedure is applied to tune the protocol based on the application require-
ments. To overcome these drawbacks, we introduce a swarm intelligence multi-
objective fuzzy protocol (named SIMOF), as a tunable routing protocol in WBANs. 
The SIMOF comprises two phases, namely fuzzy inference system (FIS) and auto-
matic rule tuning using whale optimization algorithm (WOA). The FIS utilizes a 
multi-objective fuzzy inference system based on residual energy, distance, reliabil-
ity, bandwidth, temperature, path loss, and estimated energy consumption, to select 
proper relay nodes, considering IEEE 802.15.6 standard. To achieve the best per-
formance in the SIMOF, Mamdani rules of the FIS are automatically tuned using 
WOA. Simulations over three WBANs demonstrate the superiority of the proposed 
SIMOF routing protocol against the existing techniques in terms of the stability 
period, path loss, reliability, and hotspot temperature.
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1 Introduction

Recent technological advancements in wireless communications have empowered 
the development of remote health monitoring systems such as wireless body area 
networks (WBANs) [1]. WBAN is an emerging wireless communication technol-
ogy which facilitates medical staff to revolutionize mobile healthcare via the real-
time monitoring and analysis of medical data [2]. Typically, WBANs are used to 
monitor abnormalities in the human body through measuring physical parameters 
such as electrocardiograph (ECG), electroencephalograph (EEG), and electromy-
ograph (EMG), to measure the electrical activity of the heart, brain, and mus-
cles [3]. These parameters are sensed and collected using a set of tiny low-power, 
light-weight, wearable, heterogeneous sensors implanted in or attached on the 
human body [4]. Each sensor node is capable of sensing the local data including 
physiological and non-physiological information, and then, transmitting the col-
lected data through wireless links to a gateway or base station (sink), e.g., medi-
cal center, for further processing [5].

WBANs comprise a set of bio-sensors and a sink node on the human body. 
According to network architecture, WBANs can be categorized into in-body 
(implanted) and on-body (wearable) WBANs [6]. In in-body WBANs, the 
implanted sensor nodes and the sink are able to communicate with each other, 
while the wearable sensors sense the vital parameters and send them to the sink. 
Moreover, wireless sensors in WBANs can be categorized into physiological, 
biokinetic, and ambient nodes [7]. Physiological sensor nodes collect physical 
information such as ECG, EEG, EMG, blood pressure, blood oxygen, and glu-
cose. Biokinetic sensors measure acceleration and rotation of the movements in 
the human body. Ambient sensor nodes gather environmental conditions such 
as vibration, light, and pressure [8]. Generally, WBANs cover both medical and 
non-medical applications [9–11]. Medical applications include implanted and 
wearable applications like sleep stage control, diabetes, asthma, and cardiovascu-
lar monitoring, while non-medical applications include entertainment, consumer 
electronics, lifestyle, and aerospace applications [3].

Because of the constraints of the body sensors in terms of the limited power 
supply, energy efficiency is a main factor which has a major impact on the sta-
bility period and network lifetime of the WBANs [12]. Among various routing 
protocols in WBANs, cluster-based techniques have been widely used to improve 
energy efficiency and load balancing [13]. In clustering protocols, different sen-
sors are grouped into separate clusters, each of which has a cluster head (CH). 
These methods can be distinguished by how proper CHs (i.e., relay nodes) are 
selected, and proved to be more suitable than temperature-aware and cross-layer 
methods, due to the benefits of energy efficiency and load balancing [14]. It has 
proved that clustering (i.e., relay node selection) in WBANs is a NP-hard prob-
lem [4], and consequently, heuristic or metaheuristic clustering methods can be 
effectively applied. Generally, existing cluster-based routing protocols suffer from 
the following drawbacks:
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• Controllable parameters of the majority of the existing protocols are manu-
ally set and remain constant for all applications, i.e., no automatic tuning is 
applied based on the application specifications.

• Real-time routing capable of responding online routing requests is of great 
importance in WBANs that deal with the patients’ health. However, utilizing 
iteratively based metaheuristic algorithms doesn’t make sense, as they cause 
delay in the data transmission phase.

• The heating of bio-sensors is an important issue which should be taken into 
account. When a node is continuously selected as a forward node, it causes 
overheat and will have adverse effects on the patient’s body. However, most 
routing protocols have not addressed this issue.

To overcome the mentioned drawbacks of the existing methods, we propose 
a combined swarm intelligence multi-objective fuzzy system (named SIMOF). 
It comprises a fuzzy inference system (FIS) and a swarm intelligence algorithm 
based on whale optimization algorithm (WOA). There are several FIS mod-
els in literature which have been utilized to solve distinct engineering problems 
[15–19]. In this paper, we utilize a FIS based on Mamdani model. Unlike exist-
ing metaheuristics in wireless sensor networks (WSNs) and WBANs [20–22], in 
which the routes for online requests are generated by the simple heuristics and/
or time-consuming metaheuristics, SIMOF utilizes a real-time FIS for the online 
routing, while WOA is utilized to tune the controllable parameters of the SIMOF 
in an offline preprocessing step. The main contributions of the paper can be listed 
as follows:

• Developing a combined swarm intelligence multi-objective fuzzy model 
(named SIMOF) as an application-specific routing protocol for WBANs. It 
combines online routing based on FIS and offline tuning based on WOA, to 
benefit from the advantages of both techniques, i.e., fast speed of FIS in real-
time routing and high precision of metaheuristics in hyper-parameter tuning 
[23, 24].

• Presenting a multi-criteria FIS for the relay node selection in a real-time scheme 
utilizing various features of nodes and links including residual energy, distance, 
reliability, bandwidth, temperature, path loss, and energy consumption.

• Utilizing WOA to obtain the optimal Mamdani fuzzy rules within FIS in an 
offline procedure. The fitness function of the WOA is considered according to 
the application requirements, e.g., network lifetime, reliability, delivery ratio, 
and hotspots.

• Applying the SIMOF protocol as well as some existing heuristic and metaheuris-
tic protocols for routing in three WBAN benchmark instances.

The rest of the paper is organized as follows: Sect. 2 reviews the existing tech-
niques in literature. Section 3 presents the network model. Section 4 introduces the 
online SIMOF routing protocol. The offline tuning process using WOA is presented 
in Sect. 5. Simulation results are provided in Sect. 6, and finally, the paper would be 
concluded with some suggestions for the future works in Sect. 7.
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2  Literature review

Although WBANs and WSNs share many same challenges, there are functional 
differences between them which should be properly addressed when designing a 
WBAN. Generally, routing protocols in WBANs can be classified into cross-layer, 
temperature-aware, cluster-based, delay-tolerant, and quality of service (QoS) tech-
niques [4]. These approaches are discussed in the following.

