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Abstract

The assisted reproduction has been considered a viable solution for the infertility of
humankind for more than four decades. In-Vitro-Fertilization (IVF) is one of the most
successful assisted reproduction techniques, where the reproductive cell of the female
partner is fertilized outside of her body. Initially, the IVF process has been conducted
manually by an experienced embryologist. However, even with a highly experienced
individual, the operation had extremely lower success rates due to the limited control
in environmental conditions and the requirement of precise movements. Therefore, to
address this technological deficit, the feasibility of the mechatronics devices for IVF
procedures has been investigated. Among the different mechatronics concepts, micro-
electromechanical system (MEMS) technologies have been gradually attracted to the
IVF process and improved its capabilities. The purpose of this paper is to present a
brief overview of the role of MEMS technologies in IVF. The article classifies the MEMS
technologies in IVF based on their application in order to emphasize its contribution.
In addition, the article extensively discusses the state-of-the-art mechatronic
techniques utilized in Intracytoplasmic Sperm Injection (ICSI), one of the most popular
techniques used in IVF. This review article expects to become extremely beneficial for
the engineering researchers new to this field who seek critical information on IVF in
simple terms with highlights on the possible advancements and challenges that may
emerge in the future.
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Introduction

The incompetence of reproduction has been a striking issue for mankind
for years. One of the main reasons for this: the infertility of male or
female companion, has been resolved by introducing Assisted
Reproductive Technology (ART). ART is a highly advanced medical
discipline that consists of three major branches (See Figure 1). Among
these ART treatments, In-Vitro Fertilization (IVF) is a popular technique
employed where both woman's oocytes (egg) and man's spermatozoon
(sperm) are handled externally, in a controlled environment to create an
embryo, which will be subsequently transferred into the female
companion’s uterus (womb). On the other hand, in artificial
insemination, the spermatozoon of the male companion is inserted into
the reproductive tract of the female companion, while in the surrogacy
method, the embryo is growing inside of a separate female individual

(surrogacy mother) on behalf of the parents [1].
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Figure 1. Classification of ART technologies and main steps of IVF

The history of IVF dates back to the 1890s, where the first known case of
embryo transplantation in rabbits reported [2]. This was long before the
tirst-ever application of IVF on human fertility was successfully
conducted in 1978, and achieved the first test-tube baby, Louise Brown,
in Oldham, England [3]. The IVF process consists of several steps (See

Figure 1) such as ovary stimulation; retrieving the gametes; performing
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culture procedures on gametes; selecting the viable gametes for
fertilization; immobilization of sperms; inserting sperms into the oocyte
(insemination) to produce an embryo; continuous monitoring and
evaluating embryos; and finally transferring the embryo into the
mother’s uterus [4]. Here, as shown in Figure 1, the fertilization process
can be conducted according to two methods. They are: (1) allowing the
fertilization to be occurred on a petri-dish without external intervention;
and (2) forcing the sperm into the oocyte with the help of a glass pipette.
The second method is commonly known as Intracytoplasmic Sperm
Injection (ICSI) and considered to be a more successful technique

compared to its counterpart [5].

Over time, there have been lots of developments in IVF technology and
currently became a notable research area that utilizes not only medical
science but also the engineering and technological disciplines [6]. Micro-
Electromechanical Systems (MEMS) is one such engineering domain
that most probably will decide the future directions of IVF. In recent
research attempts on IVF, MEMS involvements have been noticed in
assisting mechanical activities such as oocyte selection, gametes
conveying, sperm immobilization and sperm insertion into the oocyte
[7]. Autonomous MEMS-based technologies have more control over the
environmental conditions due to the lesser human involvement and
prevention of becoming exposed to the air. Moreover, they have precise

positioning that can reduce oocyte damages during cell handling.

