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23.1  Introduction
Recent advances in miniaturization and low-cost, low-power design have led to active research 
in large-scale, highly distributed systems of small, wireless, low-power, unattended sensors and 
actuators. Wireless sensor networks (WSNs) consist of spatially distributed wireless sensor nodes 
that cooperate with each other in order to monitor and collect data pertaining to physical or envi-
ronmental conditions, such as temperature, pressure, motion, sound, and other phenomena. Their 
applications include tracking the movements of birds, small animals, and insects; monitoring 
environmental conditions that affect crops and livestock; macro instruments for large-scale Earth 
monitoring and planetary exploration; chemical or biological detection; precision agriculture; bio-
logical, Earth, and environmental monitoring in marine, soil, and atmospheric contexts; forest 
fire detection; meteorological or geophysical research; flood detection; bio-complexity mapping 
of the environment; and pollution study [1, 2]. Some of the health applications for sensor net-
works are providing interfaces for the disabled, integrated patient monitoring, diagnostics, drug 
administration in hospitals, monitoring the movements and internal processes of insects or other 
small animals, monitoring of human physiological data, and tracking and monitoring doctors and 
patients inside a hospital [3]. WSNs can be effectively used in health care to enhance the quality of 
life provided for the patients and also the quality of health care services [4]. For example, patients 
equipped with a wireless body area network (WBAN) need not be physically present with the 
physician for their diagnostics. A body sensor network proves to be adequate for emergency cases, 
in which it autonomously sends data about patient health so that the physician can prepare for the 
treatment immediately [5–10].

Embedding smart sensors in humans has been a research challenge resulting from the limita-
tions imposed by these sensors from computational capabilities to limited power. These WSNs 
carry the promise of drastically improving and expanding the quality of care across a wide variety 
of settings and for different segments of the population. For example, early system prototypes have 
demonstrated the potential of WSNs to enable early detection of clinical deterioration through 
real-time patient monitoring in hospitals [11, 12], enhance first responders’ capability of provid-
ing emergency care in large disasters through automatic electronic triage [13, 14], improve the 
life quality of the elderly through smart environments [15], and enable large-scale field studies 
of human behavior and chronic diseases [16, 17]. Tang et al. [18] have described their vision of 
a future in which one device will be able to build a WSN with a large number of nodes, both 
inside and outside the human body that may be either predefined or random, according to the 
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application. This vision can only be applied through the use of common communication protocols 
for WSNs. The standardized hardware and software architectures can support compatible devices, 
which are expected to significantly affect the next generation of health care systems. Some of these 
devices can then be incorporated into the WBAN, providing new opportunities for technology to 
monitor health status [19].

The remainder of this chapter is organized as follows. Section 23.2 provides a brief description 
of WBANs and overviews the main differences between WSNs and WBANs. Section 23.3 gives a 
concise summary of some of the commercially available wireless sensor nodes for health monitor-
ing. The benefits of using WBAN are outlined in Section 23.4. Section 23.5 presents some issues 
and challenges that face the usage of WSN in health applications. Section 23.6 provides a survey 
of WBAN application in vision rehabilitation. The architecture of the human retina, the work of 
artificial retinas, and the progression of disease states are described in detail. The chapter is con-
cluded in Section 23.7. Future works are presented in Section 23.8.

23.2  Wireless Body Area Networks
Recent advances in electronics have enabled the development of small and intelligent (bio-) medi-
cal sensors, which can be worn on or implanted in the human body. The use of a wireless interface 
with these sensors enables an easier application and is more cost effective and makes the health 
care mobile; this is referred to as mHealth. In order to fully exploit the benefits of wireless tech-
nologies in telemedicine and mHealth, a new type of wireless network emerges: a wireless on-body 
network or a WBAN. Human health monitoring [20, 21] is emerging as a prominent application 
of the embedded sensor networks. A number of tiny wireless sensors are strategically placed on/in 
a patient’s body, to create a WBAN [22]. A WBAN can monitor vital signs, providing real-time 
feedback to allow many patient diagnostic procedures using continuous monitoring of chronic 
conditions or progress in recovery from an illness. An example of a medical WBAN used for 
patient monitoring is shown in Figure 23.1. Several sensors are placed in clothes, directly on the 
body, or under the skin of a person and measure the temperature, blood pressure, heart rate (HR), 
ECG, EEG, respiration rate, SpO2 levels, etc. Next to sensing devices, the patient has actuators, which 
act as drug-delivery systems. The medicine can be delivered at predetermined moments, triggered 
by an external source (i.e., a doctor who analyzes the data), or immediately when a sensor notices 
a problem. One example is the monitoring of the glucose level in the blood of diabetics. If the 
sensor monitors a sudden drop of glucose, a signal can be sent to the actuator in order to start the 
injection of insulin. Consequently, the patient will experience fewer nuisances from his disease. 
Another example of an actuator is a spinal cord stimulator implanted in the body for long-term 
pain relief [23].

Recent technological advances in wireless networking promise a new generation of WSNs suit-
able for those on-body/in-body networked systems. Data acquisition across such sensors can be 
point-to-point or multipoint-to-point, depending on specific applications. While the distributed 
detection of an athlete’s posture [24] would need point-to-point data sharing across various on-
body sensors, applications such as monitoring vital signs as shown in Figure 23.2 will require all 
body mounted and/or implanted sensors [22, 25] to route data multipoint-to-point to a sink node, 
which, in turn, can relay the information wirelessly to an out-of-body server. Figure 23.3 shows 
the environment of WBANs.

WBANs enable dense spatiotemporal sampling of physical, physiological, psychological, cog-
nitive, and behavioral processes in spaces ranging from personal to buildings to even larger-scale 
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Figure 23.2 Typical WBAN system for detecting and transmitting signals from a human body: 
(a) current application of health care sensor network and (b) future application of health care 
sensor network targeted by WBAN. (From A. Darwish and A. E. Hassanien, Sensors, 11, 5561–
5595, 2011, doi: 10.3390/s110605561.)
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ones. Such dense sampling across spaces of different scales results in sensory information–based 
health care applications. Current health care applications of WSNs target heart problems [26–28], 
asthma [7, 29, 30], emergency response [31], and stress monitoring [32]. This wireless biomedical 
sensor technology can also be effectively used to treat diabetes by providing a more consistent, 
accurate, and less invasive method for monitoring glucose levels. Currently, to monitor blood 
glucose levels, a lancet is used to prick a finger and a drop of blood is placed on a test strip, which 
is analyzed either manually or electronically. This constant pricking several times a day over a 
period of years can damage the tissue and blood vessels in that area. The sensor would monitor the 
glucose levels [33] and transmit the results to a wristwatch display. Wireless biomedical sensors can 
be implanted in the patient, and the glucose level can be monitored continuously [35]. Wireless 
biomedical sensors may play a key role in early detection of cancer [34]. Cancer cells exude nitric 
oxide, which affects the blood flow in the area surrounding a tumor. A sensor with the ability 
to detect these changes in the blood flow can be placed in suspect locations. It is likely that any 
abnormalities could be detected much sooner with the sensors than without. Video and various 
kinds of embedded sensors can be used to track and monitor the patient in their everyday activi-
ties. This information can be processed and relayed to medical personnel. A patient’s routine can 
be assembled over the period of time, and deviations from this may be recognized and analyzed. 
Following is a brief review for using WBNA in medical applications.

