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From the first pacemaker implant in 1958, numerous engineering and medical activities for implantable medical device develop-
ment have faced challenges in materials, battery power, functionality, electrical power consumption, size shrinkage, system deliv-
ery, and wireless communication. With explosive advances in scientific and engineering technology, many implantable medical
devices such as the pacemaker, cochlear implant, and real-time blood pressure sensors have been developed and improved. This
trend of progress in medical devices will continue because of the coming super-aged society, which will result in more consumers
for the devices. The inner body is a special space filled with electrical, chemical, mechanical, and marine-salted reactions. There-
fore, electrical connectivity and communication, corrosion, robustness, and hermeticity are key factors to be considered during
the development stage. The main participants in the development stage are the user, the medical staff, and the engineer or techni-
cian. Thus, there are three different viewpoints in the development of implantable devices. In this review paper, considerations in
the development of implantable medical devices will be presented from the viewpoint of an engineering mind.
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INTRODUCTION

A medical device is defined as implantable if it is either partly or
totally introduced, surgically or medically, into the human body
and is intended to remain there after the procedure [1-2]. Jiang
and Zhou [3] have described that 8% to 10% of the population
in America and 5% to 6% of people in industrialized countries
have experienced an implantable medical device for rebuilding
body functions, achieving a better quality of life, or expanding
longevity.

In the past six decades, implantable medical devices or sys-
tems have been advanced through developments in science and
engineering, especially in microelectronics, biotechnology, and
materials. From Zoll’s first report [4] on electrical heart stimula-
tion in 1952 to the first commercialized wireless blood pressure
measurement system introduced by Cardiomems in 2010, med-

ical experts have exerted honorable efforts to improve the qual-
ity of patients’ lives with various medical devices, such as the
implantable cardiac defibrillator, cochlear implant, implanted
bladder stimulator, and implantable wireless pressure sensor [5-
17]. Such implantable medical devices were developed to sense
a physiological response in vivo or to actuate physiological or-
gans. Recently, with the superminiaturization of electronic cir-
cuits and mechanical structures, many researchers have focused
on the development of implantable real-time vital monitoring
systems, which are continuously operated in subsecond periods
[18-21]. The implantable real-time vital monitoring devices
may shift medical systems from remedying incidents after they
occur to self-managing incidents before they occur. For exam-
ple, the EndoSure of Cardiomems, which is inserted into the
aorta to measure intrasac pressure during endovascular abdomi-
nal aortic aneurysm repair and during endovascular thoracic
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aortic aneurysm repair, can detect intraoperative leaks of the
stent graft. After discharge from the hospital, patients can check
the intrasac pressure daily at home, which was traditionally
monitored by an angiographic method only at a hospital [22].

The first fully implantable pacemaker was encapsulated by
araldite epoxy resin. In the polymer encapsulation, a low power
consumption first-generation silicon transistor (OC460) inte-
grated with electrical circuits was packaged with two sealed 60
mAh nickel-cadmium battery cells. The electrical circuit was
connected with an inductive coil for recharging the batteries.
The electrical-pulse-generating system was connected with
electrodes via stainless steel wire covered with polyethylene.
The total size of the first implantable pacemaker was 55 mm in
diameter and 16 mm in thickness, similar to the dimensions of
a shoe polish can from British Kiwi [10].

