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Chapter 3

Theoretical Models For Molecular
Motor Transport

Introduction

Theoretically, active transport by molecular motors has been studied extensively at
different levels. Some authors take a bottom-up approach trying to describe how the
molecular motors work internally i.e. elucidating the coupling between conformational
changes of the motor to the hydrolysis of ATP [73]. Others used these results to set
up discrete stochastic models [74] where the configurational changes of a stepping motor
are modelled as a series of energy states. Moreover, combination of experimental work
with bottom-up research yielded concepts such as the duty cycle [75] and duty ratio [3,76]
that can predict whether a single motor is processive or needs to work in an assembly
of motors. In addition, different groups tried to understand the stepping of molecu-
lar motors along the cytoskeletal filaments by means of an inchworm mechanism [77],
Hand-over-hand mechanism [78, 79] or a combination of both [80]. Finally, the motion of
the unbound head of an attached motor was studied. Is the next binding site found by
a (stiff) lever mechanism [81] or a diffusive search [80, 82–84]?

In this chapter I give a review of the development of theories describing directed
molecular motor motion (and their cargoes). These theories use simple physical trans-
port processes that do not include the molecular details or the chemistry involved.
These models inspired the computer models presented in this thesis (see chapters 4
and 6).

In order to develop a model, first its desired features should be clear. As in this thesis
we are interested in the collective transport of many organelles by molecular motors, a
theoretical description should include the following features: (1) Directed motion, (2)
thermal fluctuations, (3) description of the dynamics of bound and suspended motor-
organelle complexes, and (4) hydrodynamic interactions. As we deal with very low
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Reynolds numbers (see chapter 2), asymmetry is the key element to move in a directed
way in such an environment.

Feynman-Smoluchowski ratchet

Since molecular motors and their cargoes are small enough to be subject to thermal
forces, the first attempted model used only these thermal fluctuations as power source
to rectify a net motion. The Feynman-Smoluchowski ratchet, which was first studied by
Smoluchowski [85, 86] and later discussed by Feynman during his lectures on thermo-
dynamics [87], is based upon this principle (see Fig.3.1A).
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Figure 3.1: A) Feynman-Smoluchowski ratchet and pawl device - Two heat baths, 1 and 2, are connected
by an axis. A weight is suspended from the axis. In one heat bath vanes are mounted on the axis, on the
other a ratchet wheel. Asymmetry is introduced by restricting the ratchet wheels’ motion to one direction
by introduction of a pawl. As the system is built at molecular scale it will be subject to thermal collisions.
The molecular bombardments on the vanes makes the axis rotate in one direction only. This results in
lifting the weight and thus violating the second law of thermodynamics. To make the system work it is
essential that both reservoirs are at different temperatures, thus breaking detailed balance. Reproduced
with kind permission from [88]. B) Brownian ratchet mechanism - In the asymmetric periodic potential
U1 a particle is diffusing inside a potential well. When the potential is switched off (U2) the particle can
diffuse freely. When it diffuses far enough before the potential is switched on again, it can get trapped in
the next potential well. The combination of thermal fluctuations, and switching between potential states
rectifies the stochastic thermal motion.

Feynman posed the question whether it is possible to use the thermal fluctuations of
molecules to generate directed motion i.e. is it possible to do mechanical work without
having to spend energy to obtain it? The experiment consists of two isolated heat baths
that are not in contact. The baths are connected by an axis that in one bath is mounted
with vanes and in the other with a ratchet wheel. Additionally, a weight is suspended
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at the centre of the axis between the two heat baths. The whole system is at micro-
scopic scale, thus the system is subject to and will be affected by collisions from the
surrounding gas molecules. The vanes are hit at random from different directions caus-
ing the axis to rotate freely with equal probability in clockwise and counter-clockwise
direction. Next, symmetry is broken by fixing the rotational direction of the ratchet
wheel by addition of a pawl. As a consequence, the unidirectional rotational movement
of the axis is capable of lifting the suspended weight. This suggests that the system
works as a perpetuum mobile, extracting energy out of ’nothing’ i.e. violating the sec-
ond law of thermodynamics∗. However, the system does not work since there are also
gas molecules in the other heat bath. These molecules will collide with the pawl device
and thereby release the ratchet wheel. Feynman showed that as long as both baths are
at equal temperature, the probability for the vanes to rotate by molecular collisions is
equal to the probability for the pawl to be lifted. Therefore, the system will only work
when the baths are at different temperatures i.e. when detailed balance is broken. Thus,
energy from an external source is needed to keep the baths at different temperatures.