Information
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Pulse oximetry
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EMG
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Network Healthcare
server

Caregiver
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physician

Emergency services
or

medical researcher
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Figure 23.3 WBAN and its environment. (From A. Darwish and A. E. Hassanien, Sensors, 11, 
5561–5595, 2011, doi: 10.3390/s110605561.)
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23.2.1  Types of WBAN Devices

23.2.1.1  Wireless Sensor Node

A device that responds to and gathers data on physical stimuli processes the data if necessary and 
reports this information wirelessly. It consists of several components: sensor hardware, a power 
unit, a processor, memory, and a transmitter or transceiver [7].

23.2.1.2  Wireless Actuator Node

A device that acts according to data received from the sensors or through interaction with the user. 
The components of an actuator are similar to the sensor’s: actuator hardware (e.g., hardware for 
medicine administration, including a reservoir to hold the medicine), a power unit, a processor, 
memory, and a receiver or transceiver.

23.2.1.3  Wireless Personal Device

A device that gathers all the information acquired by the sensors and actuators and informs the 
user (i.e., the patient, a nurse, a GP, etc.) via an external gateway, an actuator, or a display/LEDS 
on the device. The components are a power unit, a (large) processor, memory, and a transceiver. 
This device is also called a body control unit (BCU) [11], a body gateway, or a sink. In some imple-
mentations, a personal digital assistant (PDA) or smart phone is used.

23.2.2  WBANs Data Rates
Because of the strong heterogeneity of the applications, data rates will vary strongly, ranging from 
simple data at a few kilobits per second to video streams of several megabits per second. Data can 
also be sent in bursts, which means that it is sent at a higher rate during the bursts. The data rates 
for the different applications are given in Table 23.1 and are calculated by means of the sampling 
rate, the range, and the desired accuracy of the measurements [38, 39]. Overall, it can be seen 
that the application data rates are not high. However, if one has a WBAN with several of these 
devices (i.e., a dozen motion sensors, ECG, EMG, glucose monitoring, etc.), the aggregated data 
rate easily reaches a few megabits per second, which is higher than the raw bit rate of most existing 
low-power radios.

23.2.3  Differences between WSN and WBAN
Unlike conventional WSNs, WBANs are smaller and consist of fewer nodes, less space covered, 
and fewer opportunities for redundancy [41]. These devices provide continuous health monitoring 
and real-time feedback to the user or medical personnel. Furthermore, the measurements can be 
recorded over a longer period of time, improving the quality of the measured data. In WBANs 
there are two types of devices that can be distinguished: sensors and actuators. The sensors are 
used to measure certain parameters of the human body, either externally or internally. Examples 
include measuring the heart beat or body temperature or recording a prolonged electrocardiogram 
(ECG). The actuators, on the other hand, take some specific actions according to the data they 
receive from the sensors or through interaction with the user. For example, an actuator equipped 
with a built-in reservoir and pump administers the correct dose of insulin to give to diabetics 
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based on the glucose level measurements. Interaction with the user or other persons is usually 
handled by a personal device, for example, a PDA or a smart phone, which acts as a sink for data of 
the wireless devices. The following illustrates the differences between a WSN and a WBAN [42]:

 ◾ The devices used have limited energy resources available as they have a very small form 
factor (often less than 1 cm3). Furthermore, for most devices, it is impossible to recharge 
or change the batteries although a long lifetime of the device is wanted (up to several years 
or even decades for implanted devices). Hence, the energy resources and, consequently, the 
computational power and available memory of such devices will be limited.

 ◾ All devices are equally important, and devices are only added when they are needed for an 
application (i.e., no redundant devices are available).

 ◾ An extremely low transmit power per node is needed to minimize interference and to cope 
with health concerns.

 ◾ The propagation of the waves takes place in or on a (very) lossy medium, the human body. 
As a result, the waves are attenuated considerably before they reach the receiver.

 ◾ The devices are located on the human body that can be in motion. WBANs should therefore 
be robust against frequent changes in the network topology.

 ◾ The data mostly consists of medical information. Hence, high reliability and low delay is 
required.

 − Stringent security mechanisms are required in order to ensure the strictly private and 
confidential character of the medical data.

An overview of some of these differences is given in Table 23.2.

Table 23.1 Examples of Medical WBAN Applications [37–40]

Application Date Rate Bandwith Accuracy

ECG (12 leads) 288 kbps 100–1000 Hz 12 bits

ECG (6 leads) 71 kbps 100–500 Hz 12 bits

EMG 320 kbps 0–10,000 Hz 16 bits

EEG (12 leads) 43.2 kbps 0–150 Hz 12 bits

Blood saturation 16 bps 0–1 Hz 8 bits

Glucose monitoring 1600 bps 0–50 Hz 16 bits

Temperature 120 bps 0–1 Hz 8 bits

Motion sensor 35 kbps 0–500 Hz 12 bits

Cochlear implant 100 kbps – –

Artificial retina 50–700 kbps – –

Audio 1 Mbps – –

Voice 50–100 kbps – –

K15146_C023.indd   683 4/19/2013   6:15:55 AM



684 ◾ Wireless Sensor Networks

Table 23.2 Schematic Overview of Differences between WSNs and Wireless Body 
Area Networks

Challenges Wireless 
Sensor Network Wireless Body Area Network

Scale Monitored environment (meters/
kilometers)

Human body (centimeters/
meters)

Node Number Many redundant nodes for wide 
area coverage

Fewer, limited in space

Result Accuracy Through node redundancy Through node accuracy and 
robustness

Node Tasks Node performs a dedicated task Node performs multiple tasks

Node Size Small is preferred, but not 
important

Small is essential

Network Topology Very likely to be fixed or static More variable because of body 
movement

Data Rates Most often homogeneous Most often heterogeneous

Node Replacement Performed easily, nodes even 
disposable

Replacement of implanted 
nodes difficult

Node Lifetime Several years/months Several years/months, smaller 
battery capacity

Power Supply Accessible and likely to be 
replaced more easily and 
frequently

Inaccessible and difficult to 
replaced in an implantable 
setting

Power Demand Likely to be large, energy supply 
easier

Likely to be lower, energy 
supply more difficult

Energy-Scavenging 
Source

Most likely solar and wind power Most likely motion (vibration) 
and thermal (body heat)

Biocompatibility Not a consideration in most 
applications

A must for implants and some 
external sensors

Security Level Lower Higher, to protect patient 
information

Impact of Data Loss Likely to be compensated by 
redundant nodes

More significant, may require 
additional measures to ensure 
QoS and real-time data delivery

Wireless Technology Bluetooth, ZigBee, GPRS, WLAN Low power technology required

Source: With kind permission from Springer Science+Business Media: Body Sensor Networks, 
2006, G.-Z. Yang, Ed.
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23.2.4  WBAN System Prototypes
In this subsection, we present several wireless sensing system prototypes developed and deployed 
to evaluate the efficacy of WBANs in some of the health care applications described before. While 
wireless health care systems using various wireless technologies exist, this work focuses on systems 
based on low-power wireless platforms for physiological and motion-monitoring studies and smart 
phone–based, large-scale studies.