2.1  Existing methods

2.1.1  Cross‑layer approaches

These techniques compound different network layers rather than utilizing only 
one layer. Cascade information via control access with distributed assignment 
(CICADA) [25] and wireless autonomous span tree (WASP) [26] are two cross-layer 
routing protocols. These approaches provide energy efficient routing solutions with 
high quality in delay and throughput. However, these protocols have some draw-
backs for WBANs, as the load is not properly distributed among all nodes within the 
network, which results more energy holes. These protocols cause extreme computa-
tional complexity and overhead for tiny resource-constrained wireless body sensors. 
Moreover, the performance of these protocols is not guaranteed when it faces with 
body movements and high path loss transmissions [27].

2.1.2  Temperature‑aware approaches

Radio communications via wireless links generate electrical and magnetic fields, 
which increase temperature of the human body. However, it can be partially alle-
viated using traffic control methods, reducing the power of radio communications, 
and distributing the loads over different nodes/links. Thermal aware routing algo-
rithm (TARA) [28] tries to find routing solutions to forward data packets away from 
hotspot zones. Adaptive least temperature routing (ALTR) [29] is an extension of 
TARA, in which the recently visited sensors are avoided to minimize repetitious 
hops. In this method, the shortest path among accessible paths is selected to reduce 
the total dissipated energy. Ahmed et al. [30] proposed an energy-efficient conges-
tion mechanism based on TARA (EOCC-TARA) via spider monkey optimization 
algorithm in software-defined network (SDN) networks. It considers energy level, 
congestion, and temperature, to adaptively select proper relay nodes. However, path 
loss and reliability were not under consideration.

Javaid et  al. [31] developed mobility-supported adaptive threshold tempera-
ture energy-efficient multi-hop routing protocol (M-ATTEMPT) to find paths to 
route data away from hotspot areas. For each routing request, the protocol selects 
the shortest path with the least hop count among all accessible paths. If there are 
several routes with the same number of hops, the route with the minimum energy 
dissipation is chosen. In the hotspot cases when the temperature of a node violates 
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a threshold, the hotspot link is replaced with an alternative path. The main draw-
back of M-ATTEMPT is that it doesn’t construct any alternative path if a sensor 
dies. Moreover, the relay nodes are selected based on data rate, while residual 
energy of nodes is not under consideration. To reduce the mentioned drawbacks 
of M-ATTEMPT, Ahmad et  al. [32] presented reliability enhanced version of 
M-ATTEMPT (named RE-ATTEMPT), utilizing multi-hop routing to select short-
est path to the sink. If a designed routing solution is not accessible, another route is 
selected to ensure achieving a reliable transmission. This protocol avoids unneces-
sary traffics because of using the minimum number of relay nodes. Although tem-
perature-aware protocols are effective in the case of implanted WBANs, the proce-
dure of hotspot detection causes more computational complexity which results more 
energy consumption [33]. Furthermore, these protocols don’t pay attention to the 
lifetime and reliability [34].

2.1.3  Cluster‑based approaches

These methods have proved to be more suitable than the temperature-aware and 
cross-layer methods due to their energy efficiency and load balancing [35]. Wat-
teyne et al. [36] proposed a clustering technique, namely Anybody, which randomly 
selects relay nodes utilizing a self-election strategy. Each sensor at every round can 
decide about its role to be or not a relay node in a fully distributed manner. Although 
Anybody distributes loads among all nodes, the relative position of nodes, reliabil-
ity, path loss, and energy consumption are not under consideration. Tauqir et al. [37] 
presented a distance aware relaying energy-efficient (DARE) method, which builds 
a heterogeneous WBAN comprising some relay nodes through a multi-hop routing 
mechanism. In this method, quality of links and path loss are not considered [38].

Nadeem et  al. [39] introduced a stable increased multi-hop protocol for link 
efficiency (SIMPLE). At every round, the nodes with higher energy and mini-
mum distance are selected as relay nodes. The former is considered to balance the 
energy consumption among all sensors, while the later ensures achieving the maxi-
mum throughput. Although SIMPLE obtains better lifetime and throughput than 
M-ATTEMPT, path loss, mobility, and hotspot are not under consideration, i.e., 
the same node may forward the gathered data of all source nodes. Javaid et al. [40] 
presented improved SIMPLE (IM-SIMPLE), considering mobility and throughput. 
In this method, the sink selects proper relay nodes, and other sensors send their 
data packets to the selected relay nodes according to time division multiple access 
(TDMA) scheduling. The main drawback of IM-SIMPLE is to select the nearest 
node to the sink several times, which leads to depletion of the energy of such node 
rapidly [41].

Ha [42] developed even energy consumption backside routing (EECBR) to extend 
the network lifetime and enhance the energy efficiency. In this method, different sen-
sors are placed at backside and frontside of the body. If both transmitter and receiver 
are located at the same side of the human body, the communication type is line of 
sight (LOS); otherwise, it is considered as non-line of sight (NLOS). Evolutionary 
multi-hop routing protocol (EMRP) [4] is another clustering protocol, which uti-
lizes an evolutionary algorithm to achieve an optimal routing protocol considering 
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residual energy, distance, path loss, and dissipated energy, to select proper clus-
ter heads. Ullah et  al. [3] presented an energy reliable routing scheme (ERRS) to 
enhance reliability and lifetime of WBANs. It includes cluster head selection and 
cluster head rotation.

Shunmugapriya and Paramasivan [43] presented a fuzzy-based relay node selec-
tion (FbRNS) as a reliable energy-efficient routing protocol for WBANs. In this pro-
tocol, the routing scheme is constructed based on forwarding packets via the relay 
nodes, while two fuzzy variables are taken into account for the relay node selection. 
The first fuzzy variable is distance, which is estimated based on the received sig-
nal strength indication (RSSI). The second fuzzy variable is direction, which is esti-
mated based on the MUSIC algorithm. These two fuzzy variables are given as the 
inputs of the fuzzy inference system to generate the fuzzy rules in selecting the relay 
nodes. However, it doesn’t take into account load balancing, path loss, and hotspot 
problem. Combined fuzzy firefly algorithm and random forest (FFA-RF) [44] is a 
hybrid metaheuristic-machine learning method for the proper cluster-based routing. 
In this method, a fuzzy firefly algorithm is used to collect a comprehensive dataset 
from various WSN applications to train the ensemble learning model based on ran-
dom forest. After training of the random forest, it is used as an online routing proto-
col for the cluster head selection.

2.1.4  Delay‑tolerant approaches

Umer et al. [45] presented hybrid rapid response routing (HRRR) protocol, in which 
critical data packets should be transmitted with the minimum allowable delay. It has 
also proved to be able of efficiently conserve the dissipated energy of nodes. How-
ever, load balancing and packet overheads have not been taken into account in this 
protocol. Mehmood et al. [46] utilized cooperative communication network coding 
(CCNC) to efficiently improve delay-tolerant, throughput, and maximize the net-
work lifetime. However, the use of cooperative communication in the CCNC pro-
tocol has its own adverse effects of increased computational complexity and pro-
cessing overhead. Dharshini and MonicaSubashini [47] presented a delay-aware 
routing protocol named cantor pairing lightweight key generation (CPLKG) to bal-
ance between energy efficiency and performance measures including packet delivery 
ratio, throughput, and end-to-end delay. Karunanithy and Velusamy [48] developed 
an edge device data collection protocol (named MEVPS) to alleviate the conges-
tion problem in WBANs and minimize latency in emergency data packet delivery. 
They utilized an ant colony algorithm to find the minimum edge-shared vertex path 
between each source node to the sink.