Brownian ratchet

As demonstrated by Smoluchowski and Feynman, thermal motion alone is not enough
to drive a mechanical system. A physical model for rectifying directed motion via
molecular motors thus needs an external power source. In a cell this power source
is ATP. Without ATP†, molecular motors will diffuse due to thermal fluctuations along
the bio-filament [89–91] or through the cell. On average no net displacement will take
place. When the external force, generated by hydrolysing ATP, is present, the motors
will start walking along the bio-filament (see chapter 2). A simple model to capture
thermal fluctuations and directed motion is the Brownian ratchet [86, 92–94]. In Fig.3.1B
the simplest version, the flashing ratchet is shown. In this model, a motor-organelle com-
plex, from now on called simply the organelle, is subject to two different potential states.
One state is flat, in this state the organelle diffuses freely along its surface. The other po-
tential state is a periodic asymmetric sawtooth. The asymmetric shape is essential, as to
generate motion detailed balance needs to be broken. This is analogous to the tempera-
ture difference that is required for the Feynman-Smoluchowski ratchet to work. When
this potential is activated, the organelle gets trapped in one of the potential wells where
it moves by thermal fluctuations. Here it is assumed that the temperature is low enough
to prevent barrier crossing due to fluctuations. None of the two potential states indi-
vidually can generate motion along the bio-filament. However, periodically ’switching’
between the two potentials does generate motion. If the sawtooth state is activated,

∗One definition of the second law of thermodynamics states that a process whose only net result is to
take heat from a reservoir and convert it to work is impossible [87].

†In absence of other external forces and/or gradients.
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the motor is trapped in the closest potential well, corresponding to its current position.
When the sawtooth potential is switched off, the motor will diffuse freely. Next, the
organelle is given enough time to, on average, diffuse a distance larger than the short-
est distance (a in Fig.3.1B) between well and barrier, but not enough time to cross the
other barrier (b in Fig.3.1B)∗. After reactivation of the sawtooth potential, the organelle
will either remain in the same potential well or end up in the next. Repetition of this
procedure rectifies net motion, and can even oppose an external force [94] such as the
viscous friction force of the cytosol. The flashing ratchet model is sensitive to many pa-
rameters, including the shape of the potential, the barrier height, the temperature, the
motor diffusion coefficient and the switching frequency between the different states.
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Figure 3.2: A) A Brownian ratchet model for a two headed kinesin motor. Top - The hand-over-hand
motion of a kinesin motor along a microtubule where the two heads are colour coded. Bottom - The two
heads of the kinesin motor are modelled using two identical but shifted potentials. Shifting between the
potentials is governed by the hydrolysis of ATP. Reproduced after [95] with kind permission from Springer
Science and Business Media. B) Two different chemical states of a molecular motor bound to a bio-filament
are shown as two different asymmetrical and periodic potentials, U1(x) and U2(x). The vertical arrow
represents the input of chemical energy (hydrolysis of ATP), making the motor switch potential states.
Stochastically switching between potentials yields a biased diffusive motion. The positions of the potential
wells are indexed, li, along a potential with length x. Reproduced after [74] with kind permission from
ANNUAL REVIEWS.

∗This time can be estimated using eq.2.31 introduced in chapter 2.
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Ratchet Models Of Molecular Motors

Jülicher and co-workers [95] used the Brownian Ratchet to map the motion of the two
heads of a processive kinesin motor on two asymmetrical energy landscapes, that are
equal in size and shape, but shifted less then a period with respect to each other (see
Fig.3.2A). The heads take turns in hydrolysing ATP and step along the microtubule
while each head shifts from one energy landscape to another. A different approach is
to view the bio-filament bound motor as diffusing on two or more spatially parallel,
periodic and asymmetric coarse-grained potentials (see Fig.3.2B) [74]. Each potential
corresponds to a different biochemical state of the motor. Driven by chemical energy,
the motor switches stochastically from one potential to another and the resulting system
evolves according to a set of coupled Fokker-Planck equations. This yields a biased dif-
fusive motion. Finally, Jülicher et al [92] studied many motors moving simultaneously
along a two-state Brownian ratchet, which could be used to describe systems where
many motors work in concert such as in muscle contraction.