From the old machine, we could read the engineer’s inten-
tions to develop the most valuable device for human beings. In
the early stages of the silicon-based transistor, the semiconduc-
tor technology was not high-tech enough to handle micron-lev-
el sizes. After metal-oxide-semiconductor field-effect-transistor
was invented, the shrinkage race for transistor size was initiated
with the spreading of cleanroom facilities in the 1960s. In 1971,
Intel had adopted a 10-pm manufacturing technology, and in
2012, the company applied a 22-nm line width technology on
the Xeon E3-1230 [23-25]. The 22-nm node technology can
produce approximately 500 transistors on an area, which is oc-
cupied by a 10-um node transistor. Through advancements in
semiconductor technology, smaller, lighter, and multipurpose
electronic devices became available. Diminishment in the elec-
tronic circuit resulted in other advantages in battery lifetime
and capacity [26]. In 1973, Greatbatch and Holmes [5] devel-
oped lithium-iodine batteries, which have good characteristics
for use in the smaller and lighter electronic systems, such as a
long lifetime, low current drain, and static voltage output. In the
early era of pacemaker implants, artificial heart pulses were
transferred to the myocardium via a stainless steel lead. On Oc-
tober 9, 1958, the Swedish physician Senning (quoted from [7])
implanted a second pacemaker unit that functioned well for
only 7 days. Suddenly, the amplitude of the pacemaker stimulus
was gradually decreased by a fracture in the stainless steel lead.
After figuring out the inferior mechanical and chemical prop-
erties of stainless steel in the human body, many researchers at-
tempted to replace the lead configuration with different materi-
als, such as alloys of cobalt, chromium, and nickel [7]. However,
those old-generation pacemaker leads had limitations such as
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high fracture rates, dislodgement, electromagnetic interference,
high capture thresholds, and corrosion [27]. The lead-related
issues were finally solved by the use of materials such as silicone
or polyurethane-insulated noble metal coils of platinum and
iridium or titanium [8].

The epoxy resin encapsulation of the first-generation pace-
maker was developed to protect the electronic circuits and bat-
teries from body fluid penetration and tissue invasion to the
system. Also, the encapsulation or housing worked as a barrier
between the human body and hazardous batteries. However,
the polymer-based epoxy resin swelled and dissolved inside the
human body [28-30]. Thus, the housing materials had to be re-
placed with ceramics and titanium to protect the electrical sys-
tems. Currently, the electric elements and a battery are packaged
by a laser welding of titanium, which has a strong mechanical
hardness, extreme resistance to corrosion, biocompatibility, and
durability [31,32]. Electrical connections between the metal-
housed electronic system and the lead wire of the pacemaker
induced another sealing issue. Owing to the metallic housing,
the electrical signal output part, which is connected to the lead,
should be passivated by an insulator to prevent electrical con-
nection to the metal housing. Therefore, polymer- or ceramic-
based electrical feedthrough was developed with perfect sepa-
ration between the electronic system and the human body en-
vironment.

The first operation for implanting a pacemaker was done by
the surgeon Ake Senning, who performed an open thoracoto-
my and suturing of 9-mm diameter electrodes on the left side
of the myocardium. Afterward, the heart pace was electrically
controlled for 3 hours. The next operation happened on follow-
ing day and the device worked for 7 days. Currently, the pace-
maker implant procedure takes around 1 to 2 hours with 4- to
5-mm diameter electrodes fixed on the right ventricle and the
right atrium. One day after the operation, the patient is released
from the hospital and can enjoy his or her regular life again
with the help of the pacemaker. The small size and lightweight
main body of the pacemaker allow the patient to avoid open-
heart surgery, and the flexible platinum lead coils make an easy
and short procedure possible [7].

Through this rough comparison between first-generation
and modern pacemakers, the progress of the iconic implantable
medical device was reviewed with an engineering mind. More
detailed engineering considerations in the development of im-
plantable medical devices will be described in the following sec-
tions.
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GENERAL THOUGHTS ON IMPLANTABLE
MEDICAL DEVICES

The designing of an implantable medical device is initiated with
information gathering from three main participants: the patient,
the medical staff, and the engineer. That is, the development of
the device is highly influenced by the demands of patients, the
preferences of medical doctors, and the realistic feasibility of
the design as envisioned by the engineer. In general, patients
who are in possession of a device either temporarily or perma-
nently feel discomfort owing to the foreign object and have the
expectation that the medical procedure be performed quickly
without pain and that the healing procedure be accomplished
unconsciously. Many efforts are needed to resolve these issues.
Through the advent of minimally invasive medical procedures
and the advanced shrinkage of the devices, the insertion site has
become unnoticeable and restoration can occur unconsciously.
A high-power-density battery made of lithium-iodine polyvi-
nylpyridine, lithium-carbon monofluoride, or lithium-polycar-
bon fluoride gives a longer device-replacement interval to the
patient [33-35]. After the implantation, programmed or designed
functions of the devices work automatically. Consumers of the
devices want to know whether the device is working properly,
and they like to check the results of the device functioning with-
out any special medical treatment, such as magnetic resonance
imaging, computed tomography, or X-ray. Thus, the easy opera-
tion procedure, less invasive implantation, better healing per-
formance, longer replacement timetable, and easy access to vital
status results in a better quality of life of the consumers.