In general, micromachining and micro-electromechanical system
(MEMS) technologies are being used to produce devices on the scale of
micrometers. The main reason for this is, in MEMS, a wide variety of
transduction mechanisms can be used to convert real-world signals from
one form of energy to another. These devices use mechanical, fluidic,
thermal, magnetic, optical and chemical properties of different materials
which are known as smart materials to employ these energy
transformations. With these properties, smart materials have been used

in various micro devices such as sensors, actuators, energy harvesters,
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microfluidic systems, so on and so forth. (See Figure 2) This ability of
miniaturization of devices and systems has offered a greater
opportunity to achieve commercial profit in many fields such as
telecommunication, transportation, construction, military, healthcare
and so forth [11].

(a) ) ©

Figure 2. Commercially available MEMS devices: (a) a microfluidic device [8], (b) a

contact lens sensor for glaucoma patients [9], (c) an electrostatically actuated micro

gripper developed for micro scale manipulation [10]

On the other hand, MEMS technology has become a trending branch of
biomedical engineering which is known as Bio-MEMS [12]. Bio-MEMS
concepts can be identified in several biomedical applications such as
drug delivery [13], medical surgeries [14], energy harvesting, medical
monitoring [See Figure 2(b)], cell manipulation [15] and so forth.
Furthermore, the novel concept of lab-on-a-chip devices has immensely
contributed to Bio-MEMS. However, incredible precisions, efficiency
and biocompatibility of MEMS transducers present in Bio-MEMS
applications have shown positive signs for potential achievements in
IVF related applications. In order to accomplish those achievements, the
enhancement of the research interest of MEMS researchers on IVF is
necessary. For instance, the article [16] investigates the research
involvement in automating assisted reproductive technology and state
that still there is a long way to go before ART procedures can be
automated in one single device. However, during the analysis on
research that intersect MEMS and IVF, it was evident that articles that

summarise the previous research attempts were extremely hard to find.
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The brief overview provided in this paper has summarized the MEMS-
based mechatronics techniques used in IVF providing classifications to
emphasize their contribution. The upcoming sections of this paper
comprise MEMS involvement in different stages of IVF. In the later
sections, the paper has extensively explained the role of MEMS in ICSI-
IVF, since, in recent times, ICSI has broadly investigated by the Bio-
MEMS research community. As a final point, the paper explains the

possible future advancements and challenges in this research area.

MEMS Involvement in IVF

In the literature, an increasing trend can be seen in MEMS usage in
microbiological applications [12] where IVF is one such application that
recently came to the forefront. During the analysis for the MEMS-based
developments in IVF, several research attempts were found assisting the
IVF process in its different steps. The following subsections explain the
MEMS involvement in IVF classified based on the application. Figure 3
provides a brief overview of the selected scope for this article and how
it is branched out to IVF and MEMS technologies.

»Scope of the Article j‘

* Gamete Selection

* Cell convoying
Mechatronics ART * Sperm Immobilization
* Orientation Control

* Sperm injection

Figure 3. Scope of the article and taxonomies
Gamete Selection

The selection of the ideal sperm for IVF is based on its movability and
often considered as not much complicated. Hence, in the conventional

procedure selection is conducted based on the manual observation of
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sperms in the petri dish even though it does not provide the best sperm.
However, recent MEMS advancements have suggested microfluidic
devices for sperm sorting. Here, the motile sperms are filtered out when
they swim out through the microfluidic channels present in these
devices. For instance, the study published in [17] has assessed the ability
of sperm to swim through laminar interfaces. With further
improvements, [18] has proposed a method to control the viscosity of
the fluid in the device where the environment of the microfluidic device
can be made similar to the human body, so that, the selection can be
more precise. Even though these methods are able to select more motile
sperms, due to the less controllability of the microfluidic flows, still these

devices are not as efficient as the manual selection process.

Plasma
membrane

Cytoplasm

Zona pellucida
Corona radiata

1st polar body

Figure 4. Cell morphology of an MII stage oocyte [19]

Nevertheless, the selection/sorting of the Oocyte is considered one of the
most critical steps in the IVF process since its progress entirely depends
on the health of the oocyte. The most suitable oocyte for the IVF is
identified as the metaphase II (MII) stage which appears during the
oocyte growth after the retrieval [4]. The identification of this oocyte is
conducted by morphological observation. The general configuration of
an MII stage oocyte is shown in Figure 4. However, with extensive

research on the successfulness of these MII stage oocytes, it has been
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concluded that even this MII stage show significant morphological
variations that may affect the developmental competence and

implantation potential of the derived embryo [4].