23.2.4.1.  Physiological Monitoring

In physiological-monitoring applications [70], low-power sensors measure and report a person’s 
vital signs (e.g., pulse oximetry, respiration rate, and temperature). These applications can be devel-
oped and deployed in different contexts, ranging from disaster response to in-hospital patient 
monitoring and long-term remote monitoring for the elderly. Systems that automate patient moni-
toring have the potential to increase the quality of care, both in disaster scenes and clinical envi-
ronments. Systems such as CodeBlue [44], MEDiSN [45], and the Washington University’s vital 
sign monitoring system [46] target these application scenarios. Specifically, CodeBlue [44] aims 
to improve the triage process during disaster events with the help of WSNs comprising motes 
with IEEE 802.15.4 radios. The CodeBlue project integrated various medical sensors [e.g., EKG, 
SpO2, pulse rate, electromyography (EMG)] with mote-class devices and proposed a publish/
subscribe-based network architecture that also supports priorities and remote sensor control [47]. 
Finally, victims with CodeBlue monitors can be tracked and localized using RF-based localiza-
tion techniques [48]. Figure 23.4 shows the use of WBNA to develop the CodeBlue system. This 
project includes pre-hospital care and in-hospital emergency care, disaster response, and stroke 
patient rehabilitation. Research from this project has the potential for resuscitative care, real-time 
triage decisions, and long-term patient observations [49]. The system integrates low-power wireless 
wearable vital sign sensors, handheld computers, and location-tracking tags.

Ko et al. proposed MEDiSN (see Figure 23.5) to address similar goals as CodeBlue (e.g., 
improve the monitoring process of hospital patients and disaster victims as well as first responders) 
but using a different network architecture [45]. Specifically, unlike the ad hoc network used in 
CodeBlue, MEDiSN employs a wireless backbone network of easily deployable relay points (RPs). 
RPs are positioned at fixed locations, and they self-organize into a forest rooted at one or more 
gateways (i.e., PC-class devices that connect to the Internet) using a variant of the collection tree 
protocol (CTP) [50] tailored to high data rates. Motes that collect vital signs, known as miTags, 
associate with RPs to send their measurements to the gateway.

Figure 23.6 shows the UbiMon system (Ubiquitous Monitoring Environment for Wearable 
and Implantable Sensors) that aims to provide a continuous and unobtrusive monitoring system 
for patients in order to capture transient events [51]. As in Figure 23.6a through c, a compact flash 
WBAN card is developed for PDAs, in which sensor signals can be gathered, displayed, and ana-
lyzed by the PDA as shown in Figure 23.6d.

In [52], researchers use WBAN to develop the eWatch as shown in Figure 23.7. It is a wear-
able sensing, notification, and computing platform built into a wristwatch. eWatch can be used 
for applications such as context awareness notification, elderly monitoring, and fall detection. The 
eWatch system can sense if the user is in trouble and then query to confirm that it is an emergency. 
If the user does not respond, then the eWatch can use its network abilities to call for help. The 
eWatch can also notify a patient when he takes certain medication.
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23.2.4.2  Motion and Activity Monitoring

Another application domain for WSNs in health care is high-resolution monitoring of move-
ment and activity levels. Wearable sensors can measure limb movements, posture, and muscular 
activity and can be applied to a range of clinical settings, including gait analysis [53–55], activ-
ity classification [56, 57], athletic performance [58, 59], and neuromotor disease rehabilitation 
[60, 61]. In a typical scenario, a patient wears up to eight sensors (one on each limb segment) 
equipped with MEMS accelerometers and gyroscopes. A base station, such as a PC-class device 
in the patient’s home, collects data from the network. Data analysis can be performed to recover 
the patient’s motor coordination and activity level, which is, in turn, used to measure the effect of 
treatments. In contrast to physiological monitoring, motion analysis involves multiple sensors on 
a single patient, each measuring high-resolution signals, typically six channels per sensor, sampled 
at 100 Hz each. This volume of sensor data precludes real-time transmission, especially over multi-
hop paths because of both bandwidth and energy constraints. In such studies, the size and weight 
of the wearable sensors must be minimized to avoid encumbering the patient’s movement. The 
SHIMMER sensor platform shown in Figure 23.8 measures 44.5 × 20 × 13 mm and weighs just 
10 g, making it well suited for long-term wearable use.

Figure 23.5 Medical information tag, or miTag for short, used in MEDiSN. (From J. Ko et al., 
ACM Trans. Embedded Comput. Syst., 10, 1,  article 11, 11:1–11:29, 2010.)

Antenna

Mica2 mote

Finger sensor

Figure 23.4 Wireless pulse oximeter sensor.
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In [62], SATIRE is designed to identify a user’s activity based on accelerometers and global 
positioning system (GPS) sensors integrated into Bsmart attire such as a winter jacket. SATIRE 
nodes, which are based on the MICAz [63] platform, measure accelerometer data and log it to 
local flash. These data are opportunistically transmitted using the low-power radio when the 
SHIMMER node is within communication range with the base station. Once the data are col-
lected at the base station, the collected data are processed offline to characterize the user’s activity 
patterns, such as walking, sitting, or typing. Sensor nodes perform aggressive duty cycling to 

(b)(a)

(c) (d)

Figure 23.6 (a) Wireless 3-leads ECG sensor, (b) ECG strap (center), (c) SpO2 sensor, and 
(d) PDA base station.

Figure 23.7 eWatch computing.
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reduce power consumption, extending lifetimes from several days to several weeks. While the 
Mercury system [60] permits long-term studies of a patient’s motor activity for neuromotor dis-
ease studies, including Parkinson’s disease, stroke, and epilepsy. Energy is far more constrained 
in Mercury than in SATIRE because of the use of lightweight sensor nodes with small batteries. 
Mercury builds upon SATIRE’s approach to energy management and integrates several energy-
aware adaptations, including dynamic sensor duty cycling, priority-driven data transmissions, and 
on-board feature extraction. Mercury is being used in several studies of Parkinson’s and epilepsy 
patients.

Figure 23.9 shows the pants for hip patient rehabilitation using WBAN. The HipGuard sys-
tem is developed for patients who are recovering from hip surgery. This system monitors the 
patient’s leg and hip position and rotation with embedded wireless sensors. Alarm signals can be 
sent to patient’s wrist unit if hip or leg positions or rotations are false, and hence the HipGuard 
system can provide useful real-time information for the patient rehabilitation process [64].

Researchers use WBNA and wireless telephony technology in the Mobihealth project that uses 
GPRS/UMTS wireless communication technology for transferring data to create a generic plat-
form for home health care. MobiHealth aims to provide continuous monitoring to patients outside 
the hospital environment [65]. It targets improving the quality of life of patients by enabling new 
value-added services in the areas of disease prevention, disease diagnosis, remote assistance, physi-
cal state monitoring, and even in clinical research [66]. Figure 23.10 shows a Mobihealth system.

Figure 23.11 shows using WBNA in the LifeShirt project. It is a comfortable and completely 
noninvasive “smart garment” that gathers data during a patient’s daily routine, providing the 
most complete remote picture of a patient’s health status. It enables health care professionals and 
researchers to accurately monitor more than 30 vital life-sign functions in the real-world settings 
where patients live and work [42].

WBNA can also be applied in the Vital Sign Monitoring System as shown in Figure 23.12. In 
[67] a real-time patient monitoring system was designed and developed to integrate vital sign sen-
sors, location sensors, ad hoc networking, electronic patient records, and web portal technology to 
allow remote monitoring of patient status.