The medical doctor is a user, a reviewer, and a researcher of
medical devices. Physicians need to know how to implant, where
to implant, when to implant, and why to implant. They have
heard many pathetic cases from patients and have met unex-
pected surgical situations owing to the different structure of the
human body. Fortunately, they have studied the structure, ele-
ments, and function of the human body. They are often the ones
to propose an initial design concept to the patient and engineer.
The size and shape of the medical device should be considered
to fit the implantation spot in the human body. If the spot is not
large enough to contain the whole device, the device can be de-
signed so that it is separated into elements, e.g., electrodes and a
stimulator in a cochlear implant, or so that discrete elements
are connected, e.g., the pressure sensor and battery in the blood
pressure sensor of Frounhofer [36]. The size and shape of the
device also affect the delivery method of the device. If the total
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size of the device is too large for use in insertion tools like a cath-
eter, incision surgery is required for insertion. For the stent-sized
medical system, which is smaller than the human organ, a deliv-
ery system through minimally invasive surgery should be creat-
ed or invented. If the device is small enough to fit in a conven-
tional needle size, we can deliver the device by needle injection.

After delivery or implantation of the devices, the human body
reacts to the unfamiliar material and starts to attack the materi-
al with antibiotics. In this case, neointimal tissue or fibrocellular
shields can separate the device from the original tissue. If the
device is packaged or encapsulated by material that is not bio-
compatible, the immune response elicits severe electrical and
chemical reactions with the material. Therefore, the biocompat-
ibility of the packaged material has to be confirmed by animal
study and good manufacturing practice before implantation.

The human body is an extraordinary environment to the en-
gineer. The new space always has a constant temperature of
36.5°C, is continuously changed by electrical and chemical re-
actions, and is vulnerable to being extinguished by a tiny modi-
fication of a body element. The arcane space should be ap-
proached very ethically, logically, and scientifically. In general,
medical devices are engineered to restore a body function, to
detect a body signal, or to provide mechanical or electrical as-
sistance to a human organ. Therefore, engineers need to acquaint
themselves with the human body in terms of environment,
functionality, structure, and biological reactions. On the basis
of this study, they begin to assemble their knowledge in engi-
neering fields, such as biocompatibility, electronic circuits, mi-
cro-electro-mechanical systems, hermeticity or packaging, wire-
less or wired communications, securities, batteries, insertion
tools, and so on. Then, the manufacturing feasibility of a special
device has to be checked through modeling and through realis-
tic testing. The manufactured system is tested on the benchtop
and put into living things. The manufacturing and testing pro-
cesses are continued until proper devices are obtained. During
those processes, the engineers meet challenges in the following
categories: biocompatibility, hermeticity, structural design, de-
livery system, power management, detection, and wireless com-
munication.

ENGINEER'S CONSIDERTIONS FOR
IMPLANTABLE MEDICAL DEVICES

Biocompatibility
When the medical device is implanted in the human body, the
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surrounding environment immediately responds to the materi-
al itself or to microorganisms on the surface of the device. Dur-
ing the initial stage, nonspecific blood and tissue fluid proteins
cling to or penetrate the materials. Then, immune and inflam-
matory cells, such as monocytes, leukocytes, and platelets, react
to defend the body from the external specimen [37-39]. If the
abiotic material is not well matched with the tissues and cells, it
is hard for the system to remain in place long term and it could
result in an unsafe effect on the body.