On account of the critical requirement, a variety of techniques have been
introduced for the assessment of ideal oocyte [20]. Among them most of
the methods are based on chemicals and observation. Hence, they take a
large time to provide an accurate selection. On the other hand, there are
some mechanical approaches that can be used to evaluate the oocyte by
its mechanical properties such as yield strength, elasticity, and poisons
ratio. In [21] MEMS-based techniques has been investigated for this
purpose which suggests a force-sensing method to find the rigidity of
the human oocyte cell, by which it [18] can be characterized as viable or
not for the fertilization. Here, the force feedback on the cylindrical glass
tip, which is controlled by a magnetic field, is assessed when it presses
the oocyte. In addition, for the same purpose, [22] refers to a
dielectrophoretic separation method of porcine oocytes. In this study,
the oocytes were selected upon the amount of movement that showed as

responses to the different dielectrophoretic conditions.

Cell Conveying

In IVF transporting the cells from one place to another also inspired
some research groups. The research conducted in [21,23,24] introduces a
micro pusher used in positioning and conveying the oocyte. Here, the
control method of the micro pusher is proposed as a magnetic field
because it has untethered remotely control capabilities. Moreover, the
MEMS device introduced in [25] has used the dielectrophoretic
technique to develop a dynamic-minima in the surface, thus the cell is
guided to the desired location. However, a common drawback of these
techniques was the limitation of the manipulation of cells to only two

degrees of freedoms.

Other than the structural techniques, research attempts on microfluidic
approaches [26] also identified in the literature for gametes convoying.

These microfluidic devices utilize pressure variations to control the fluid
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flow and convey gamete cells along with that. To stop/trap the cells, the
most commonly used technique is to develop microstructures such as
micro-wells. These are the key techniques generally used for lab-on-a-
chip development [26], which is considered as the future of the bio-
MEMS. These devices can facilitate multiple operations in a single
device. Here the micro-fluidic technologies provide the conveying of
gametes from one workstation to the next. On the contrary, micro-fluidic
techniques with pressure variation can be hostile for the oocytes due to
their fragile nature. Moreover, these techniques have less precision and

high uncertainty compared to structural manipulation.

Sperm Immobilization

Most of the male candidates have a certain proportion of motile and
viable sperms. Even though this mobility is an advantage for the
embryologists to easily filter the healthy sperms, they are facing the
problem of aspirating the moving spermatozoon into the pipette and
handling them through the procedure. For these purposes, in some
instances, elements such as PVP and hyaluronate are added to the
culture media, to slow down the movements of the sperm, so that it can
be caught. After the spermatozoon is caught, it is immobilized before the
injection to reduce the possible damages on the cytoskeleton caused by
motile sperms, and to increase the chances of fertilization since the
damaged sperm membrane facilitates exposure of the nucleus to the
cytoplasm [27]. Sperm immobilization is performed using different
methods. Even though novel methods [28,29] such as laser-assisted
permeabilization of the sperm membrane have been introduced, the
most common approach is to press the sperm tail with the injection
pipette. The common drawback seen in the current research attempts
were the potential of damaging the sperm during the immobilization

which leads to low success rates.

Sperm Insertion
Nevertheless, while IVF employs state-of-the-art MEMS solutions for the

above applications, the current trend of sperm insertion is also moved
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towards MEMS-based techniques. Therefore, this paper pays enhanced
attention to the state-of-the-art solutions for sperm insertion in IVF. This
can be conducted in two methods; either by introducing the gametes on
a petri dish at the laboratory letting the fertilization occur naturally, or
by Intracytoplasmic sperm injection (ICSI) where a single sperm is
injecting into the oocytes through a micro pipet [5]. However, the ICSI
method is rather effective since sometimes in ART, the sperms are not
strong enough to be mobilized. The next section of this paper extensively

explains the notable developments in the ICSI procedure.