Figure 23.8 SHIMMER wearable sensor platform.
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Figure 23.12 Vital Sign Monitoring System. (From T. Gao et al., Vital signs monitoring and 
patient tracking over a wireless network, In Proceedings of the 27th Annual International 
Conference of the IEEE EMBS, Shanghai, China, pp. 102–105, 1–4 September 2005.)
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23.2.4.3  Large-Scale Physiological and Behavioral Studies

The third WBAN applications category in health care that was discussed is their use in conduct-
ing large-scale physiological and behavioral studies [70]. The confluence of body-area networks of 
miniature wireless sensors, always-connected sensor equipped smart phones, and cloud-based data 
storage and processing services is leading to a new paradigm in population-scale medical research 
studies, particularly with ailments whose causes and manifestations relate to human behavior 
and living environments. The combination of body-area WSNs, smart phones, and cloud services 
permits physical, physiological, behavioral, social, and environmental data to be collected from 
human subjects in their natural environments continually, in real time, unattended, and in an 
unobtrusive fashion over long periods. Typically, data are collected from wireless sensors worn by 
subjects, wireless medical instruments, and sensors embedded in devices such as smart phones.

AutoSense systems [68] collects objective measurements of personal exposure to psychosocial 
stress and alcohol in the study participants’ natural environments. A field-deployable suite of wire-
less sensors form a body-area wireless network and measure HR, HR variability, respiration rate, 
skin conductance, skin temperature, arterial blood pressure, and blood alcohol concentration. 
From these sensor readings, which, after initial validation and cleansing at the sensor, are sent to 
a smart phone, features of interest indicating onset of psychosocial stress and occurrence of alco-
holism are computed in real time. The collected information is then disseminated to researchers 
answering behavioral research questions about stress, addiction, and the relationship between the 
two. Moreover, by also capturing time-synchronized information about a subject’s physical activ-
ity, social context, and location, factors that lead to stress can also be inferred, and this informa-
tion can potentially be used to provide personalized guidance about stress reduction. This system 
for population-scale medical studies is still in its early stages, and several technical and algorithmic 
challenges remain to be addressed. Energy is certainly one challenge. While some on-body sen-
sors have high sampling rates leading to significant energy consumption (i.e., low battery life), the 
desire to facilitate easy compliance with the study protocols precludes a frequent charging sched-
ule. However, a bigger challenge with this technology is the issue of information privacy and its 
tension with the quality and value of information [69].

23.3  Available Sensors
The research community has been very active in developing a plethora of wearable and wireless 
systems that seamlessly monitor HR, oxygen level, blood flow, respiratory rate, muscle activities, 
movement patterns, body inclination, and oxygen uptake (VO2). Given below is a concise sum-
mary of some of the commercially available wireless sensor nodes for health monitoring:

 ◾ Pulse oxygen saturation sensors: They measure the percentage of hemoglobin (Hb) saturated 
with oxygen (SpO2) and HR

 ◾ Blood pressure sensors
 ◾ ECG
 ◾ Electromyogram (EMG) for measuring muscle activities
 ◾ Temperature sensors, both for core body temperature and skin temperature
 ◾ Respiration sensors
 ◾ Blood flow sensors
 ◾ Blood oxygen level sensor (oximeter) for measuring cardiovascular exertion (distress)
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23.4  Benefits of Using WBNA
Whenever a WBNA is introduced to public use, the first question is how will it help me or what can it 
do for me? In this section, we discuss who benefits from WBNA applications in the health care field.

Everybody hears in the news every day that there is a shortage of specialized doctors or nurses 
around the country. One of the benefits of these applications is that they increase doctors’ and 
nurses’ efficiency. Now they can care for more patients than before. Their work is also improved 
and made easier by having access to accurate data on patients in real time. For patients whose 
health is online, the benefits are even greater. They have increased access to specialized doctors. 
They do not have to stick around the hospital any longer. This ease in mobility allows them to 
do their own work while still under the doctor’s care. Safety is another issue that is helped here 
because the rate of mistakes can significantly be decreased. Also, patients can be picky when mak-
ing changes in their daily lives when signing up for a treatment. With wireless technologies, their 
health care can be less intrusive, for example, in the case of wearable sensors. They do not have to 
show up to the hospital for a blood-pressure check. It can be done while they are working through 
wearing wireless sensors that transmit this information in real time to their doctors.

As mentioned earlier, negligent mistakes by doctors and nurses cost hospitals, insurance 
companies, and the government a large sum of money each year. These costs can be reduced by 
reducing the number of mistakes. Efficient and secure data handling and resource management is 
another area where wireless networks can help. Deploying huge machines around the hospital can 
be very expensive and time consuming. With wireless technology, interfaces can be designed such 
that access to the machines can be provided from anywhere in the hospital. This allows for rapid 
and flexible deployment. By increasing the doctors’ and nurses’ efficiency, hospitals can provide 
care for more patients and increase their profits.

23.5  Challenges in a WBAN
The human body consists of a complicated internal environment that responds to and interacts 
with its external surroundings but is, in a way, separate and self-contained. The human body envi-
ronment not only has a smaller scale, but also requires a different type and frequency of monitor-
ing with different challenges than those faced by WSNs. The monitoring of medical data results in 
an increased demand for reliability. The ease of use of sensors placed on the body leads to a small 
form factor that includes the battery and antenna part, resulting in a higher need for energy effi-
ciency. In this section, some of the core challenges in designing WSNs for health care applications 
are described. While not exhaustive, the challenges in this list span a wide range of topics, from 
core computer system themes, such as scalability, reliability, and efficiency, to large-scale data min-
ing and data association problems and even legal issues. The challenge of developing a tiny device 
that can perform complicated tasks and be tough enough to survive in the eye’s salty environment 
demands a diversity of talents and capabilities. Generally, health monitoring is performed on a 
periodic check basis, in which the patient must remember its symptoms; the doctor performs 
some tests and plans a diagnostic, then monitors patient progress along the treatment [71]. Health 
care applications of WSNs allow in-home assistance, smart nursing homes, and clinical trial and 
research augmentation [72]. Before describing usage of WBANs in vision repair, the following 
subsections focus on several challenges and general aspects that describe this kind of technology. 
Challenges in health care application include low power, limited computation, security and inter-
ference, material constraints, robustness, continuous operation, and regulatory requirements [73].
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23.5.1  Power
As most wireless network–based devices are battery operated, power challenge is present in almost 
every area of application of WSNs, but limitation of a smart sensor implanted on a person still 
poses even further challenge. In a full active mode, a node cannot operate more than a month 
because a typical alkaline battery provides about 50 W h of energy. In practice, for many applica-
tions, they have to guarantee that the device will work for a year or two without any replacement. 
This could include devices such as heart pacemakers. To deal with these power issues, the develop-
ers have to design better scheduling algorithms and power management schemes [74]. Although 
there is a lot of effort in designing low-power sensors to solve this problem [75], there is still a need 
for robust energy techniques, which is related to the new term “green technology.” The solar cells 
that can provide up to 15 m under direct sun cannot be used with body-worn wireless sensors 
because sensors are preferably to be placed under the clothing. Thus, motion [76] and body heat 
[77, 78] based energy techniques should be explored for health care systems.

23.5.2  Computation
Because of both limited power as well as memory, computation should also be limited. The biosensors 
cannot perform large-bit computations because of lack of enough memory. Unlike conventional WSN 
nodes, biosensors do not have that much computational power. Because communication is vital, and 
memory is low, little power remains for computation. A solution is that some sensors may have vary-
ing capabilities that communicate with each other and send out one collaborative data message [73].

