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Abstract: Microrobots are currently investigated for their po-
tential use in biomedical applications. Among areas considered,
the vitreous humour of the eye represents a location where micro-
robots could potentially perform therapeutic or diagnostic tasks.
This paper aims at developing general strategies for the modeling
of the vitreous humour in view of the potential use of microde-
vices in non-Newtonian environments. The suitability of biomed-
ical applications of microrobotics as well as existing strategies
and limitations of existing ocular drug-delivery methods are ex-
amined. Finally, elements of non-Newtonian fluids mechanics are
presented along with a discussion on different rheological models.

1. Introduction

Advances in minimally invasive medicine led the development of medical tools and
devices enabling medical intervention with minimal trauma. Recently developed tools
in minimally invasive medicine include robot-assisted surgery and the development of
capsule endoscopy for gastrointestinal diagnosis. The design and fabrication of smaller
devices is currently at an early concept stage and it is expected that as the state of
the art advances, microrobots could potentially perform tasks such as drug-delivery,
marking or sensing. Research in microrobotics already included experiments in parts
of the circulatory system of an animal (Martel et al., 2007) and initial tests were
performed with an assembled-MEMS microrobot for potential applications within
the vitreous humour of the eye (Kummer et al., 2007).

Issues related to the generation, storage and transmission of power of such mi-
crodevices can be addressed by using of internal power sources such as batteries,
MEMS or biofuel cells. As an alternative to such internal power sources, microrobots
can also be passive devices steered by external magnetic fields (Martel et al., 2007;
Kummer et al., 2007). Some research even made direct use of the natural propul-
sion system of magnetotactic bacteria controlled by a clinical MRI system (Martel
et al., 2009). Extensive discussions on ways to construct, power and functionalize
microrobots are available in the literature.
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Fig. 1. Cross-section of the human eye. Image from the National Eye Institute, Na-
tional Institutes of Health, USA.

2. Biomedical Applications of Microrobotics

Microrobots are currently investigated for their potential use in biomedical applica-
tions as they could potentially perform tasks which are currently difficult to accom-
plish with traditional methods. A successful example of applying small-scale devices in
biomedical applications are the aforementioned commercially available capsule endo-
scopes used for gastrointestinal diagnosis. Smaller devices in the micron to millimetre
range, called microrobots are currently in research stage. At the present state of
technology, biomedical microrobots are limited to relatively simple designs and tasks
such as navigation of ferromagnetic bodies for applications in blood vessels (Math-
ieu et al., 2003; Martel et al., 2007) or the development of oxygen sensitive coatings
for micromagnets (Ergeneman et al., 2008) controlled by electromagnetic fields. As
technology advances, it is expected that the design and fabrication of such devices
will become more complex and could therefore be applied for the targeted delivery
of chemical substances, marking or sensing or other tasks (Nelson et al., 2010). Con-
sidered areas of application of microrobotics include the circulatory system, central
nervous system, urinary system or the eye.

3. Microrobotics and Ophthalmology

Retinal microsurgery requires precision, dexterity as well as force and tactile sensitiv-
ity. Such procedures also imply introducing different instruments into the patient’s
eye as well as a vitrectomy. Many treatment methods of ophthalmic diseases, such
as age-related macular degeneration (AMD) or retinal vein occlusions (RVO) may
require surgical interventions. Such methods are invasive and may induce clinical
complications in the patient’s eye (Pieczyński et al., 2010). Microrobots could poten-
tially reduce the invasiveness of such procedures and perform tasks such as targeted
drug delivery or sensing. Current methods of delivering drug into the eye, shown in
Tab. 1, encounter both physiological and physical barriers which limit drug penetra-
tion.
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Tab. 1. Existing strategies for ocular drug-delivery and their limitations

Type of administration: Limitations:

1. Systemic Blood-eye barrier limits drug delivery

2. Topical Limited drug absorption due to protective
mechanism of the eye

3. Intravitreal injections Repeated injections; risks of retinal tox-
icity, mechanical damage, inflammation,
hemorrhage, etc.