MEMS Involvement in ICSI

ICSI process has been manually conducted by an expert embryologist
for years. However, manually handling micro-scale objects by a human
was, for the most part, unsuccessful. Therefore, to increase the success
rate of the ICSI process there has been a multitude of research conducted
by several research groups. So far, several methods have discovered
other than MEMS-based injection for introducing foreign materials into
a cell such as viral vectors, electroporation, ultra-sonic and gene gun.
However, compared to these techniques, microinjection with a single
glass micropipette has found to be the most effective, since it reduces cell
damage, cell waste, cell viability, specificity and phenotype alteration
while increasing the effectiveness of delivering macromolecules [30].
Therefore, the automation of the ICSI process has been a trending
solution that is being extensively investigated by the research
community. However, to automate the ICSI process, understanding the
key steps in the conventional procedure and identifying its limitations is

essential.

Conventional ICSI Procedure
The conventional ICSI procedure tends to follow a common pattern. To
simplify the explanation, henceforth the locations of components have

described using the clock position method.
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Holding pipette First polar Zona
body : Cytoplasm pellucida
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Nucleus

(e) : ®
Figure 5. Conventional ICSI process, (a) Random initial orientation of the oocyte
immobilized by holding pipette, (b) First polar body rotated to the 12 O'clock
position, (c) taking a sperm cell into the injection pipette, (d) drilling the zona
pellucida and creating a characteristic funnel, (e) releasing sperm in the approximate

centre of the oocyte, (f) slowly retracting the injection pipette

Firstly, the oocyte is immobilized with the holding pipette which is
located at 9 O’clock using suction (negative pressure) [See Figure 5(a)].
Then the oocyte is rotated slowly [31] to place the first polar body
farthest from the path of the injection needle (on the 6 or 12 O’clock
position) [See Figure 5(b)], to protect the meiotic spindle [32], which is
considered to be located in the boundary of the oocyte below the first
polar body from being damaged. Subsequently, the equatorial plane of
the oocyte is focused, and the injection pipette will be pressed against
the zona pellucida [See Figure 5(d)], creating a characteristic funnel,
breaking the membrane, at 3 O’clock, at the approximate centre of the
oocyte. Then by penetrating both the zona and the plasma membrane, a
small volume of cytoplasm will be aspirated into the glass pipette to
activate the oocyte and to ensure entering of the ooplasm. The single

immotile spermatozoon is then gently placed near the horizontal axis
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[See Figure 5(e)]. Finally, the withdrawal is conducted carefully to
prevent the oocyte from leakages [See Figure 5(f)]. However, to avoid
leaving behind residual medium with the spermatozoon and to close the
breach of penetration, a mild suction is done, while removing the
pipette, when the pipette is at the approximate centre of the egg, where
some extra-medium is re-aspirated so that the cytoplasmic structures

can envelop the sperm, thereby reducing the size of the breach. [33].

However, the conventional ICSI process contains several deficiencies
which need to be rectified. In ICSI sometimes the nutritive cells might
block the 9 O’clock position and the oocyte cannot be manipulated as
required with the holding pipette. Moreover, in ICSI, a risk of
accidentally bring in foreign somatic DNA into the oocyte is present if
the site of injection has remaining attached cumulus cells.
Predominantly, optimum pressure should be applied during oocyte
handling since the increased pressure can damage the gamete. Thus,
ICSI possesses rather higher risks of doing permanent damages on the
injected oocyte such as lysis, shrinkage, and tannings which results in
deteriorated oocytes at a rate between 1% to 3% [4]. Furthermore, other
critical problems that emerge during the handling of spermatozoon in
ICSI are: spermatozoon remaining stuck to the injection pipette while
being released, spermatozoon are not being sufficiently immobilized to
prevent tail movements after injection, rejecting spermatozoon into
perivitelline space after injection so that the sperm’s tail sticking out of

the zona pellucida, and difficulties in breaking the plasma membrane.