Brownian Ratchets Featuring Hydrodynamic Interactions

In 2003, Curtis and Grier [96] showed, using a toroidal optical trap, that small parti-
cles (800 nm polystyrene beads) can move around in a circular fashion. The motion is
driven by angular momentum transfer coming from a tilted sinusoidal potential acting
on the particles. By means of simulations Reichert and Stark [97] demonstrated that this
transport could in a viscous fluid be enhanced by means of hydrodynamic interactions.
In particular they noticed that pairs of particles moved faster than single particles. As a
follow up, the same group confirmed this result in real experiments [98]. Additionally,
they presented experiments with charged particles trapped in a static asymmetric po-
tential. In this system a positive force is acting on the particles, additionally to the saw-
tooth potential, effectively yielding a tilted potential (Fig.3.3). If a particle 1 is trapped
in the well and another particle 2 enters this well from above, the electrostatic repulsion
will push particle 1 over the next barrier. Next, the hydrodynamic interactions between
the particles makes particle 2 follow particle 1 over the barrier. This procedure is re-
peated and effectively the two particles move via a ’caterpillar like’ motion. Recently,
Polson et al. [99] performed Brownian Dynamics simulations of a flashing ratchet po-
tential where they report that the driven motion of a polymer in a ratchet potential is
enhanced by hydrodynamic interactions. Moreover, Fornés [71] presented simulation
results of two elastically coupled particles, representing the two heads of a molecular
motor, in a flashing ratchet. He showed that not only do the hydrodynamic interac-
tions enhance the transport but additionally can overcome an opposing load. Finally,
the group of Stark repeated their experiments with the toroidal trap, but this time every
particle was subject to an individual ratchet potential. Again hydrodynamic interac-
tions enhanced the transport [100].
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Figure 3.3: Two charged particles in a tilted asymmetrical potential. (A) Particle 1 is trapped in a
potential well, particle 2 enters this well. (B) Due to electrostatic interactions particle 2 pushes particle
1 over the barrier. (C) The hydrodynamic interactions between the particles cause particle 2 to follow
over the barrier (D). In the next well this behaviour will be repeated yielding an inchworm type motion.
Reproduced after [98] with kind permission from Europhysics letters (https://www.epletters.net)

(Totally) Asymmetric Simple Exclusion Process With Lang-
muir Kinetics

The Brownian ratchet gives a good description of how a molecular motor or a motor-
cargo complex can move processively along a cytoskeletal filament. However, it does
not account for the processivity of molecular motors as, binding to, and detaching from,
the bio-filament is not included. Parmeggiani et al. [101, 102] adapted the Totally Asym-
metric Simple Exclusion Process (TASEP) to capture both the biased diffusion and motor
processivity in one model. The basic TASEP is an extension of stochastic lattice gas
models and was first introduced in 1968 as a theoretical model for describing the kinet-
ics of biopolymerisation [103]. Whereas the TASEP only allows for forward stepping,
there exists also an ASEP (Asymmetric Simple Exclusion Process). The latter model cap-
tures a biased diffusion that does allow for back stepping. Both TASEP and ASEP are
non-equilibrium steady-state models that require a constant gain or loss of energy. The
models have many applications, including modelling of car traffic and ant trails (see
reviews [104, 105]).

In the adapted TASEP of Parmeggiani et al. (Fig.3.4A), the bio-filament is mapped
on a lattice of nodes and molecular motors are entering the filament from the left side
with a probability α. The motors ’walk’ unidirectionally along the filament from left
to right. The model incorporates excluded volume thus the adjacent lattice node has
to be vacant before a motor can make its move. Motors that reach the end of the fila-
ment can leave the filament with the probability β. As mentioned before, in the TASEP
model back stepping is forbidden, even though molecular motors are know to step both
forward and backwards (see chapter 1). The motor concentration (number density) in
the bulk is determined by the choice of the boundary conditions α and β. If β < α,
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then a traffic jam of molecular motors can appear at the end of the filament increasing
in length with decreasing β. Parmeggiani et al. combine this TASEP model with Lang-
muir Kinetics (LK), a model that was originally developed to describe the attachment
and detachment of gas molecules on a substrate [106]. In LK, motors can detach from
the filament with rate ωD and attach with rate ωA. The filament is submerged in a virtual
particle (motor) bath from where, at random positions along the filament, motors can
attach. Unlike TASEP, LK is in thermal equilibrium and obeys detailed balance. The
ratio between the rates of attachment and detachment is called the binding constant,
K = ωA/ωD. The concentration in the bulk of the system can be predicted using the
Langmuir equilibrium density defined as: K/(1 +K)∗.