23.5.3  Security and Interference
One of the very important issues that could be considered, especially for medical systems, is 
security and interference. Physiological data collected by the sensor network is health informa-
tion, which is of personal nature. It is critical and in the interest of the individual to keep this 
information from being accessed by unauthorized entities. This is referred to as confidentiality, 
which can be achieved by encrypting the data by a key during transmission. Data authenticity is 
also one of the security requirements. This property is very important for the biosensor network 
because absence of this property may lead to situations in which an illegal entity is disguised as 
a legal one and reports false data to the control node or gives the wrong instructions to the other 
biosensors possibly causing significant harm to the host [79]. In [80], elliptic curve cryptography 
for key distribution to decrease energy consumption is proposed. However, there is still a need for 
more efficient cryptography methods to meet the security requirements. Another challenging issue 
with the security requirements for WBANs arises when the patients are unconscious as in a case 
when obtaining passwords may not be possible. In this case, biometric methods can be used for 
accountability as in [81] as well as the physiological signal-based authentication method proposed 
in [82]. Security attacks are especially problematic with low-power WSN platforms because of 
several reasons, including the strict resource constraints of the devices, minimal accessibility to 
the sensors and actuators, and the unreliable nature of low-power wireless communications. The 
security problem is further exacerbated by the observation that transient and permanent random 
failures are common in WBANs, and such failures are vulnerabilities that can be exploited by 
attackers. For example, with these vulnerabilities, it is possible for an attacker to falsify context, 
modify access rights, create denial of service, and, in general, disrupt the operation of the system. 
This could result in a patient being denied treatment, or worse, receiving the wrong treatment.
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23.5.4  Material Constraints
Another issue for WSN application to health care is material constraints. A biosensor should be 
implanted within the human body; therefore the shape, size, and materials must be harmless to 
the body tissue. For example, a smart sensor designed to support the retina prosthesis might be 
small enough to fit within an eye. Also chemical reactions with body tissue and the disposal of the 
sensor are of extreme importance.

23.5.5  Mobility
The purpose of WBANs and health-monitoring systems is to let people go about their life while 
accessing high-quality medical services. The use of sensor networks for this purpose is not new [83, 
84]. However, the emergence of WBANs has enabled the development of applications to ensure and 
promote the mobility of users. Thus, the WBAN technologies enable ubiquitous health care systems. 
Mobility requires the development of multi-hop, multi-modal, ad hoc sensor networks, which bring 
the problems mentioned in the previous subsections along with the problem of location awareness.

23.5.6  Robustness
Whenever the sensor devices are deployed in harsh or hostile environments, robustness rates of 
device failure becomes high. Protocol designs must therefore have built-in mechanisms so that the 
failure of one node should not cause the entire network to cease operation. A possible solution is 
a distributed network in which each sensor node operates autonomously though still cooperates 
when necessary. For instance, if the sensor part is not working, the communication part should be 
used if it benefits the network and communication is operating as expected. One way to achieve 
this would be that a node might be comprised of a sensing block, a communication block, a sched-
uling block, and a data block. This would be a good way to isolate the malfunctioning block from 
the rest of the components in the node as well as reducing power consumption among the various 
components. In order to ensure that the proper data is being sent and received, there are a few 
alternatives that can be used, such as checksums, parity check, and cyclic redundancy check [73].

23.5.7  Continuous Operation
Continuous operation must be ensured along the lifecycle of a biosensor as it is expected to oper-
ate for days, sometimes weeks without operator intervention. Hence, it is important to keep the 
amount of communications to the minimum. It is necessary that those communications that 
occur for purposes other than the actual data communication should be minimized if it is not 
possible to eliminate them [79].

23.5.8  Regulatory Requirements
Regulatory requirements must always be met; there must be some testimony that these devices will 
not harm human body. The wireless transmission of data must not harm the surrounding tissues, and 
the chronic functioning and power utilization of these devices must also be nonmalignant. Design for 
safety must be a fundamental feature of biomedical sensor development even at the earliest stages [73]. 
It is conceivable that some immoral researchers could perform tests and trials with devices that are dan-
gerous to the volunteers. Therefore, it is imperative to have diligent oversight of these testing operations.
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23.5.9  Sensitivity of Sensors
The sensitivity of the sensor devices is especially important when users wear these sensors in harsh 
environments such as in fire situations. Sweat can affect the transducers of the sensor devices 
negatively, causing a reduction in the sensitivity of the body-worn sensors or requiring recalibra-
tion of the sensors. Gietzelt et al. [85] proposed an automatic self-calibration algorithm for triaxial 
accelerometers. Yet, the self-calibration and sensitivity enhancement algorithms are still needed 
for sensor devices different than accelerometers. Low-maintenance and highly sensitive vital-sign 
monitoring sensors will attain importance as pervasive health care systems evolve.

23.6  Artificial Retina
Pervasive computing will change the computing landscape, enabling the implementation of 
new applications that were never imagined. As the population of the United States ages, vision 
loss is becoming an increasingly serious public health problem. Already, approximately 3.3 mil-
lion Americans over the age of 40, or one person in 28, are either blind or have low vision [86] 
(vision so poor that it significantly interferes with everyday life and cannot be corrected, even with 
eyeglasses). The main goal of applying WBAN in vision rehabilitation is to build a chronically 
implanted artificial retina for visually impaired people, addressing two retinal diseases: age-related 
macular degeneration (AMD) and retinitis pigmentosa (RP).

23.6.1  Retinal Diseases: AMD and RP
Two major causes of blindness, AMD and RP, damage the photoreceptor cells in the light-sensitive 
membrane in the eye (retina) but leave the nerve connections to the brain intact; see Figure 23.13. 
Patients eventually lose their vision. A healthy photoreceptor stimulates the brain through electric 
impulses when light is illuminated from the external world. When damaged, vision is blocked at 
the locations of the photoreceptors.

AMD is an eye disease primarily affecting the central vision regions in people age 60 and older 
[87]. According to the Macular Degeneration Research Fund, a case of AMD is diagnosed in the 
United States every 3 min. Each year, 1.2 million of the estimated 12 million people with AMD 
will suffer severe vision loss. Patients with AMD have dark areas in their vision caused by fluid 
leakage or bleeding in the macula, the center of the retina that produces the sharpest vision. The 
brain initially compensates for these dark patches. Early cellular dysfunction or spotting in the 
macula may go undetected until the disease is in advanced stages.

RP is the most common inherited cause of blindness in people between the ages of 20 and 60 
worldwide. Approximately 500,000 people in the United States suffer some level of visual impair-
ment from RP, and, of those, 20,000 are totally blind. RP is a degenerative disease of the retina that 
affects the photoreceptor, or rod cells, which control a person’s ability to see in dimly lit surround-
ings. Vision loss is gradual and may result in diminished or lost peripheral vision or blindness.

A person with normal vision has frontal and peripheral vision as shown in Figure 23.14. The eye 
can see an image by interpreting light hitting the back light-sensing cells, the rods and cones that line 
the retina. If something happens to these cells, then vision distortion or even blindness occurs [88].