Mechatronics in ICSI Procedure

Due to the low success rate and slow injection rate of ICSI, manual
manipulation requires long training and the experience of the operator.
Therefore, research on human-free robotic devices for IVF started with
[34]. Thereafter, similar research on autonomous micromanipulation
systems immerged in [30,35,36]. These systems have the most commonly
used vision feedback with closed-loop control for precise control of the

micro-pipettes.  Currently, the research on  autonomous
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micromanipulators are more focused on developing their visual
surveying features [37-39]. Even so, those attempts have not shown the
required levels of success in performance to be qualified for commercial
use.

Conventional ICSI +— Piezo actuator

@ — Injection Pipette

—— Microscope

Petri dish

| Micro (fine)
Manipulation

—— Screen

g < |
| ﬁ 5 RSN 4 Macro (coarse)
< )% Manipulation
r

Figure 6. (a) in conventional ICSI, a large amount of cytoplasm is aspirated into the

micropipette at the point of membrane breakage [4], (b) in piezo ICSI, only a little or
no cytoplasm is aspirated [4], (c) A modern micromanipulation device to perform
Piezo-ICSI procedures [40]

Nevertheless, the top-notch mechatronics micromanipulation systems
being used in ICSI outputs a microscale cell manipulation for a
macroscale input [41,42]. These machines consist of microscopes that
have a 200-400 times magnification to visualize the morphological
details of the human oocytes. They also have control units, where the
micropipettes are fixed in a holder that can be moved with both
centimetre and micrometre precisions based on the requirement of
coarse or fine movement. [See Figure 6(c)] This technology has increased
the efficiency of manipulation, and at the same time increasing the

accuracy.

These machines have two separate controllers with a dedicated physical
interphase [43] (teleoperation) such as a joystick, a rotating knob or
graphical computer interphase, for each. The centimetre manipulation
will be conducted through electric motors while rather sensitive
actuating techniques, such as hydraulic, pneumatic, piezoelectric, and
mechanical, will be involved in the micrometre manipulation. Moreover,

some ongoing research expects to provide haptic feedback (tactile
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perception) to the operator through the teleoperated machines [44-47],
to increase the effectiveness of existing mechatronic systems in the

future.

MEMS-based Orientation Control

During the ICSI process, the orientation of the oocyte cell plays an
important role. This orientation should facilitate an obstacle-free path to
the microneedle [32,48] during sperm injection. In the conventional ICSI
process, this is carried out by collaboratively controlling the injection
and holding pipettes. However, this manual process is time-consuming
and prone to damage the oocyte. As a solution for this in [49], MEMS
technology has intervened in developing high precision stages with
micro-wells that can be rotated with micro precision. The research
described in [50] suggests MEMS-based actuation to obtain the expected
orientation by rotating the oocyte at the desired angle. On the other
hand, there are number of other alternatives investigated in literature for
cell rotation using, microfluidic [51,52], optical [53,54], vibration [55,56],
magnetic [21,56,57] and electric [58-60] methods. Even so, these
techniques do not guarantee the non-destructive application on human
oocytes. Furthermore, unlike structural actuators, they do not provide

the accuracy for open-loop control.

MEMS-based Sperm Injection

Although the majority of researchers have attempted to develop the
control aspects of the glass micropipettes, some of the research has been
carried out to design and fabricate innovative microinjection
tools/systems to reduce the damage that can happen to the oocytes
[61,62]. The conventional borosilicate glass capillaries, produced
through pipette pulling, micro-forging and grinding, has been very
popular in IVF Laboratory for a long time [63] because of the ability to
sanitize and sterilize on-site by the physician himself made them
extremely cost-effective. However, due to the requirement of an
experienced operator, the glass pipette is most probably will be

overthrown by the innovative MEMS-based injectors [61,64]. In recent
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times, MEMS-based injection is much popular in drug injection and
cancer cell treatments. Its invasion of the ICSI is yet to be initiated. For
instance, in [64] a novel microinjector has been extensively analysed for
oocyte penetration and shown promising results in terms of oocyte

damage.