2.1.5  QoS‑based approaches

QoS techniques comprise distinguished modules to consider different QoS metrics, 
e.g., energy efficiency, reliability, and delay. Energy peering routing (EPR) [49] and 
QoS peering routing reliability-sensitive data (QPRRSD) [50] are common proto-
cols in this category. Dhanvijay and Patil [22] presented a QoS effective protocol 
(QoSEP) provisioned WBANs for the effective routing of the critical packets to the 
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destination node. To improve the quality in service offered, they applied an ant col-
ony optimization algorithm for the routing of critical data packets, to find the short-
est paths with low energy consumption, low delay, and high throughput. Cicioglu 
and Calhan [5] proposed energy-efficient and SDN-enabled routing (ESR-W) utiliz-
ing fuzzy-based Dijkstra algorithm, to find the proper path between WBAN users. 
In this method, signal per noise, energy level, and hop count are used to design the 
most appropriate path between users. Based on the results, ESR-W achieved accept-
able results in terms of the packet delivery rate, throughput, delay, and energy effi-
ciency. Kamruzzaman and Alruwaili [51] presented an energy-efficient sustainable 
WBAN using network optimization method, to prolong the network lifetime, while 
an adaptive scheduling protocol was integrated for the energy efficiency to enhance 
the network’s reliability and QoS. Although QoS-based protocols have high data 
delivery, high reliability, and low delay, they boost high computational complexities 
to manage different QoS modules. Moreover, prolonging the network lifetime is not 
guaranteed in these methods.

2.2  Our contributions against the existing methods

Proper design of a routing protocol is highly dependent on the type of application. 
Although various routing protocols have been presented for WBANs, important 
issues of energy-efficiency, data delivery, reliability, path loss, and temperature (hot-
spot problem) have not simultaneously been addressed in most of these techniques. 
Moreover, controllable parameters of the existing routing protocols were manually 
set and remain constant for all types of applications. As bio-sensor nodes in WBANs 
are implanted in or attached on the human body, it is of utmost importance to make 
the underlying tissue temperature under control. However, most studies have not 
addressed the hotspot problem. Generally, WBANs need agile and real-time routing 
solutions. Although the existing metaheuristic protocols outperform crisp and fuzzy 
heuristics in the aspect of solution quality, the use of metaheuristics for directly 
route construction doesn’t make practical sense as they are time-consuming methods 
which boost overhead and delay in critical data transmission. In contrast, heuristics 
are simple-to-use protocols with speedy running time, but they do not effectively 
explore the whole search space.

To simultaneously benefit from the advantages of both heuristic- and metaheuris-
tic-based routing techniques and alleviate their drawbacks, we introduce a combined 
model utilizing online routing using a FIS heuristic method and offline tuning using 
a WOA-based metaheuristic algorithm. Our motivation is to simultaneously gain 
with the advantages of both methods, i.e., high speed of the fuzzy systems in real-
time route construction and high quality of metaheuristics in offline hyperparam-
eter tuning. The proposed FIS model is able to quickly select a relay node for each 
of normal and critical data routing requests, based on different variables including 
residual energy, distance, reliability, bandwidth, path loss, temperature, and energy 
consumption. To achieve the best performance of FIS, WOA is performed in an 
offline procedure only once before applying the SIMOF for each new application, to 
adaptively adjust it according to the application requirements.
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3  System model

The network architecture is shown in Fig. 1. All nodes are implanted in or attached 
on the human body, to gather different information form the body. There is one sink 
placed at the waist. Each sensor is aware of its location at every time. All commu-
nications are done through wireless links. At every round, the network operates in 
setup and steady-state phases. In setup phase, the routes are constructed using the 
SIMOF protocol at sink, and then, sink informs all sensors about their routes. In 
steady-state phase, each sensor sends its local data to the sink through one- or two-
hop communication. As seen in Fig. 1, we consider a cluster-based routing mecha-
nism, i.e., single-hop communication for the relay (cluster head) sensors and two-
hop communication for source (member) sensors; these rules may be changed from 
a round to another.

3.1  Energy model

Because of the limited energy resources of sensors in WBANs, efficient energy man-
agement has a major impact to maximize the network lifetime. Unlike free-space 
communication in classical WSNs with path loss exponent of 2 (i.e., η = 2), because 
of the effects of communications through the human body in WBANs, η is consid-
ered as 3–4 for LOS and 5–7 for NLOS [42]. The dissipated energy for each node 
n at every round due to radio reception and transmission of l-bit data packet can be 
formulated according to Eqs. (1) and (2), respectively.

where l is the reception/transmission data packet size (in bits), d is the Euclidean 
distance from the transmitter to the receiver (in meters), ETE and ERE are the dis-
sipated energy in the electronic circuits of the receiver and transmitter, respectively 

(1)ERX(n) = ERE × l

(2)ETX(n) = ETE × l + Eamp × l × d�

Fig. 1  WBAN architecture
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(joule per bit), and Eamp is the dissipated energy of amplifier at the transmitter (joule 
per bit per meters powered by η).

It should be emphasized that the energy consumption for a node in each round 
consists of four parts including the TX state, RX state, sleep state, and the dissipated 
energy to complete the state transition [52]. However, in the transceiver energy con-
sumption model in Eqs. (1) and (2), we did not consider a particular synchronization 
scenario where sensor nodes are active during a particular duty cycle, after which 
the transceiver is turned off to save energy. The model depicted above is a simple 
model used in [3, 4, 12, 39, 40, 53, 54], which only considers the energy consump-
tion due to radio reception and transmission (TX and RX), as the energy consump-
tion of the model mostly depends on the functioning time during which the model is 
in active model.

3.2  Path loss model

Path loss is the reduction in the power density of the electromagnetic waves. It repre-
sents the attenuation of the signal between the transmitter and receiver nodes, which 
is measured in decibels (dB) [39]. It can be expressed as the difference between the 
transmitted signal power at the transmitter node and that of received at the receiver 
node [55], as follows:

where d0 is the reference distance, f is frequency, and c is light speed. Moreover, PL0 
is the path loss at d0 which can be calculated as follows:

Because of different postures of body due to its movements, variations in the 
packet forwarding may be obtained. To take this effect into account, a shadowing 
factor is added to model it when the path loss deviates from the mean value. To 
achieve this purpose, the path loss formula can be revised considering the shadow-
ing factor according to Eq. (5):

where shadowing factor Xσ can be derived as a Gaussian-distributed random num-
ber, considering zero mean and standard deviation of σ.