A person with RP loses much of his or her peripheral vision and sees an effect sometimes called 
“tunnel vision.” A person with AMD loses some vision usually in the center of their field of vision 
as shown in Figure 23.15.
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23.6.2  Architecture of the Human Retina
For the layman, it is necessary to understand the unique architecture of the human retina. There 
are five layers to the retina (as determined by looking at slices through a light microscope). In a 
strange way, the light coming into the eye must pass through four of the layers before it reaches the 
section of the retina where the photocells receive and react to the light. When the photocells fire, 
they send signals back toward the surface of the retina through the four layers above. Various levels 
of image processing take place as the signals leave the photocells and transverse the other layers. 
The ganglion cells are the final layer for retinal processing. Their axons (nerve fibers leaving the cell 

Figure 23.15 How RP and AMD affect vision.
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body) are actually the nerves (about a million of them) that leave the retina and travel back into 
the brain. There is debate among scientists about the best approach to creating artificial vision. The 
first epi-retinal team believes that resting the chip on the ganglion cells (and their axons) is easier 
to do surgically and avoids the damaged (diseased) tissue below. The second sub-retinal group feels 
that it is best to surgically “cut” beneath the four layers and place the chip directly in the (dam-
aged) photoreceptor layer. The eye is only about one inch in diameter. Retinal implants have to 
be very small and be surgically placed precisely into a thin strip of tissue (the retina is sometimes 
compared to a wet slice of Kleenex). To get to the retina, surgeons have to remove much of the 
internal part of the eye. The lens may have to be removed and replaced and the vitreous is removed 
and later a salient solution is injected as a replacement. The skill of the surgeon is very important 
in these delicate operations.

23.6.3  How Artificial Retina Works
Normal vision begins when light enters and moves through the eye to strike specialized pho-
toreceptor (light-receiving) cells in the retina called rods and cones, as shown in Figure 23.16. 
These cells convert light signals to electric impulses that are sent to the optic nerve and the brain. 
Retinal diseases such as AMD and RP destroy the photoreceptor cells. The artificial retina device 
bypasses these cells to transmit signals directly to the optic nerve. The device consists of a tiny 
camera and microprocessor mounted in eyeglasses, a receiver implanted behind the ear, and an 
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Figure 23.16 Implantable artificial retina for blind people.
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electrode-studded array that is tacked to the retina. A wireless battery pack worn on the belt powers 
the entire device. The camera captures an image and sends the information to the microprocessor, 
which converts the data to an electronic signal and transmits it to the receiver. The receiver sends 
the signals through a tiny cable to the electrode array, stimulating it to emit pulses. The pulses 
travel through the optic nerve to the brain, which perceives patterns of light and dark spots cor-
responding to the electrodes stimulated. Patients learn to interpret the visual patterns produced.

23.6.4  Progression of Disease States
The design and success of an implant depends on the situation in the eye or cortex at the time of 
surgery [87]. Most of the retinal implants are (currently) targeted at RP patients. There are many 
kinds of RP depending on the location and extent of genetic damage; some appear sooner in life, 
some later. Some forms are severe and acute; other forms are more chronic and play out over a 
longer time frame.

The success of a retinal implant depends on how much retina is left (that is healthy enough 
to receive a chip). There are stages of disease progression in RP. A remodeling (of the five-stage 
retinal cell layer architecture) and a rewiring of the neurons occur as the disease progresses. Blood 
vessels also reposition and relocate as the PR unfolds. The astrocytes and meuller cells (especially) 
proliferate as the disease advances. No two eyes are ever alike. The success or failure of an implant 
depends on individual circumstances.

A very chemically powerful neurotransmitter called glutamate is associated with retinal pho-
tocells. Glutamate works fine as long as it is contained inside its normal cycle of operation. When 
disease processes begin in the retina, glutamate is released into tissues that it was not designed 
to come in contact with. In effect glutamate is “dynamite;” it becomes a cellular toxin, poison to 
everything around it. Glutamate is somehow involved in the breakdown of the photocell layer in 
RP. But what makes RP patients eligible for retinal implants is that, although the rods and cones 
deteriorate (from glutamate poisoning), 50% to 75% of the ganglion cells survive, and approxi-
mately 80% of the bipolar and amacrine cells survive. In other words, RP is a disease that targets 
one layer of the retina severely (only about 5% of the photoreceptor survives) but more or less 
spares the other (processing and transmission) layers; that is, only the sensors are (initially) dam-
aged severely in PR. Other complicating factors with RP include a marked decrease in blood flow 
(circulation drops 80%), a breakdown in the layers (so that it is difficult to determine them), and 
a progression, in some cases, to a retinal soup that leaves no viable retina for implantation (end 
stage of some varieties of the disease). For an implant to work, there must be preservation of some 
retinal layers.

23.6.5  Advancements in Using WBAN in Artificial Retina
In the 1960s, Giles S. Brindley of the University of Cambridge in England attached 80 electrodes 
to miniature radio receivers and implanted them into the brain of a blind patient. The patient 
reported seeing phosphenes (flashes of light) [89]. William Dobelle began experiments with cortical 
stimulation in human volunteers during the 1970s. His early implant system was (understandably) 
bulky by today’s standards. Large wires protruded from a hole drilled in the subject’s skull and ran 
to a large computer processing system. The patient saw light blobs (phosphenes) in black and white. 
Some of Dr. Dobelle’s first implanted patients have used the system (without infection or severe 
complication) for more than 20 years. In 1992, a blind volunteer at the US National Institute of 
Neurological Disorders and Stroke learned to recognized phosphene letters (using an implant).
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In the early 1990s, scientists led by Mark Humayun (then at Johns Hopkins University, now 
at Doheny) made an important discovery that led to an opportunity for intervention. They had 
discovered that, in the cases of certain retinal diseases RP and AMD, the parts of the eye that 
were damaged were the photoreceptor cells of the retina, the rods and cones that normally convert 
light into electrical impulses. But the diseases leave intact the neural paths to the brain, paths that 
transport the electrical signals. Thus, while the input from the photoreceptors eventually ceases, 
up to 70% to 90% of the nerve structures set up to receive those inputs remained intact.

The general thought at this time was that once you lose the photoreceptors you lose the rest of 
the circuitry as well. They found that the nerve cells in the eye are left fairly intact, so the task they 
had was how to take images and convert them into tiny electrical pulses. That is exactly what the 
photoreceptors do; they capture light and convert it into chemical pulses, and this information is 
sent to the brain, and it allows us to see.

Schwiebert et al. [73] developed a microsensor array that can be implanted in the eye as an 
artificial retina to assist people with visual impairments. In the Smart Sensors and Integrated 
Microsystems (SSIM) project, a retina prosthesis chip consisting of 100 microsensors is built and 
implanted within human eye as shown in Figure 23.17. This allows patients with no vision or lim-
ited vision to see at an acceptable level. The wireless communication is required to suit the need 
for feedback control, image identification, and validation. The communication pattern is deter-
ministic and periodic, so TDMA fits best in this application to serve the purpose of energy con-
servation. Two group communication schemes are investigated: a LEACH-like cluster head–based 
approach and a tree-based approach. The system consists of an integrated circuit and an array of 
sensors. The integrated circuit is a multiplexer with on-chip switches and pads to support a 10 × 10 
grid of connections; it operates at 40 kHz. Moreover, it has an embedded transceiver for wired and 
wireless communications. Each connection in the chip interfaces a sensor through an aluminum 
probe surface. Before the bonding is done, the entire integrated circuit, except the probe areas, is 
coated with a biologically inert substance. Each sensor is a microbump. It starts with a rectangu-
lar shape but, near the end, tapers to a point and rests gently on the retina tissue. The sensors are 
sufficiently small and light to be held in place with relatively little force. The distance between 
adjacent microbumps is approximately 70 µm. The sensors produce electrical signals proportional 
to the light reflected from an object being perceived. The ganglia and additional tissues transform 
the electrical energy into chemical energy, which, in turn, is transformed into optical signals and 
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Figure 23.17 Illustration of the microsensor array.
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communicated to the brain through the optic nerves. The magnitude and wave shape of the trans-
formed energy corresponds to the response of a normal retina to light stimulation.