In recent times, the concept of piezo-ICSI has been getting increased
attention in the literature. Compared to the conventional ICSI [See
Figure 6(a)], the state of art technique introduced as piezo-ICSI possesses
several advantages. In Piezo-ICSI, the membrane is breaking with a
piezo pulse [37,65], which produces ultrafast forward momentum in a
submicron scale, using flat-tipped micropipettes (no bevelled or spiked
tips). During zona penetration, the injection pipette can drill the zona
without any deformation, and without any cytoplasm is aspirated into
the micropipette during membrane breakage. [See Figure 6(b)] The ICSI
can achieve a 54% fertilization rate and a 33% clinical pregnancy rate,
respectively, while ICSI by piezoelectric activation can raise it to 48%
and 44% [66,67].

Challenges and Future Directions

The success rate and the effectiveness of the IVF process depend upon
environmental factors such as light, vibration, temperature, and
humidity. For example, in ICSI, the temperature should be constantly
kept at a range of 35-38 °C throughout the complete process. For this
purpose, the temperature of all laboratory devices such as heating plate,
transportable container, microscope stage and incubator, should be set
higher than the requested temperature. Therefore, even with the
autonomous control of pipette manipulators, the expected level of
control cannot be provided over environmental conditions during the
fertilization process since it can take up to 6 hours to complete. In
addition, in the IVF-ICSI process with glass pipettes, excessive or
vigorous handling of the oocyte may result in zona pellucida fracture

and even oocyte degeneration. Therefore, the unexpected control

248



Adv. Technol. 2021, 1(1), 235-254

outputs (shocks) in the automated machines should be minimized to

achieve a successful outcome in the IVF process.

On the other hand, since the MEMS technologies are in their early ages,
there is a notable research gap to be addressed for this field to become
established. For instance, the smart material technology, that is acting as
the heart of the MEMS, is highly sensitive to the environment and can be
damaged easily. Therefore, for the time being, complete dependence on
MEMS technology can be doubtful. Especially, due to these
inadequacies, keeping the specimen at the required temperature and
receiving steady movements from MEMS actuators at the same time can

be challenging.

Along with the MEMS actuation and sensing, image processing can be
considered as another key area that requires to be developed for the
autonomous control of microdevices for IVF. Even though some of the
MEMS actuators can be controlled with an open-loop control system,
when the microfluidic techniques get involved in the device, feedback
control is essential. Hence, the microscope image processing technology
should be improved to harvest the higher success rates in MEMS
devices.

Apart from the research topics highlighted in this article, in the future,
ART requires improvements in the methods for gamete retrieval,
embryo development and embryo insertion. Furthermore, ultimately the
expectation on behalf of IVF is to develop an all-in-one robotic device
with MEMS technology, which can perform all the tasks in ART
including the IVF and ICSI operations without human involvement.

Nevertheless, most of the ongoing research on this topic is carried out
focusing on a single step in the IVF process. Hence, the compatibility
among different MEMS-based solutions is questionable when
considering them in a single unit. To solve this, the intervention of
review articles is required on this topic. Then, the research community
can divulge their findings in a common platform where others can easily

access. Hence, authors expect this review article will be contributed as a
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solution for that, and become an aid to achieve the ultimate target of
developing a MEMS-based single device (lab-on-a-chip) that

autonomously facilitate all the steps of IVF.

Conclusion

Due to the deficiencies present in conventional IVF procedures, a
requirement has emerged for more precise mechanisms. However,
based on the literature, MEMS-based systems have proved to be having
the potential to overcome those deficiencies and shown an increased rate
of success in IVF operations. This article provides a brief introduction to
those MEMS-based systems utilized in IVF and identified an abundance
of improvements that need to be done for the current systems to be more
successful. However, the involvement of the engineering community in
ART identified as extremely low. Therefore, this article expects to create

interest and inspiration in applying MEMS in IVF.
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