We are interested in the situation where the dynamics of LK and TASEP compete.
However, these dynamics are dependent on the system length, N . As a motor typically
spends a time τ ∼ 1/ωD on the lattice, it will visit a number of sites n in the order of
τ ∼ n. This means that the fraction of sites visited along the filament is n/N ∼ 1/ωDN .
In the thermodynamic limit (N → ∞), this fraction of sites would go to zero i.e. the
system would be completely dominated by LK. Thus, to enable competition between
both models, it is important that the motors spend enough time on the lattice to interact
with each other. For this purpose the total detachment (ΩD) and attachment (ΩA) rates
are introduced to make them independent of the filament length via:

ΩA = ωAN and ΩD = ωDN. (3.1)

In Fig.3.4B it is shown that the dynamics of both TASEP and LK can be recovered
by the model by tuning the detachment rate. For small values of ΩD (and constant α,
β, K and N ), the TASEP mechanism dominates the system. Here the detachment and
attachment rates are very small such that the motors spend most of their time along
the bio-filament. For large ΩD the dynamics are determined completely by the Lang-
muir kinetics. Motors continuously appear on and disappear from the filament. How-
ever, when the TASEP and LK processes compete i.e. when motors spend enough time
‘walking‘ along the filament to interact, different dynamics are found. There is competi-
tion between bulk and boundary dynamics resulting in a non-monotonic concentration
profile on the filament. For ΩD = 0.1 in Fig.3.4B regions of low and high motor con-
centration are shown separated by a steep rise in concentration. At the beginning of
the filament TASEP dominates, followed by a domain wall after which the Langmuir
dynamics rule. Finally there is a depletion effect at the end of the filament. The width
of this domain wall decreases with increasing filament length (see Fig.3.4C)†.

∗Parmeggiani et al. [101, 102] assume a constant motor concentration of unity in the bulk during
attachment and detachment.

†For constant values of α, β and K.
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Figure 3.4: TASEP model with Langmuir Kinetics. A) The different moves on the one-dimensional
lattice. Two different mechanisms are shown. First there is the hopping mechanism (TASEP) governed by
the difference in ingoing and outgoing rates, α = 0.2 and β = 0.6 respectively. The second mechanism
(Langmuir Kinetics) is bulk attachment and detachment with rates ωA and ωD. The ratio between these
values is K, and is fixed to a value of 3. Excluded volume interactions are accounted for. B) Three different
curves are shown for different ΩD, where N = 103 is the number of binding sites, i, the index of a binding
site and x ≡ i/N . For small ΩD (and small ΩA), the TASEP mechanism dominates the dynamics. For
large ΩD (and small ΩA) the Langmuir kinetics dominate. The intermediate ΩD (and intermediate ΩA)
shows a behaviour that depends on both mechanisms, yielding a low and high density region separated
by a domain wall. C) The width of the domain wall in Fig.B decreases with increasing system length (at
constant ΩD). The system length is given by N = 10k. Reprinted figure with permission from [101].
Copyright 2013 by the American Physical Society.
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Extensions Of The TASEP/LK Model

The model of Parmeggiani et al. [101, 102] was extended after experimental work by
Mallik et al. [107] showed that dynein motors can walk with steps of 8, 16, 24 or 32 nm
along a microtubule depending on the free space available along the filament. To model
this hindrance-dependent stepping behaviour of a dynein protein, Kunwar et al. [108]
combined the TASEP with the Aggressive Driving Model (ADM) that allows for motors
to walk between 1 and 4 lattice nodes per time step depending on the number of vacant
lattice nodes.

Other authors focus on different types of interaction between the motors and the
filamentous track they walk on. Among these applications are the burned-bridge model,
where part of the filament becomes unavailable after a molecular motor has walked
upon it [109–111]. In addition, Klumpp et al. [112] reported an ASEP where the filament
consists of active compartments, where processive motion takes place, and diffusive
compartments where an unbiased random walk takes place. Moreover, the influence
of defects on the bio-filament in the form of road blocks [113] that obstruct the motion,
have been studied. Also, the dynamics at junctions of multiple filaments have been
reported [114, 115].