The system is a full duplex system, allowing communication in a reverse direction. In addition 
to the transformation of electrical signals into optical signals, neurological signals from the ganglia 
can be picked up by the microsensors and transmitted out of the sensing system to an external 
signal processor. In this way, the sensor array is used as a reception and transmission system in a 
feedback loop. Two types of wireless communications are foreseen. First, the eventual mapping of 
an input electrical signal to brain patterns cannot be realized internally with the sensing system 
alone because signal processing is a computationally intensive process. Second, diagnostic and 
maintenance operations require the extraction of data from the sensing system. For these rea-
sons, interconnecting the sensing system with an external system is essential. In addition to these 
requirements, communication is required to transfer data from a charge-coupled device (CCD) 
camera (embedded in a pair of spectacles) to the sensor array. Figure 23.18 illustrates the signal-
processing steps of the artificial retina. A camera embedded in a pair of spectacles directs its output 
to a real-time digital signal processor (DSP) for data reduction and processing. The camera can be 
combined with a laser pointer for automatic focusing. The output of the DSP is compressed and 
transmitted through a wireless link to the implanted sensor array, which decodes the image and 
produces a corresponding electrical signal.

A recent research project at Wayne State University and the Kresge Eye Institute developed 
an artificial retina using wireless biomedical sensors [89]. The project aimed to build a chroni-
cally implanted artificial retina with sufficient visual functionality to allow persons without vision 
or with limited vision to “see” at an acceptable level. In June 2002, at the 48th meeting of the 
American Society for Artificial Organs, Dr. William Dobelle announced that his team had cre-
ated a commercially available artificial eye. The cost for the system is $98,000. The Dobelle artifi-
cial eye uses a miniature digital video camera mounted on the lens of sunglasses. Images from the 
camera are sent to a computer-processing unit on the belt. The cortical chip implant is embedded 
in the brain through a hole drilled in the skull. Cables run out of the head down to a stimulating 
control system (also on the belt). Inside the head, the chip contains electrodes that penetrate the 
brain in the area of the primary visual cortex. Images from the camera go to the microcomputer 
on the belt where the processor determines which electrodes are to be stimulated. Signals are sent 
to the stimulator unit, which activates selected electrodes in the implant. The implants hold 16 
electrode arrays (placed on the mesial surface of the occipital lobe). It is possible that, eventually, 
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Figure 23.18 Processing components of the artificial retina. (From L. Schwiebert et al., 
Research challenges in wireless networks of biomedical sensors, In The 7th Annual International 
Conference on Mobile Computing and Networking, Rome, Italy, pp. 151–165, 2001.)
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combinations of cortical and retinal chips networked together might be used to provide even 
higher degrees of visual processing than can be attained using either approach alone. The system 
can be disconnected from the camera and plugged directly into a television or a computer, allow-
ing direct access to these technologies. Low resolution does not allow for “normal” viewing of 
these screens, but it does demonstrate how future chip technologies could be directly linked to 
output devices. A video monitor can also be patched into the system so that observers can monitor 
what the patient is viewing.

The DOE Artificial Retina Project [87] is a multi-institutional collaborative effort to develop 
and implant a device containing an array of microelectrodes into the eyes of people blinded by 
retinal disease. Ultimately, the goal is to restore useful vision for patients blinded by AMD and 
RP. This work builds upon a first-generation device containing a 16-electrode array on a minia-
ture disc that can be implanted in the back of the eye to replace a damaged retina. After years of 
research and laboratory prototypes, artificial vision is being tested in humans for the first time. 
Artificial vision researchers take inspiration from another device, the cochlear implant, which has 
successfully restored hearing to thousands of deaf people. But the human vision system is far more 
complicated than the hearing system. The eye perceives millions of distinct points of light. Light 
entering through the pupil is converted to electrical signals, anatomical rods and cones, the light 
sensitive cells in the retina. Those electrical pulses are carried through the optic nerve to the brain, 
where they yield images to the world.

The Model 1 device [developed by Second Sight Medical Products, Inc. (SSMP)] was implanted 
in six blind patients between 2002 and 2004, whose ages ranged from 56 to 77 at the time of 
implant and all of whom have RP; see Figure 23.19. The device consists of a 16-electrode array in 
a one-inch package that allows the implanted electronics to wirelessly communicate with a camera 
mounted on a pair of glasses. It is powered by a battery pack worn on a belt. This implant enables 
patients to detect when lights are on or off, describe an object’s motion, count individual items, 

Figure 23.19 Argus I is a retinal prosthesis that contains a small implantable chip with elec-
trodes. These electrodes stimulate the retina and help people regain limited vision.
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and locate objects in their environment. To evaluate the long-term effects of the retinal implant, 
five devices have been approved for home use. Figure 23.20 shows the use of a small external 
camera to transmit images to an implanted 4 × 5 mm retina chip with 16 electrodes, which is 
positioned near the ganglion cell layer of the eye.

The smaller, more compact Model 2 retinal prosthesis (developed by SSMP with DOE con-
tributions) is currently undergoing clinical trials to evaluate its safety and utility. This model is 
much smaller, containing 60 electrodes, and surgical implant time has been reduced from the 6 h 
required for Model 1 to 2 h.

The Model 3 device, which will have more than 200 electrodes, has undergone extensive 
design and fabrication studies at the DOE national laboratories and is ready for preclinical testing. 
The new design uses more advanced materials than the two previous models and has a highly com-
pact array. This array is four times more densely packed with metal contact electrodes and required 
wiring connecting to a microelectronic stimulator. Simulations and calculations indicated that the 
200+ electrode device should provide improved vision for patients.

Figure 23.21 approximates what patients with retinal devices see. Increasing the number of 
electrodes will result in more visual perceptions and higher-resolution vision. Scientists worked 
with patients who received the Model 1 implant (a 4 × 4 array of 16 electrodes) for about one 
month after surgery to help them interpret what they saw.

In [90], a practical WSN application that will enable blind people to see is proposed. The chal-
lenge is that the actual mapping between the input images to the brain pattern is too complex and 

Figure 23.20 Using a small external camera to transmit images to an implanted 4 mm × 5 mm 
retina chip with 16 electrodes, which is positioned near the ganglion cell layer of the eye.
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not well understood. The connectivity problem in 3D/2D WSNs is studied, and the distribution 
of efficient algorithms to accomplish the required connectivity of the system are proposed. A 
new connectivity algorithm CDCA to connect disconnected parts of a network using cooperative 
diversity is provided.

The goal of this proposed approach is to allow people with no vision or with low vision to see 
what their neighboring partners can see. Unlike some other artificial vision proposals, this approach 
is applicable to virtually all causes of blindness. This device may also help some legally blind low 
vision patients because the cortex of sighted people responds to stimulation similarly to the cortex of 
blind people. A lot of work has been done to try to imitate the functionality of the human eye, and 
artificial vision techniques have been proposed. The challenge is that the actual mapping between 
the input images to a brain pattern is too complex and not well understood. In our case, we do not 
need to understand that complex mapping pattern because human brains function in a similar way, 
and the input to one brain (sent from another human with normal vision) could well be analyzed 
in the same way as if it was originated from the blind man’s brain. Because the sensor devices are 
placed in the human body, the research problems differ from traditional WSNs. Most work con-
cerning artificial vision has included a digital camera transmitting wireless data to a microchip in 
the eye [91]. The challenge is that the actual mapping between the input images to a brain pattern 
is too complex and not well understood. Because the sensors are irreplaceable and in case of emer-
gency, we need to report to the central computer, and we require that our network is connected at 
all times if some sensor nodes were deployed on nearby objects to form a connected network.