3.3  Link reliability model

Appropriate link reliability increases the network reliability and avoids throughput deg-
radation [56]. Reliability of the link between transmitter node i and receiver node j can 
be expressed as the ratio of the number of successfully received packets at node j to 
the number of transmitted data packets from node i [57]. In many applications, it is of 

(3)PLd = PL0 + 10� log

(
d

d0

)

(4)PL0 = 20 log

(
4�d0f

c

)

(5)PL = PLd + X�
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utmost importance to reduce the packet loss probability in the connection path from the 
source to the destination (i.e., sink). The higher reliability of the links within a path, 
the less packet loss [37]. Reliability of the full path from source node n to the sink can 
be expressed as the multiple of the link reliabilities of all links within the full path, as 
follows:

where R(i,j) is the reliability of link (i,j) and Ln,sink is the set of links within the full 
path from node n to the sink.

3.4  Thermal model

Temperature of a sensor node implanted in or attached on the body significantly 
impacts the underlying tissue temperature. In WBANs, there are different reasons to 
increase the temperature of the tissue, which not only may result in tissue damage, 
but also can generate the hotspot problem which reduces the network stability and 
lifetime [57]. Generally, there are two main heating sources that cause the heating 
of the surrounding tissue of the sensor nodes: radiation from the sensor antenna and 
power consumption by the sensor circuitry [58]. These heating sources are described 
in the following.

To express the amount of the absorbed radiation by the tissue per unit of its mass, 
specific absorption rate (SAR) is used [59]. It is expressed according to the tissue 
conductivity and density and the induced electromagnetic field of radio frequency 
(RF) wave spectrum. Based on the distance from the antenna (near field or far field), 
SAR can be calculated as follows:

where dnf  = λ/2π is the threshold distance for the near field radiation, λ is the wave-
length of the RF, R is the distance between the antenna and the absorption point, σ is 
the medium conductivity, μ is the permeability, ω is the frequency of the RF power 
supply, ρ is the mass density, ε is the relative permeability, I is the sinusoidal drive 
current, and dl is the length of short conducting wire of the antenna. By assuming 
omnidirectional radiation pattern on the 2D tissue plane, sinθ = 1. Moreover, γ is the 
propagation constant which is expressed as γ = α + jβ, where α and β can be calcu-
lated according to Eqs. (8) and (9), respectively [58, 60].

(6)R(n, sink) =
∏

(i,j)∈Ln,sink

R(i,j)

(7)SAR =

⎧⎪⎪⎨⎪⎪⎩

���

�
√
�2 + �2�2

�
Idl sin �e−�R

4�

�
1

R2
+

���
R

��2

ifR ≤ dnf

�

�

�
���2√

�2 + �2�2

Idl

4�

�2�
sin2 �e−2�R

R2

�
otherwise

(8)� = �

√
��

2

(√
1 +

(
�

��

)2

− 1

)1∕2

(rad/m)
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The dissipated power by the sensor circuit also increases the temperature. It can 
be expressed as the power consumption density Pc, i.e., the ratio of the dissipated 
power by the sensor circuit to the sensor volume [61]. Subject to these heating 
sources, the underlying tissue temperature of the sensor node and its surrounding 
area may be raised. Utilizing finite-difference time-domain (FDTD) model [28], the 
body tissue is discretized into small grids. Accordingly, the temperature of a sensor 
at grid (i,j) at round r can be approximately estimated as a function of the tempera-
ture of grid (i,j) at the previous round r-1, radiation from the sensor antenna, fixed 
body temperature Tb, power consumption by the sensor circuitry, and the tempera-
ture of the neighbor grids at the previous round. It can be formulated as follows:

where K is the tissue thermal conductivity, Cp is the specific heat of the tissue, b is 
the blood pressure perfusion, δs is the step size of the discretized grids, and δt is the 
time step.

At every round, there are two steps which affect the tissue temperature changing: 
heating step (due to the radiation from the node antenna and power consumption 
by the sensor circuit) and cooling step (due to time lapses between two rounds). At 
the heating step, the tissue temperature rises, by taking into account the SAR and 
Pc, while at the cooling step, the tissue temperature drops, by ignoring the effects 
of SAR and Pc in Eq. (10). Considering the current temperature of the underlying 
tissue of different sensors, the relay (forwarder) nodes at every round should be 
selected to avoid hotspot points.

3.5  Medium access control (MAC)

In WBANs, a collision may occur when more than one node transmits data at the 
same time. In this case, the collided packets have to be retransmitted, which con-
sumes extra energy [62]. There are two types of MAC protocols to handle such col-
lisions including contention-based and schedule-based protocols [63]. In contention-
based protocols such as Carrier Sense Multiple Access with Collision Avoidance 
(CSMA/CA), a node needs to compete with other nodes during the contention 
access period to get the channel for data transmission. If the channel is busy, the 
node defers its transmission until it becomes idle. These protocols are scalable with 

(9)� = �

√
��

2

(√
1 +

(
�

��

)2

+ 1

)1∕2

(rad/m)

(10)

Tr(i, j) =

(

1 −
�tb
�Cp

−
4�tK
�Cp�2s

)
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no strict time synchronization constraint. However, they incur significant proto-
col overhead. In contrast, schedule-based protocols such as Time Division Multi-
ple Access (TDMA) divide the channel into time slots of fixed or variable duration 
determining when each node is allowed to transmit its data packet. Since the duty 
cycle of radio is reduced, there are no contention, idle listening, and overhearing 
problems [63].

Both TDMA and CSMA/CS protocols have their advantages and disadvantages. 
TDMA outperforms CSMA/CA in terms of energy efficiency, bandwidth utilization, 
and preferred traffic level [63]. However, TDMA has some shortcomings resulting 
from its disability for adapting to network dynamics and its dependency on time 
synchronization. All the sensors (with and without data transmission) are required to 
receive the periodic packets to synchronize their clocks. Therefore, CSMA/CA out-
performs TDMA in term of latency, which is required for emergency applications, 
in which the MAC protocol should allow sensor nodes to get quick access to the 
channel via a real-time communication [53, 54]. Researchers have come to a com-
mon view that the CSMA/CA mechanism is more suitable for networks with urgent 
traffic and high network dynamics, while TDMA is more suitable for networks with 
high, periodic traffic and low network dynamics [64]. Majority of applications in 
WBANs are generally not of high dynamics. TDMA is the most preferred protocol 
in WBANs, as it provides slot reservation to nodes providing higher energy effi-
ciency and reliability than CSMA/CA. Due to these advantages, many studies have 
been conducted on WBANs using the TDMA protocols [3, 4, 12, 39, 40, 53, 54, 65].

4  Proposed SIMOF routing protocol

As mentioned above, SIMOF is a combined online routing-offline tuning model, 
capable of responding to online routing requests of both normal and critical data 
packets upon receiving the routing request. SIMOF utilizes a real-time FIS for 
online routing and a metaheuristic algorithm (i.e., WOA) for offline tuning. To 
apply SIMOF for a new application, at first, the WOA algorithm is performed in an 
offline preprocessing step to adjust the controllable parameters of FIS according to 
the application requirements, only once before applying it for the given application. 
Then, the tuned FIS model is programmed on the processor unit of the sink node 
placed at the waist of the human body. The details of online routing and offline tun-
ing procedure in the proposed SIMOF protocol are shown  in Fig. 2.