Another line of research takes advantage of the stochastic lattice gas models to un-
derstand the behaviour of different species of motors on a filament. Chai et al. [116]
modelled motors with different stepping rates and detachment probabilities along the
same filament. Similarly, motors of opposite polarities sharing the same filament have
been studied [117, 118]. The latter could occur on a microtubule where kinesin and
dynein motors walk in opposite directions or could apply to actin filaments where plus
and minus end myosin motors exist (see chapter 1). In addition, motion of molecular
motors via occupancy facilitation has been studied [119]. In the latter model a motor
only steps when the next site is vacant and the previous site is occupied. Furthermore,
Goldman et al. presented an ASEP of molecular motors with cargoes [120] and followed
this work with a model that allows for ’cargo-hopping’ from one motor to another. The
latter occurs when a cargo carrying motors’ path is blocked by another motor [121].

Two Lane Exclusion Processes

The exclusion process models discussed so far did not include interactions between
lanes nor were the number of motors conserved in the system. To study this, models
have been developed where two lanes of lattice nodes exist parallel to each other. The
lanes can be identical in properties or different. Interaction between both lanes takes
place via Langmuir kinetics.

Evans et al. [122] introduced a two lane model consisting of a TASEP lane (biased
diffusion) and a diffusive lane where motors experience a one-dimensional random

35



walk. A motor can thus detach from a filament, diffuse and rebind to the filament
again, thus conserving mass in the system. In the approach of Ebbinghaus et al. [123]
the model consists of a TASEP lane and a diffusional lane where no excluded volume
is taken into account. Two kinds of motors exist that move in opposite directions. This
way, the authors model a microtubule occupied by both kinesin and dynein and study
their dynamics. They followed this work [124] for different properties of the diffusive
lane and by introducing (temporary) defects along the TASEP lane.

Furthermore, different situations of two parallel TASEP have been studied. Shi et
al. [125] studied the dynamics of two TASEP with lane changing via Langmuir kinetics.
Additionally, Melbinger et al. [126] (building on a model by Popkov et al. [127]) pre-
sented a two lane TASEP without Langmuir kinetics. However, the motion of motors
on one TASEP is restricted by the position of motors along the other filament thereby
including mutual excluded volume effects. This situation can occur in a cell when cy-
toskeletal tracks are in close approximation or when multiple tracks along a microtubule
are followed by different motors. Finally, the two lane ASEP of Juhász et al. [128] con-
sists of two lanes of opposite polarity permitting lane changes.

Motor Interactions With The Environment

The model presented by Parmeggiani et al. [101,102] and its extensions incorporates the
processivity of molecular motors in combination with their directed motion. However,
it fails to describe the interaction of the active motors with the environment. In the cell,
the molecular motors alternate between periods where they are bound to the cytoskele-
ton and periods where the diffuse freely through the cell’s cytosol [24]. Therefore, a
more realistic model should incorporate motor interactions with the environment.

Exclusion Processes With Solution

The first molecular motor model that built upon exclusion processes and incorporated
interaction with the surrounding medium was presented by Lipowsky et al. [129, 130].
The model consists of a system where both the bio-filament(s) and the solution are
mapped upon a lattice with lattice spacing, l, equal to the diameter of the molecular
motor with cargo. In the solution, suspended motors or motor-organelle complexes,
perform a random walk. In one simulation time step a motor is restricted to a move
of ±1, in all x, y and z-directions with probability p (see Fig.3.5A). The probability de-
pends on the number of dimensions, s, in which the random walk takes place and is
given by: p = 1/2s. The sum of these probabilities is unity. The diffusion in ’solution’ is
purely a random walk which is independent of the motor’s location in the solution and
on the motor concentration. The diffusion constant is chosen to be a constant for each
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suspended object, therefore, hydrodynamic interactions are neglected in this model. In
addition, excluded volume interactions are taken into account by allowing only one
motor at a lattice node at given moment in time. Furthermore, the filament is modelled
as an ASEP with LK dynamics, allowing for forward and backward steps as well as in-
cluding the motor processivity. Hence, the bound motors are subject to a biased random
walk. The motors are driven along the lattice according to the following probabilities:
α (forward), β (backward), γ (detachment) or δ (dwelling) (see Fig.3.5B). As it was the
case in solution, the sum of these probabilities is unity. The velocity of the bound mo-
tors is imposed by the degree of bias: V = (ᾱ − β̄)l/τ in which ᾱ ≡ α/(α + β + γ),
β̄ ≡ β/(α + β + γ) and τ a time constant. As mentioned above, the suspended motors
can move to any of the adjacent lattice nodes with equal probability. Therefore, a motor
in a lattice node adjacent to the bio-filament can attach to the filament with finite prob-
ability provided that the lattice node is not occupied. This move will next be accepted
with probability π. A more detailed description of the dynamics on the bio-filament
and the detachment and attachment of motors can be found in appendix A.