It is also important to consider treatment of the microorgan-
isms on the material surface. Usually, implantable medical de-
vices should be sterilized to eliminate harmful microorganisms
before implantation. The various sterilization methods for medi-
cal devices include dry heat sterilization, pressured vapor steril-
ization, ethylene oxide sterilization (EtO), formaldehyde steril-
ization, gas plasma (H,O,) sterilization, peracetic acid steriliza-
tion, gamma radiation sterilization, and E-beam sterilization
[40-43]. For the class III of medical devices in the U.S. Food and
Drug Administration classification, EtO, gamma radiation, and
E-beam sterilization are recommended. Actively operated im-
plantable medical devices such as the pacemaker, implantable
cardioverter defibrillator (ICD), and cochlear implants are per-
fectly sealed by biocompatible materials. In the selection of a
biocompatible material, the sealing feasibility should be consid-
ered. To date, effective biocompatible materials can be reported
as follows: titanium and its alloys, noble metals and their alloys,
biograde stainless steels, some cobalt-based alloys, tantalum,
niobium, titanium-niobium alloys, Nitinol, MP35N (a nickel-
cobalt-molybdenum alloy), alumina, zirconia, quartz, fused sil-
ica, biograde glass, silicon, and some biocompatible polymers
[44-55].

Packaging and Hermeticity

The microelectronic system is operated by electrical connec-
tions between electronic components. At the final stage of elec-
tronic chip manufacturing, the electronics parts are packaged
under a vacuum to prevent degradation of the electrical perfor-
mance of the components through exposure to the air. Like the
microelectronic chip, implantable medical devices need a pro-
tective barrier from inner body elements such as cells, proteins,
platelets, and chemical gases. Moreover, the packaging has an-
other functionality of trapping the outgas of the inner materials.
That is, the packaging should perfectly isolate the inner electri-
cal and mechanical components from the human body environ-
ment. If the isolation is airtight, then we can say that the package
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Fig. 1. Material-dependent permeability. The graph shows also
permeability as a function of thickness.

is hermetically sealed. MIL-STD-883, Method 1014.10, which
has been adapted by the medical device industry, provides de-
tails of the hermeticity testing procedure. The most common
hermeticity measurement is performed by use of a helium leak
detector, which is a mass spectrometer designed to analyze he-
lium gas. Fig. 1 shows the helium gas permeability of common
medical device materials. The figure also shows the projected
lifetimes of the materials as a function of the thickness of the
material.

The packaging of implantable medical devices is done by use
of various materials, such as quartz, fused silica, polymers, met-
als, and ceramics [56-63]. Packaging of the system encloses the
electronic or mechanical system by encapsulation of the poly-
mer and welding or bonding of the metal, glass, and ceramics.
Materials of the polymer encapsulation package include epox-
ies, silicones, polyurethanes, polyimides, silicon-polyimides,
parylenes, polycyclic-olefins, silicon-carbons, benzocyclobu-
tenes, and liquid crystal polymers. Silicone rubber has been used
for the encapsulation layer for artery line pressure sensors, ep-
oxies have been used to cover the feedthrough connections in
ICDs, and polyurethanes have been used to cover platinum wires
in the pacemaker. Glass type packages based on quartz, fused
silica, and borosilicate are generally completed by melting of
the glasses done by local laser-focused heating. The glass pack-
aging method is used for neuromuscular stimulators, radio fre-
quency identification chips, endoscope pills, and implantable
blood pressure sensors. The metallic package is the most com-
mon hermetic packaging method and is accomplished by laser
welding of the metals. The metallic package is applied for loop
recorders, pacemakers, ICDs, and cochlear implants.
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Structural Design of Implantable Devices and Delivery
Systems

The human body is a complex system operated by mechanical,
chemical, and electrical mechanisms of numerous organs, tis-
sues, and cells. Furthermore, the system has different shapes,
sizes, placement, functionality, and reactions according to age,
sex, and race. Therefore, it is difficult to design the whole struc-
ture of the medical device at once. Design requires abundant
research reviews, mathematical simulations, and benchtop test-
ing with a phantom of the human body, animal studies, and
real implants. During the developmental stage, the engineer
will meet scientific, biological, and medical impasses. If an elec-
tronic device is adequate for handling the electronic data but
the chip is too large to insert in the human body, then we should
find a substitute electronic chip or totally rework the concept.