SIMOF is a centralized protocol, in which all decisions about the routes are done 
by the tuned FIS model in the sink node. At every round, SIMOF operates in setup 
phase and steady-state phase. In the setup phase, sink determines the routing paths 
for the data transmission of all nodes using FIS, based on different criteria includ-
ing energy level, distance, path loss, reliability, bandwidth, temperature, and energy 
consumption. Once all routes have been designed, sink creates two TDMA sched-
ules: TDMA-1 determines when member nodes can communicate with their corre-
sponding relay nodes, and TDMA-2 specifies when each direct node should send its 
data to sink. After creating the TDMA schedules, sink broadcasts a message into the 
network to inform all nodes about their current role (member, direct, or relay) and 
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the TDMAs. In the steady-state phase, member nodes transmit their data to the cor-
responding relay nodes according to TDMA-1, and then, direct and relay nodes send 
their gathered data to the sink according to TDMA-2.

In SIMOF, only one- and two-hop transmission may be determined for each 
node. If one-hop transmission is selected for a node, it is known as a direct node 

Fig. 2  Overall operation of the SIMOF protocol: a Online routing in sink through the calculation of pri-
ority factor of the candidate node using tuned Mamdani FIS, and b Offline tuning of FIS for each appli-
cation using WOA
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and should send its data directly to the sink; otherwise, the node is known as 
a member node and sends its data though a relay node. The routing process in 
SIMOF can be reduced into two phases. At the first phase, the SIMOF selects 
some candidate nodes (as existed) for each member node. Then, at the second 
phase, a proper relay node is chosen for each member node using the multi-
objective FIS. For any member node i, if there is no any candidate node, the 
member node is a direct node and transmits its data to the sink directly (one-hop 
communication). Otherwise, if there are one or more candidate nodes, the mem-
ber node sends its data to the sink by help of a relay node (two-hop communica-
tion). In this case, a relay node (i.e., node j) is selected via the tuned Mamdani 
FIS.

4.1  Candidate node selection

At every round, for each member node i, the possibility of other nodes is justi-
fied to be selected as the relay node. Mathematically, node j can be selected as 
a candidate node to forward the data packet of node i, if all conditions in Eqs. 
(11)–(17) are established.

where N is the number of alive nodes, E(j) is the energy level of node j, D(i,j) is the 
Euclidean distance of node i to node j, PL(i,j) is the path loss of data transmission 
from node i to node j, R(i,j) is the reliability of link (i,j), B(i,j) is the bandwidth of 
link (i,j), T(j) is the underlying tissue temperature of node j, and EC(i,j) is the esti-
mated energy dissipation to transmit data from node i to node j. Moreover, TE, TD, 
TPL, TR, TB, TT, and TEC are threshold parameters which determine the border of the 
candidate node selection.

(11)E(j) ≥ TE ×
1

N

N∑
k=1

E(k); j = 1, 2, ...,N j ≠ i

(12)D(i, j) + D(j, sink) ≤ TD × D(i, sink); j = 1, 2, ...,N j ≠ i

(13)PL(i, j) + PL(j, sink) ≤ TPL × PL(i, sink); j = 1, 2, ...,N j ≠ i

(14)R(i, j) × R(j, sink) ≥ R(i, sink) − TR; j = 1, 2, ...,N j ≠ i

(15)
1

2
(B(i, j) + B(j, sink)) ≥ B(i, sink) − TB; j = 1, 2, ...,N j ≠ i

(16)T(j) ≤ Tb + TT ; j = 1, 2, ...,N j ≠ i

(17)EC(i, j) + EC(j, sink) ≤ TEC × EC(i, sink); j = 1, 2, ...,N j ≠ i
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4.2  Relay node selection

For every member node i, the FIS takes seven features from each candidate node 
j and generates the priority of the node j to be selected as the relay of node i, i.e., 
P(j,i). As shown in Fig. 2, the FIS includes fuzzification, fuzzy inference system, 
and defuzzification [66]. In the fuzzification step, input features of the candidate 
node j to be selected as the relay of node i are formulated in normal form accord-
ing to Eqs. (18)–(24).

We consider five membership functions to fuzzify each crisp feature into fuzzy 
linguistic variables. As shown in Fig.  3, the input fuzzy membership functions 
include very small (VS), small (S), medium (M), large (L), and very large (VL). 
Moreover, as shown in Fig.  4, seven fuzzy membership functions are designed 

(18)
IE(j, i) =

E(j)

1

N

N∑
k=1

E(k)

; j = 1, 2, ...,N j ≠ i

(19)
ID(j, i) =

D(i, j) + D(j, sink)

1

N

N∑
k=1

(D(i, k) + D(k, sink))

; j = 1, 2, ...,N j ≠ i

(20)
IPL(j, i) =

PL(i, j) + PL(j, sink)

1

N

N∑
k=1

(PL(i, k) + PL(k, sink))

; j = 1, 2, ...,N j ≠ i

(21)
IR(j, i) =

R(i, j) × R(j, sink)

1

N

N∑
k=1

(R(i, k) × R(k, sink))

; j = 1, 2, ...,N j ≠ i

(22)
IB(j, i) =

B(i, j) + B(j, sink)

1

N

N∑
k=1

(B(i, k) + B(k, sink))

; j = 1, 2, ...,N j ≠ i

(23)
IT (j, i) =

T(j)

1

N

N∑
k=1

T(k)

; j = 1, 2, ...,N j ≠ i

(24)
IEC(j, i) =

EC(i, j) + EC(j, sink)

1

N

N∑
k=1

(EC(i, k) + EC(k, sink))

; j = 1, 2, ...,N j ≠ i
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for the output (priority of nodes to be selected as relay node): very low (VL), 
low (L), rather low (RL), medium (M), rather high (RH), high (H), and very high 
(VH).

After fuzzification of the input parameters using Eqs. (18)–(24), the FIS proceeds 
the fuzzy rules stored in the fuzzy rule base table. By running the FIS for each can-
didate node j, some rules are fired and contribute to calculate the crisp output using 
the weighted averaging method according to Eq. (25), where outj,im is max–min fuzzy 
value of m-th fuzzy membership for the candidate node j to be selected as the relay 
of node i, �m is the center of m-th membership, and M is the number of output mem-
berships, i.e., M = 7.

After calculation of the priority of all candidate nodes via the FIS, the candidate 
node with the highest priority is chosen as the relay node of the member node i.

(25)P(j, i) =

∑M

m=1

�
�m × out

j,i
m

�

∑M

m=1
out

j,i
m

Fig. 3  Membership functions of the input features

Fig. 4  Membership functions of the output
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5  Tuning of SIMOF using WOA

The FIS utilizes AND-based Mamdani fuzzy rules, and thus, there are totally 
 57 = 78,125 rules. Typically, fuzzy rules are determined manually by an expert. How-
ever, we tune these rules as well as the seven threshold parameters in Eqs. (11)–(17) 
via the WOA in an offline process (see Sect. 4.2). To adjust the parameters of the 
SIMOF, we design an offline tuning procedure using WOA to automatically tune the 
SIMOF according to the application requirements. WOA is a nature-inspired swarm 
intelligence metaheuristic which was firstly proposed by Mirjalili and Lewis in 2016 
[67]. The search process in WOA starts with the generation of a random initial pop-
ulation. At every iteration of the algorithm, the fitness value of each whale is meas-
ured using the application-specific fitness function, and eventually, the population of 
whales is updated via three strategies: encircling prey, search for prey, and bubble-
net attacking [68]. This procedure continuous until the pre-determined number of 
iterations is terminated.