Lipowsky et al. used this model to study the relevance of the fluid on the motor
dynamics in different geometries for both open and closed systems. For example, they
studied motor transport in a closed tube in which one filament is present that is posi-
tioned in axial direction along the tube wall [129]. The filament is treated as a TASEP
with LK, thus bound motors are only allowed to step forwards towards the plus-end
(β = 0) or detach. Motors are not allowed to cross the confining walls that close off the
tube. Even at small motor concentrations self-organisation will take place in the system.
As can be seen for N = 40 in Fig.3.5C, the unidirectional motion of the motors results in
a ‘traffic jam‘ or area of high motor concentration at the end of the filament. This bound
motor concentration drops off rapidly after the beginning of the jam is reached. Since
the bound motors accumulate at the end of the filament, there will be more motors de-
taching in that region. This results in a motor gradient in solution which yields a flux
of motors in opposite direction. The unbound motor flux balances the bound motor
flux establishing a stationary non-equilibrium state. Fig.3.5C shows that the length of
the traffic jam increase with the number of motors (N = 150) in the system, until the
filament becomes almost saturated (N = 250).

This flexible model was easily adapted to study collective effects in different geome-
tries. For example, the random walks of molecular motors in a system of immobilised
bio-filaments in two and three dimensions have been studied in more detail [131], as
is transport in systems with different filament arrangements, including uni-axial and
aster-like configurations [132,133]. Additionally, the tug-of-war between different types
of competing molecular motors attached to a cargo has been considered [134–136].
Moreover, the motor stepping behaviour and in particular the binding and unbinding
dynamics with changing motor traffic density [137] has been investigated. In addition,
defects in the filaments and the presence of microtubule associated proteins have been
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Figure 3.5: Lipowsky model. A) In solution the motor can diffuse freely with equal probability to any
of the four adjacent lattice nodes on a 2d lattice. The model can be adapted to be used in one, two or
three dimensions. B) The dynamics of a bound motor protein. The protein moves with the following
probabilities: forward (α), backward (β), detachment from the filament (γ) or dwelling (δ). C) Normalised
steady-state concentration profile, ρbl3, of molecular motors bound to a single filament in a closed tube.
The filament is located at the bottom of the tube. The position on the filament is given by, X , in units
of the lattice spacing, l, and the filament diameter D = l. The motors move towards the positive end
of the filament that is located at X = 200l. The tube has length, L = 200l, and width, W = 25l,
N indicates the total number of motors and Nb, the bound motors. The bound density is given by:
ρb = Nb/D

2L = Nb/200l
3. Reprinted figure with permission from [129]. Copyright 2013 by the

American Physical Society.

studied [138]. Similarly, one of these proteins, the tau protein was the topic for an-
other group (Grzeschik et al. [139]). The tau protein may reduce the tubulin affinity of
the motors [140, 141]. This could be important for understanding Alzheimer’s disease,
which is linked to an altered tau metabolism, resulting in neuronal disorders known as
tauopathies [142].

Continuum Models

The importance of the interaction of the motors with the surrounding medium has
also been studied in an off-lattice or continuum environment. For example, Surrey
et al. [143, 144] presented experimental work and simulations of active polymer solu-
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tions where solutions of molecular motors (both plus and minus end) and bio-filaments
give rise spontaneously to different filament geometries. The shape of these geometries
depends upon the motor concentration, motor type and motor processivity. The simu-
lations make use of a set of coupled kinetic equations that describe both the bound and
unbound motors respectively.

The influence of a more realistic medium by including hydrodynamic interactions
has also been studied in the continuum. Korn et al. [145] studied the binding of a motor-
cargo complex to a receptor on the filament. In addition, they studied how the transport
of a cargo along a cytoskeletal element is influenced when there are multiple molecular
motors present on the cargo [146]. In these simulations hydrodynamic interactions be-
tween the cargo and wall (filament) are taken into account. The motor motion is mod-
elled via numerical integration of the Langevin Equation. The simulations show that
the mean transport length increases exponentially with the amount of motors attached.
This result is in agreement with earlier simulations presented by the same group [134]
and with experimental work [147, 148].
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