The sensor implants are inside both the eye of the blind man’s eye and a normal man’s (or dog’s) 
eye (Figure 23.22). Vision is established using the following steps:

 A. Light entering through the pupil is converted to electrical signals. Those electrical pulses are 
converted to data and are stored in the retinal implant of the normal eye.

 B. The data is then transmitted using the wireless transceiver to the blind man’s eye.
 C. The signal travels along a tiny wire to the retinal implant.
 D. The back side of the retina is stimulated electrically by the sensors on the chip.
 E. These electrical signals are converted to chemical signals by tissue structures, and the 

response is carried via the optic nerve to the brain.

The unique difference between this approach and any other is using the data from one man’s 
eye. There is no need to understand the complex mapping of an image from the retina to the brain 

16 × 16
256 Pixels

4 × 4
16 Pixels

32 × 32
1000+ Pixels

Figure 23.21 Images generated by the Artificial Retinal Implant Vision Simulator devised 
and developed by Wolfgang Fink at the Visual and Autonomous Exploration Systems Research 
Laboratory, California Institute of Technology.

K15146_C023.indd   704 4/19/2013   6:16:05 AM



Artificial Eye Vision Using Wireless Sensor Networks ◾ 705

via the optic nerve. This application might be very useful in scenarios where the blind person and 
his partner are focusing their attention on a static phenomenon (e.g., watching a movie, attending 
a lecture, etc.). Cooperative diversity utilizes intermediate transmitters as repeaters to extend the 
range of transmission of a source. The advantage of cooperation is the accumulation of power from 
all relays, which is a source of diversity, and also of signal-to-noise ratio improvement [92–95].

Other retinal prostheses projects are underway in the United States and worldwide, including 
in Germany, Japan, Ireland, Australia, Korea, China, and Belgium. These programs pursue many 
different designs and surgical approaches. Some show great promise for the future, but have yet 
to demonstrate practicality in terms of adapting to and lasting long-term in a human eye. Thus 
far, the projects that have progressed to clinical (human) trials are the collaborative DOE effort, 
a project at the now-defunct Optobionics (Chicago), and two efforts in Germany at Intelligent 
Medical Implants AG and Retinal Implant AG. (For more information on worldwide projects, see 
Science 312, 1124–1126, 2006).

23.7  Conclusion
This survey shows that WSN technology offers significant potential in numerous application 
domains. Given the diverse nature of these domains, it is essential that WSNs perform in a reliable 
and robust fashion. WSNs have proven their usage in the future distributed computing environ-
ment. However, there are significant amounts of technical challenges and design issues, and those 
needs to be addressed.
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Figure 23.22 Proposed approach for eye vision. (From M. K. Watfa, Int. J. Inform. Commun. 
Eng. 4, 5, 2008.)
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This survey paper shows that WBANs can be widely used in medical applications and how 
these new applications can be used to potentially reduce costs for hospitals, government, and 
insurance companies. With wireless network–based medical technologies, applications can be 
designed to be less intrusive in patients’ daily lives. It has surveyed a number of systems and appli-
cations for health care, mainly wearable and implantable sensors. As nanotechnology provides 
smaller and multiple-functional sensor nodes, the further these new small body networks may 
evolve, making their use as natural as wearing clothes in the near future. Given the importance 
of addressing ways to provide smart health care for the elderly, the chronically ill, and children, 
researchers have started to explore technological solutions to enhance the provision of health and 
social care in a way that complements existing services. The common types of wireless sensors are 
mentioned, and the benefits of using wireless networks for medical applications are discussed. The 
major challenges and open research problems of WBANs are discussed briefly. This paper con-
centrates on applying WBAN in vision rehabilitation and how to build a chronically implanted 
artificial retina for visually impaired people. This approach addresses two retinal diseases: AMD 
and RP. The architecture of the human retina, the work of artificial retinas, and the progression of 
disease states are described in detail. Advancements in using WBAN in artificial retinas are dis-
cussed to illustrate the enormous development this approach and its extent of technical efficiency.

23.8  Future Directions
With their potential uses in the medical and home health care fields, wireless networks have an 
important contribution to improving lives of patients. Besides bringing comfort to patients, there 
are large commercial benefits in the area of reducing costs and improving equipment and patient 
management. In the near future, the use of WBANs in vision repair will increase because it allows 
patients to be more self-sufficient, and the implant could turn out to be cheaper than governments 
paying for higher levels of health care or in-home care for patients. The system can therefore reach 
ubiquity, when each individual would have a computational module able to seamlessly interact 
with the smart space’s system to overcome blindness.

As stated, using WBNA in artificial retinas is certainly a step in the right direction but, unfortu-
nately, does not help those with traumatic retinal detachments or with tears that may lead to retinal 
detachments. Nonetheless, it is progress, and hopefully that progress will continue so that one day 
a retinal detachment does not result in a complete loss of vision. Also improving operations is the 
providing of early warning of system failure and a predictive maintenance tool, improving energy 
management, providing automatic record keeping for regulatory compliance, eliminating person-
nel training costs, or reducing insurance costs. The collaboration and synergy of sensing, process-
ing, communication, and actuation is the next step to exploit the potential of these technologies.

These are the general considerations or challenges that will face the future of retinal prosthesis. 
All these considerations are important and should be taken into consideration in future works.

 1. The artificial retina must deliver visual information in real time, just like the human retina. 
Having extra delay would mean that the patient would see the scene later than a person with 
a normal vision. This could lead the patient to make wrong and dangerous decisions such as 
crossing a street at the wrong time.

 2. Artificial retinal power must not burn or injure the remaining part of the retina or the eye. 
The human retina consumes a 10th of a watt [96]. An artificial retina should consume no 
more than that.
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 3. The artificial retina must be small just like human retina, that is, half a millimeter thick and 
less than a cm2 in area.

 4. The artificial retina must be biocompatible.
 5. The prosthesic device interface that will stimulate the remaining functional part of the 

human retina must be convex to conform to the convex shape of the retina.
 6. The signal amplitude should be variable from patient to patient. Retinal tissue resistance will 

vary from person to person, and this implies that the device should accommodate increasing 
or decreasing the electrical signal amplitude.

 7. The human retina processes the visual scene information to enhance the image and possibly 
to extract useful and variant information from the scene. In various layers, the human ret-
ina performs spatial averaging, contrast detection, adaptation, and more. Creating a retinal 
prosthesic device should process the visual scene in a similar way.

 8. A chip that can be implanted with a smaller surgical cut is highly preferred. Engineering a 
chip that requires the surgeons to create a large surgical cut might be considered risky and 
may not implantable.
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Related Web Sites for More Information
AMD Alliance www.amdalliance.org.
American Council of the Blind www.acb.org.
Biomimetic MicroElectronic Systems bmes-erc.usc.edu.
DOE Artificial Retina Project ArtifcialRetina.energy.gov.
Doheny Eye Institute www.usc.edu/hsc/doheny/.
Foundation Fighting Blindness www.blindness.org.
National Alliance for Eye and Vision Research www.eyeresearch.org.
Prevent Blindness America www.preventblindness.org.
Second Sight Medical Products www.2-sight.com.

K15146_C023.indd   712 4/19/2013   6:16:06 AM