In general, actively working implantable devices such as im-
plantable blood pressure measurement devices require an ener-
gy source for data processing and wireless communication in
battery form. To guarantee the power requirement for the dura-
tion of operation, a battery with the proper capacity has to be
integrated with the electronic system. However, it is hard to find
an appropriate commercial battery. Up to now, finding the bat-
tery has been a bottleneck in arterial blood pressure measure-
ment system development. For example, Frounhofer’s blood
pressure measurement system is assembled with an inner-arte-
rial pressure sensor and an outer-arterial battery.

As mentioned in the previous section, the delivery methods

Fig. 2. Implantable blood pressure sensor. (A) Surgically im-
planted blood pressure sensor with a cuft-type design. The sen-
sor is installed on the blood vessel directly. (B) Cardiomems im-
plantable blood pressure sensor. The sensor is paced in the tar-
get position by use of a delivery system. The sensor is delivered
by the same procedure with a stent.
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of the devices can be broadly defined as two categories: incision
and tools. A review of the literature shows two methods of im-
plantable blood pressure measurements: inner-artery blood
pressure measurement and outer-artery blood pressure mea-
surement. Both methods can be described as an implantable
direct artery blood pressure measurement, but the measure-
ment spot differs. As shown in Fig. 2, sensors developed by
Cong et al. [64] are installed around the artery for good me-
chanical contact with the artery. This system should be inserted
by incision. Another method can be found in a commercialized
Cardiomems sensor [17]. As shown in Fig. 2B, the Cardiomems
sensor has a rectangular shape with a narrow width and Nitinol
springs to fix the sensor in the artery. Cardiomems has a deliv-
ery system that uses catheters of 4-5 mm in diameter. In the
first stage of development, Cardiomems selected the delivery
positions of the sensor, and researchers in the company designed
the sensor and delivery system simultaneously.

One more thing to consider in device design is the perfor-
mance of the devices. In general, implantable medical devices
are inserted when the patient positively needs the device. In
other words, the implantable device is a last hope for the patient.
Thus, the performance of the device is the most important fac-
tor in the design.

Power Management

Electric power supplements to implantable medical devices are
a barrier in the design scheme of the devices owing to their lim-
ited size and demands of high capacity. There are two types of
implantable batteries: single-use and rechargeable [65-70]. ICDs,
pacemakers, and deeply implanted stimulators have one-time-
use batteries. Cochlear implants, replacement heart implants,
and retinal prostheses have continuously chargeable batteries.
The single-use battery should be changed by operation when
the electrical power is not enough to properly operate the de-
vice. The remaining capacity of the power in a nonrechargeable
battery is regularly checked by wireless inductive telemetry [71-
73]. The wireless telemetry in medical devices was originally
used to power the first-generation pacemakers. However, the
real-time power transmission to the devices was inefficient and
the wearing of an external power-transferring coil was uncom-
fortable for the patients. Wireless telemetry is composed of an
inner-body receiving coil and an extracorporeal power sending
system. When the energy-containing frequency is fed to the ex-
ternal coil, the coil generates magnetic fields within some dis-
tance. If the inner inductor coil is almost perpendicularly placed
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to the external coil within range, the magnetic flux makes cur-
rent flow through the inner coil and induces uniform electrical
voltage by rectification and regulation. Then, the rechargeable
battery is replenished by the voltage. However, if the distance
between the inner and outer coils is too far or relatively long to
set up proper inductive coupling, it is impossible to induce any
current or a very weak current is generated.