4. Permanent inserts Non-biodegradable inserts must be surgi-
cally removed after drug reservoir is de-
pleted; vitrectomy

4. Biodegradable inserts Uncontrolled drug release mechanism

5. Microrobots (research) Issues such as microrobot powering, con-
trol, localization and functionalization
must be addressed as well as important is-
sues related to their potential use in-vivo

4. Characteristics of the Vitreous Humour

The vitreous body is a transparent gel composed mainly of water along with collagen
fibrils and hyaluronic acid which fills the posterior cavity of the eye (Fig. 1). The
vitreous functions include maintaining the shape and internal pressure of the ocular
globe, damping vibrations caused by head movements and optical functions (Walecki,
2007).

Many studies on the vitreous humour were conducted in the past. Such research
often aimed at finding biochemically appropriate vitreous substitutes (Baino, 2011;
Kleinberg et al., 2011) or studied the viscoelastic properties of the vitreous by perform-
ing basic rheological tests on human or animal samples (Lee et al., 1992; Nickerson
et al., 2008) but with a limited focus in the mathematical apparatus or potential
engineering applications. The literature also contains studies on the biomechanics of
the ocular globe which is not the focus of this study.

Several components of the human body exhibit viscoelastic characteristics includ-
ing the vitreous of the eye. Studying its viscoelastic properties and determining an
adequate constitutive equation describing its behaviour will serve as the mathematical
foundation for further investigations of the potential use of microdevices in ophthal-
mology.

5. Overview of Non-Newtonian Models

Momentum transport in fluids is described by the Cauchy momentum equations, a
set of vector partial differential equations of the following form:
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ρ

(
∂v

∂t
+ v · ∇v

)
= −∇p−∇ · τ + ρg (1)

τ - the stress tensor

v - the velocity vector

g - the gravity vector

ρ - density

p - pressure
For incompressible Newtonian fluids, the constitutive equation takes the following

form:
τ = −µ

(
∇v + (∇v)T

)
(2)

Here, τ represents the stress tensor, v is the velocity vector and µ is the strictly -
Newtonian viscosity. For non-Newtonian fluids such as the vitreous humour, the rela-
tionship between stress and the rate of deformation tensor is expressed by a non-linear
function f and it is necessary to determine the stress tensor through an appropriate
constitutive equation:

τ = −f
(
γ̇
)

(3)

Unlike the single Newtonian case, a variety of such relationships exist; a few
examples are given in Tab. 2.

Tab. 2. Rheological models according to type and some constitutive equations

Type Constitutive Equation

Generalized
Newtonian Fluid

τ = −η (γ̇) γ̇

η = −mγ̇n−1

eg. Ostwald-de Waele Model

The
Linear-Viscoelastic

Models

τ = −
∫ t
−∞G (t− t′) γ̇(t′)dt′

eg. GLVE

Nonlinear Models

τ(t) = +
∫ t
−∞M (t− t′) ·(

2 ∂U
∂I2

C − 2 ∂U
∂I1

C−1
)
dt′

eg. K-BKZ Model

Reptation and
Molecular Models

τ = −
∫ t
−∞M (t− t′)Q(t′, t)dt′

M(t− t′) =
∑
iodd

Gi
λi
e
− t−t

′
λi

Q(t′, t) = 1
4π

∫ 2π

0

∫ π
0
5

(
û′·F−1û′·F

|û′·F−1|2
−1
)
sin θdθdφ

eg. Doi-Edwards Model
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Non-Newtonian fluids exhibit characteristics such as time-dependency, memory
effects, normal stresses, etc. The simplest equations which include memory effects
of non-Newtonian fluids are the linear-viscoelastic models such as the Generalized
Linear-Viscoelastic Model (GLVE), the most generalized form of the Maxwell model.
Though it can match small-amplitude oscillatory shear data and captures time effects,
it is only valid for small strains and small strain-rates. Further, it fails to predict shear
normal stresses, shear-thinning or thickening and is not frame-invariant. Further
models in Table 2 are different nonlinear modifications of the equations as well as a
model which goes beyond classical continuum mechanics and make use of molecular
dynamics.

Determining an appropriate mathematical model describing the behaviour of bioflu-
ids such as the vitreous humour will serve as the mathematical foundation for further
investigations. Once the mathematical model is obtained, it can be implemented into
a numerical model to determine the behaviour of microdevices within biofluids.
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