The SIMOF has seven threshold parameters including TE, TD, TPL, TR, TB, TT, and 
TEC in Eqs. (11)–(17). Moreover, there are totally 78,125 fuzzy rules that also must 
be tuned via the WOA. Typically, fuzzy rules of the FISs are manually determined 
using an expert. However, there are some techniques in literature which directly or 
indirectly tune these rules via metaheuristic algorithms. In the direct techniques [69], 
the output of all rules is optimized, while in the indirect techniques [70, 71], the 
impact factors (IFs) of the fuzzy inputs into the output are subjected to be optimized. 
To adjust the rules of the SIMOF, we perform an indirect technique to optimize the 
seven IFs of the seven fuzzy inputs. Considering IE, IR, and IB, to be maximized, and 
ID, IPL, IT, and IEC, to be minimized, the output of the fuzzy rule r (r = 1,2,…,78,125) 
can be expressed as follows:

where IFE, IFD, IFPL, IFR, IFB, IFT, and IFEC are the IFs of the seven fuzzy inputs 
normalized in [0, 1] and Ir

E
 , Ir

D
 , Ir

PL
 , Ir

R
 , Ir

B
 , Ir

T
 , and Ir

EC
 are the corresponding mem-

bership functions of the inputs IE, ID, IPL, IR, IB, IT, and IEC for the rule r, which are 
considered as 1 (VS), 2 (S), 3 (M), 4 (L), and 5 (VL). To obtain the final output for 
each rule, the values of Eq. (26) must be discretized into {1, 2,…, M} by utilizing 
Eq. (27), as follows:

(26)

Out
r = IF

E
× I

r

E
+ IF

D
×
(
MF

IN
− I

r

D
+ 1

)

+ IF
PL

×
(
MF

IN
− I

r

PL
+ 1

)

+ IF
R
× I

r

R
+ IF

B
× I

r

B

+ IF
T
×
(
MF

IN
− I

r

T
+ 1

)

+ IF
EC

×
(
MF

IN
− I

r

EC
+ 1

)
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A feasible solution S (i.e., each whale) to optimize SIMOF can be encoded as 
a string of length 14, including two strings of length 7, as seen in Fig. 5. All IFs 
are considered to have continuous values in [0, 1], while the allowable range of the 
threshold parameters are set as TE ∈ [0, 1], TD ∈ [1, 2], TPL ∈ [1, 2], TR ∈ [0,  5]%, 
TB ∈ [0,  2]MB/s, TT ∈ [0.2,  1]°C, and TEC ∈  [1, 2]. To generate the random initial pop-
ulation of the WOA, each whale takes a random value for each decision variable 
according to the allowable range of each variable.

To evaluate the fitness value of each whale, the WBAN should be simulated by the 
SIMOF, considering the parameters of the whale according to Fig. 5. Then, its fitness 
is measured via a multi-objective application-specific function, which comprises four 
sub-fitness functions to maximize FND, minimize path loss, maximize reliability, and 
minimize hotspot temperature (maximum temperature of the sensors). All sub-fitness 
functions are formulated in normal values between 0 and 1 and then converted into a 
single-objective fitness function (FitFun) by means of a weighted average, as follows:

 where Lmax is the maximum expected FND network lifetime, THotSpot is the average 
temperature of the hotspot node over all rounds, and w1, w2, w3 and w4, are con-
stant weights (w1 + w2 + w3 + w4 = 1), which adjust the relative impact of the FND, 
path loss, reliability, and hotspot temperature, within the FitFun, respectively. These 
weights should be set according to the application requirements. The more value of 
a weight, the more impact of the corresponding sub-fitness function.

To update each whale, a random value p in [0, 1] and a random vector A are gen-
erated. If p ≥ 1, the bubble-net attacking is used to update the solution. If p < 0.5 and 
|A|≥ 1, the whale is updated via the search for prey, and otherwise, if |A|< 1, the encir-
cling prey is utilized.

5.1  Encircling prey

Each whale can identify the location of prey (the best solution found so far) and encir-
cle it. At every iteration, the best solution found so far, i.e., S*, is identified, and other 
whales try to encircle it using the encircling prey operator according to Eq. (29), where 
a is a linearly decreasing parameter from 2 to 0, r is a random vector uniformly within 
[0, 1], t is the number of the current iteration.

(27)Outr =

⎡
⎢⎢⎢⎢

�
Outr −min

r
(Outr)

�
�
max

r
(Outr) −min

r
(Outr)

� ×M

⎤
⎥⎥⎥⎥

(28)

FitFun = w1 ×

(
FND

Lmax

)
+ w2 ×

(
PL

PL0

)−1

+ w3 × R + w4 ×

(
THotSpot − Tb

TT

)−1

Fig. 5  Representation of a feasible solution (whale) for the tuning of the SIMOF
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5.2  Search for prey

Whales also move toward each other, to emphasize more exploration. It can be 
expressed by moving the whale toward a randomly selected whale  St

rand, as follows:

5.3  Bubble‑net attacking

Whales have a helix-shape movement (bubble-net attacking behavior), which can 
be modeled via a spiral equation according to Eq. (31), where l is a uniform random 
parameter within [− 1, 1], and b is a constant parameter, typically set as b = 1.

6  Experimental results

The SIMOF protocol has been successfully developed in a personal computer with 
2.5 GHz i7 processor and 12 GB memory running on MATLAB R2020b. In the fol-
lowing, the proposed SIMOF protocol is applied on three WBANs and compared 
with four existing techniques as follows:

• a classical routing protocol: EECBR [42]
• an evolutionary-based routing protocol: EMRP [4]
• two fuzzy-based routing protocols: ESR-W [5] and FbRNS [43]

6.1  Simulation settings

To justify the performance of the SIMOF protocol, three WBANs with different 
application-specific weights were carried out, as shown in Table 1. In all WBANs, 

(29)St+1 = S∗
t
− a.(2r − 1).||2r. S∗t − St

||

(30)St+1 = Srand
t

− a.(2r − 1).
|||2r.S

rand
t

− St
|||

(31)St =
||S∗t − St

||. ebl cos(2�l) + S∗
t

Table 1  Application-specific weights of FitFun in different WBANs

Parameter Description WBAN 1 WBAN 2 WBAN 3

w1 Weight of FND 0.5 0.5 0.5
w2 Weight of path loss 0.1 0.2 0.2
w3 Weight of reliability 0.1 0.1 0.2
w4 Weight of hotspot temperature 0.3 0.2 0.1
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FND is the most important measure, as the WBAN is not valid after the first node 
dies. Therefore, in all WBANs, half (50%) of the total weights is considered for the 
FND, i.e., w1 = 0.5. In WBAN 1, 10 sensor nodes in the frontside of the body are 
considered. As all sensor nodes as well as the sink are located at the same side, path 
loss exponent is assumed to be LOS, i.e., η = 3. As all nodes are located at the same 
side of the human body, it is expected to achieve high reliability and energy effi-
ciency. However, as intermediate nodes between the sink and nodes are successively 
selected as relay nodes, they suffer from the hotspot problem, and may be rapidly 
dead. Therefore, FND and hotspot temperature are much more important than path 
loss and reliability. In WBAN 2, we add 5 nodes at beside of the body, where the 
path loss between beside and frontside nodes is assumed to be NLOS with η = 5. In 
this case, more weight is considered for the path loss. In WBAN 3, we add 5 more 
nodes at backside of the body, considering the path loss between backside and front-
side nodes to be NLOS + with η = 7. In this case, more path loss and less reliability 
are obtained. Moreover, due to increasing the intermediate nodes, less hotspot prob-
lem is achieved.