Recently, much research has been focused on energy genera-
tion by using physical, chemical, mechanical, and electrical
phenomena of the inner body to resolve the energy issue of im-
plantable devices. The technology is called “energy harvesting”
or “energy scavenging” [74-79]. Energy harvesting can be easily
found from a self-winding wristwatch, shake-driven flashlight,
bicycle dynamo, and the latest fashioned lever-driven phone
charger. Goto et al. [80] have used the self-winding wristwatch
mechanism to supply energy to pacemakers. Mazzilli et al. [81]
have tried to transfer energy by ultrasound generated by a
64-channel high-voltage driver. Those energy generation meth-
ods still demand a battery to store the induced electrical charge
like a conventional rechargeable one. Kerzenmacher et al. [82]
used a different approach to generate energy for the device.
They used glucose as a catalyst to oxidize noble metals or car-
bon. However, the energy harvesting methods have commonly
produced very low instant energy output levels with poor effi-
ciency, which has restricted them from being used as a direct
energy source. In other words, the technology is not yet free
from the energy storage system.

Detection or Wireless Communication

The implantable medical device is an extremely crucial system.
Without such devices, many persons have hardships in vision,
hearing, acute pain, or cardiac disorder. Thus, the functionality
of the device should be closely monitored. For surveillance or
monitoring of the device, extraction of the device or wired elec-
trical connection to the device is only a second choice. Wireless
communication is the first choice. Wireless communication
transfers data or signals at some distance without the aid of
wire. The transfer efficiency varies by media. Generally, the sig-
nal is easily dispersed in a conductive media. If the frequency is
higher, as much as a giga-hertz, the dissipation rate of the fre-
quency is relatively higher. Therefore, the US Federal Commu-
nications Commission and European Telecommunications
Standards Institute have defined the Medical Implants Com-
munication Services band (402-405 MHz) as the implantable
medical device frequency range [83,84]. Wireless communica-
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tion can be successful when the wireless chip is packaged by
nonmetallic or nonconductive materials. Thus, it is hard to find
actively operated wireless communication systems for implant-
able medical devices. Compared with the active wireless com-
municated medical system, passively communicated or induc-
tively coupled communicated medical devices have been rela-
tively well developed. As mentioned in the previous section, the
pacemaker and ICD transfer data on residual energy status to
an external detection system. The pressure sensor of the Car-
diomems gives data to an external system when an external an-
tenna is placed in an inductively coupling distance with the
sensor [85]. This passive type has a relatively low operating fre-
quency in the range of a few hundreds kHz to tens of MHz.
However, noise is easily produced by inductive coupling with
other metal structures surrounding the measurement system.
Because the energy to operate sensors is transferred by induc-
tive coupling, the system is workable without a battery, but it is
hard to continuously measure or communicate.

CONCLUSIONS

In this article, considerations in the development of implantable
medical devices were reviewed from an engineering viewpoint.
By tracing pacemaker development from the first generation of
devices in 1958 to current devices, the historical advancement
of the medical device was roughly described. There are three
participants in the development of medical devices, and gather-
ing information from each of them is crucial. Users demand
minimally invasive operations that enable them to be released
from a medical facility quickly with lower expense. Medical
staffs propose the necessity of the medical device owing to their
expertise about the human body in terms of size, functionality,
position, and medical approaches. Engineers pour their techni-
cal knowledge into the practical design of the devices. They co-
operate with medical staft in designing the shape, size, function-
ality, and method of delivering. Biocompatibility and durability
of the material exposed to the inner body environment must be
guaranteed by a series of laboratory experiments, animal stud-
ies, and so on. Electrical and mechanical devices are hermeti-
cally packaged by use of a biocompatible material to establish a
perfect barrier between the device and inner body components
such as body fluids, cells, and tissues. With the knowledge of
advanced technology, structures of the device and the delivery
system should be designed by assistance from the user and medi-
cal staff. Many simulations, prototypes, and testing help to ob-
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tain the best device. The electrical power source is carefully de-
signed to get a suitable shape and the power supply is continu-
ously monitored to ensure uninterrupted operation. For real-
time monitoring of the human body, active or passive wireless
communication methods are selected with contestation of
packaging material, power, and detection interval. Compared
with the well-known space, atmospheric, and marine environ-
ments, the inner body is an unfamiliar and underdeveloped
space to the engineer. Developing medical devices for the hu-
man body must be initiated by an understanding of the envi-
ronment, that is, a human being.
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