The network parameters including technical specifications and experimental 
setups used in our experiments are summarized in Table 2. In all experiments, the 
workspace was designed as a 3D human body with the size of 1 m × 2 m × 0.5 m. 
There is only one sink placed at the belt of the patient at (0.5 m, 1 m, 0.5 m), to 
obtain the maximum efficiently and the minimum body movements. Each sensor 
node equips with a power supply with an initial energy of 10 Joule. One of the main 
advantages of the WOA is that it has few parameters to be set, i.e., only population 
size (PS) and maximum number of iterations (MNI). Generally, the more PS and 
MNI, the more chance to achieve a better solution by accepting more running time. 
In our simulations, we have set these parameters as PS = 50 and MNI = 100.

6.2  Simulation results

To evaluate the effects of the data transmission (heating) and the rest time between 
consecutive rounds (cooling) in the changes in the underlying tissue temperature for 
each node, the temperature of a member node per round is shown in Fig. 6. It can 
be seen that executing the rounds leads to increase the temperature from the body 
temperature of 37 ̊ C, but it would be saturated to around 37.28 ̊ C at round 1000. 
This figure represents the underlying tissue temperature of a sample member node, 
which is calculated using Eq. (10) during the execution of the SIMOF protocol. The 
more times that a sensor node is chosen as a relay node to forward the data packets 
of other nodes, the more increasing in the underlying tissue temperature.

As mentioned above, the SIMOF is an application-specific routing protocol that 
is automatically adjusted according to the application requirements. In order to tune 
the SIMOF for each WBAN, the WOA was performed once to optimize the hyper-
parameters of the SIMOF considering the importance weights according to Table 1. 
By performing the WOA for each WBAN, optimized hyperparameters of the SIMOF 
were obtained as summarized in Table 3. Based on the obtained results in Table 3, 
the energy level and temperature are the most important features, on average for all 
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simulated WBANs. Afterward, energy consumption and path loss have more pri-
orities than the other features. Another point is that by increasing the impact of the 
path loss (by considering more weight in the FitFun) in WBAN 2 against WBAN 1 
and also in WBAN 3 against WBAN 2, the higher value for IFPL has been obtained. 
The importance of the distance is rather low, mainly because its effect can be han-
dled indirectly through the minimization of the path loss and energy consumption. 
The results in Table 3 clearly demonstrate the ability of application-specific design 

Table 2  Network parameters Parameter Value

Workspace area 1 m × 2 m × 0.5 m
No. frontside sensor nodes 10 (in all WBANs)
No. besides sensor nodes 5 (in WBANs 2 and 3)
No. backside sensor nodes 5 (in WBAN 3)
Body thickness 0.5 m
Node movement (against default)  ± 0.2 m
Sink position (0.5 m, 1 m, 0.5 m)
Initial energy 10 J
Lmax: maximum rounds 10,000
l: data packet size 2000 bit
ERE 36.1 nJ/bit
ETE 16.7 nJ/bit
Eamp 1.97 nJ/bit/mη

d
0

0.1 m
f: frequency 2.4 GHz
c: speed of light 3 ×  108 m/s
η (LOS) 3
η (NLOS) 5
η (NLOS +) 7
Ri,j: link reliability [80,100] %
Bi,j: link bandwidth [3, 6] MB/s
λ: RF wavelength 0.122 m
σ: medium conductivity 1.7388 s/m
ω: frequency of RF power supply 2.45 MHz
ρ: mass density 1040 kg/m3

ε: relative permeability 52.73
I: drive current 0.1 A
dl: length of antenna wire 2 mm
K: thermal conductivity 0.498 J/ms ̊ C
Cp: specific heat of tissue 3600 J/kg ̊ C
b: blood pressure perfusion 2700 J/m3s ̊ C
Tb: fixed body temperature 37 ̊ C
δs: step size of discretized grids 0.01 m
δt: time step (between rounds) 1 min
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of the proposed SIMOF protocol by automatically adjusting with the application 
specifications.

Figures 7, 8 and 9 statistically qualify different protocols in terms of alive nodes 
versus rounds in WBANs 1–3, respectively. These figures show the superior-
ity of the SIMOF protocol against the other compared protocols. According to the 
obtained results, SIMOF achieves more stability among all techniques, as the first 
node dies later and the node deaths continues linearly until all nodes die. It can be 
seen that FND of the SIMOF protocol occurs much later than the other protocols 
and thus achieves more stability in WBANs, wherein, perishing a sensor may result 
critical damages. To numerically evaluate the obtained results, different lifetimes 

Fig. 6  Effects of heating and cooling steps of a member node in the underlying tissue temperature

Table 3  Optimized 
hyperparameters of the SIMOF

Parameter WBAN 1 WBAN 2 WBAN 3

TE in Eq. (11) 0.83 0.86 0.92
TD in Eq. (12) 1.22 1.36 1.52
TPL in Eq. (13) 1.24 1.13 1.05
TR in Eq. (14) 1.5 1.13 1.16
TB in Eq. (15) 0.75 1.08 1.23
TT in Eq. (16) 0.54 0.46 0.43
TEC in Eq. (17) 1.36 1.26 1.11
IFE in Eq. (26) 0.91 0.84 0.81
IFD in Eq. (26) 0.23 0.17 0.31
IFPL in Eq. (26) 0.15 0.46 0.72
IFR in Eq. (26) 0.37 0.45 0.44
IFB in Eq. (26) 0.17 0.18 0.14
IFT in Eq. (26) 0.87 0.82 0.73
IFEC in Eq. (26) 0.73 0.67 0.75
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(FND, HND, and LND) are summarized in Table 4. Based on the results, the gain 
of SIMOF in FND for WBAN 1 is 132.6%, 9.7%, 32.2%, and 20.5%, as compared 
with the EECBR, EMRP, ESR-W, and FbRNS methods, respectively. This gain for 
WBAN 2 is 133.8%, 9.4%, 31%, and 23.9%, and for WBAN 3 is 246.9%, 45.1%, 
52.8%, and 33.7%, as compared with the EECBR, EMRP, ESR-W, and FbRNS pro-
tocols, respectively. Another point is that EECBR and EMPR outperform SIMOF 
in terms of the LND metric in Figs. 8 and 9, respectively. However, as mentioned 
above, the validation of WBAN is gradually diminishing after the first node dies.

Fig. 7  Comparison of the number of alive nodes versus rounds in WBAN 1

Fig. 8  Comparison of the number of alive nodes versus rounds in WBAN 2
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Fig. 9  Comparison of the number of alive nodes versus rounds in WBAN 3

Table 4  FND, HND, and LND, in different WBANs

Protocol WBAN 1 WBAN 2 WBAN 3

FND HND LND FND HND LND FND HND LND

EECBR 2400 4339 6838 2463 7149 7881 1150 4376 6443
EMRP 5087 5959 6557 5260 6987 7397 2750 4924 6672
ESR-W 4221 5509 6355 4393 5999 6578 2610 4076 5690
FbRNS 4632 5925 6646 4649 6489 7050 2984 4652 5736
SIMOF (Proposed) 5582 6892 7146 5759 7102 7380 3989 5797 6484

Fig. 10  Comparison of the hotspot temperature versus rounds in WBAN 1
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Comparison of the hotspot temperature of different techniques per rounds in 
WBANs 1–3 is provided in Figs. 10, 11 and 12, respectively. The results show the 
effectiveness of the SIMOF protocol to limit the hotspot temperature through the 
threshold parameter TT in Eq. (16) and the impact factor IFT in Eq. (26). As seen in 
Figs. 10, 11 and 12, the hotspot temperature has not violated the maximum allow-
able temperature Tb + TT in Eq. (11) which has been optimized as 37.54, 37.46, and 
37.43 for WBANs 1–3, respectively.

Finally, the round history of alive nodes and the total number of data received at 
the sink are provided in Tables 5 and 6, respectively. Obviously as the SIMOF pro-
tocol achieves more FND against other techniques, the total number of data received 

Fig. 11  Comparison of the hotspot temperature versus rounds in WBAN 2

Fig. 12  Comparison of the hotspot temperature versus rounds in WBAN 3
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at the sink increases more linearly until the first node dies. However, as summa-
rized in Table 6, it drops rapidly after FND reaches. By more extending FND in the 
SIMOF protocol, more sensors are able to send their gathered data to the sink in 
much more rounds than the other protocols.

6.3  Discussion

In this section, we compare the proposed SIMOF protocol against the existing tech-
niques in terms of performance measures and CPU running time. Comparison of 
different protocols according to different fitness functions in Eq.  (28) including 
FND, PL, R, THotSpot, and FitFun is summarized in Table 7. Based on the obtained 
results, the maximum gain of the SIMOF protocol has been achieved in FND, and 
then, hotspot temperature is in the second rank. However, in some cases, the SIMOF 
achieved less PL or R, as we have considered less importance weights for them. 
Comparison of the obtained FitFun by different protocols for different WBANs is 
shown in Fig.  13. In overall, the SIMOF outperforms other protocols in term of 
FitFun, which is the main performance measure, as it aggregates all performance 
measures via a weighted averaging formula according to Eq. (28). According to the 
obtained results, the gain of the SIMOF protocol in FitFun for WBAN 1 is 51%, 
13%, 27.1%, and 23.7%, as compared with the EECBR, EMRP, ESR-W, and FbRNS 
protocols, respectively. This gain for WBAN 2 is 85.2%, 21.4%, 29.9%, and 21.2%, 
and for WBAN 3 is 75%, 32.5%, 27.6%, and 26.6%, as compared with the EECBR, 
EMRP, ESR-W, and FbRNS protocols, respectively.

To evaluate the running time of different protocols, we compare them in terms 
of the total time required for the offline protocol tuning and online routing (for each 
round) in Table 8. According to the results, although the SIMOF protocol requires a 
lot of execution time in the offline tuning phase using WOA, the online routing time 
of the SIMOF protocol is in the range of other techniques. As the offline tuning pro-
cedure via WOA is done as a pre-processing step once before applying the SIMOF 
for the online routing, the time-consuming procedure of the offline procedure does 
not boost latency in the real-time data transmission phase.

7  Conclusion

In this paper, a swarm intelligence multi-objective fuzzy model, namely SIMOF, 
has been proposed as a tunable routing protocol in wireless body area networks. 
The SIMOF utilizes a multi-objective fuzzy inference system considering energy, 
distance, reliability, bandwidth, temperature, path loss, and energy consumption, to 
select proper relay nodes under IEEE 802.15.6. To achieve the best efficiency for 
each application, the Mamdani fuzzy rules of the SIMOF protocol have been auto-
matically adjusted using whale optimization algorithm in an offline procedure. To 
justify the proposed SIMOF protocol, it has been compared against a classical proto-
col, an evolutionary-based protocol, and a fuzzy-based protocol. Simulation results 
in MATLAB over three networks have demonstrated the superiority of the SIMOF 
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protocol against the existing techniques, in terms of the stability period, path loss, 
reliability, and hotspot temperature.

The proposed SIMOF routing protocol is a combined model based on online 
routing using a fuzzy heuristic and offline tuning using a metaheuristic algo-
rithm. It gains the advantages of the both techniques, i.e., fast speed of fuzzy 
heuristics in real-time responding to online routing requests and high quality of 
metaheuristics in offline hyperparameter tuning. Although the SIMOF protocol 
is an accurate and fast-speed routing protocol, it needs a time-consuming hyper-
parameter tuning, which consumes 1–2 h in different WBANs for the tuning of 
the SIMOF once before applying the tuned SIMOF protocol for routing in a new 
WBAN application. In the proposed SIMOF protocol, Mamdani fuzzy inference 
system has been used. As a future work, other fuzzy models, e.g., Takagi–Sugeno 
fuzzy system, can be utilized to select proper relay nodes. Moreover, different 
metaheuristic algorithms such as genetic algorithm, differential evolution, simu-
lated annealing, or grey wolf optimizer may be utilized to optimize the fuzzy sys-
tem. In this paper, we have used a simplified model for the energy consumption 
of sensor nodes by only taking into account the radio reception and transmission 
(TX and RX) states. As a future work, the proposed protocol can be customized to 
include extra sources of energy consumption such as the energy corresponding to 
low power sleep mode or idle listening for a message. The tuned fuzzy model in 
SIMOF is used in sink, which is capable of responding to online routing requests 
of both normal and critical data packets upon receiving the routing request. So, 
as a future research direction, the proposed routing protocol can be extended to 
adapt with the reactive routing approaches. Moreover, other MAC protocols such 
as CSMA/CA could be utilized and compared with the TDMA protocol.

WBAN 1 WBAN 2 WBAN 3
EECBR 0.494 0.364 0.312
EMRP 0.66 0.555 0.412
ESR-W 0.587 0.519 0.428
FbRNS 0.603 0.556 0.431
SIMOF 0.746 0.674 0.546
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Fig. 13  Comparison of different routing protocols in term of the overall FitFun
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