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Modeling of Spermbots in a Viscous Colloidal Suspension
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Mariana Medina-Sánchez, Oliver G. Schmidt, and Sarthak Misra
the ﬂuid, while the latter provides a magnetic dipole moment for directional control
under the inﬂuence of an external magnetic
ﬁeld.[6] With sperm cells, even more so
than with other microorganisms, we can
prospectively navigate through ﬂuids of
the human body as they are not toxic.
Spermbots were developed by capturing
motile sperm cells in microtubes, which
are fabricated by rolled up technology[7]
or 3D maskless lithography[9] (Figure 1).
Directional control under magnetic guidance, thermotriggered cell release,[10] and
remote-controlled transport and delivery
of immotile sperm cells[11] as well as
sperm-mediated drug delivery[5,12] have
been demonstrated using spermbots. In
order to translate spermbots into in vivo
applications, the hydrodynamic eﬀects in viscous media similar to that encountered in vivo should be studied.[13,14] In the
male and female reproductive tracts, sperm cells encounter ﬂuids with a relatively large range of viscosities, up to several orders of magnitude greater than the viscosity of water. It has been
described that sperm cells show a diﬀerent motion pattern in
highly viscous ﬂuids which is derived from the diﬀerence in ﬂuid
mechanics.[15,16] Berg and Turner have observed propulsion enhancement of microorganisms in solutions with highly structured viscous agents.[17] They have suggested that the solution
forms a loose-quasi-rigid network (gel-like polymer solution) and
exerts normal forces to a body even when it does not possess a
component of velocity along the normal direction. Leshansky has
also presented a theoretical framework for propulsion through
heterogeneous viscous media.[18] This framework is based on solutions of averaged equations of viscous ﬂow through a random
spare array of obstructions (ﬁbers or spheres). The numerical calculations have demonstrated that the propulsion is enhanced in
terms of speed and eﬃciency owing to the random spare array of
obstacles. Münch et al. have also modeled the ﬂagellar swimming
in complex environment by an array of obstacles and demonstrated that geometrical swimming leads to enhanced velocities.
When these obstacles are not ﬁxed, but being pushed aside, a
reduced swimming speed is expected, as the moving obstacles
display a reduced resistance to the pushing of the swimmer.[19]
Recently, modeling by multiparticle collision dynamics allowed a
new explanation of the propulsion enhancement of bacteria on
polymer solutions taking into account the polymer density distribution around the bacterial ﬂagellum.[20]
Here, we develop a numerical model of the spermbot based
on the method of regularized Stokeslets[21,22] to determine the
Stokes ﬂows and the velocity of the spermbot in the presence

Spermbots are biohybrid micromachines consisting of single sperm cells
captured in artiﬁcial magnetic microstructures, and have the potential to act
as autonomous tools for minimally invasive medicines and in diverse in vivo
applications. This work investigates the hydrodynamic eﬀects of the
spermbots in a heterogeneous viscous medium similar to environments
encountered in vivo. The propulsion of the spermbots is simulated using a
numerical model based on the method of regularized Stokeslets for
computing Stokes ﬂows in the presence of immersed obstacles. It is shown
that the concentration and size of these obstacles create a pressure gradient
along the propulsion axis of the spermbot; hence they inﬂuence its eﬀective
net motion. In particular, the simulation results herein suggest that the
forward and lateral swimming speeds of the spermbot increase with the
concentration of the immersed obstacles and decrease with their size.

1. Introduction
There is a signiﬁcant interest in the use of motile sperm cells and
microorganisms to propel microobjects and achieve locomotion
in viscous environments. The coupling between these cells or microorganisms and a magnetic structure enables us to develop biohybrid microrobots.[1–5] The former imparts a propulsive force to
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Figure 1. Spermbots consisting of rolled-up microtubes and bovine sperm cells. a) A schematic shows a sperm cell captured inside a microtube. b)
Bright ﬁeld microscopy images of bull sperm cells captured inside rolled up microtubes. c) A scanning electron microscopy image of a bull sperm. d) An
array of rolled up 20-µm-long microtubes is fabricated by rolled up nanotechnology.[1,7] Scale bars are 20 µm. Reproduced with permission.[8] Copyright
2015, Wiley-VCH.

of immersed obstacles. This method enables us to compute
Stokes ﬂow driven by distributed forces at material points in a
ﬂuid based on the superposition of exact solutions of the Stokes
equation.[23] The physiological conditions encountered by the
spermatozoa in vivo contain complex mixtures of suspended
cells and viscous ﬂuids. The female reproductive tract ﬂuids contains secreted cells (e.g., epithelial cells, leucocytes, cell debris[24] )
which are immersed in a highly viscoelastic matrix. In this work,
we attempt to simulate this environment by taking into account
the particle concentration and size and their eﬀect on the resulting spermbot velocity and ﬂagellar waveform. First, we use experimental ﬂagellar beat patterns of the spermbots to determine
the velocity of Stokeslets boundary points along the ﬂagellum.
Second, these velocities are used to calculate the ﬂow-ﬁeld of the
spermbot and the obstacles. The theoretical prediction of this
model shows the inﬂuence of the concentration and size of immersed obstacles in a colloidal suspension. In addition, the inﬂuence of the variation in the length of the mid-piece and the
depth of the sperm head inside the tube on the propulsion are
investigated.

2. Governing Equations of the Spermbot in a
Viscous Colloidal Suspension
We consider a tube with an average magnetic moment M, lying
along its long axis, of length L t and radius Rt . This magnetic moment enables directional control under the inﬂuence of an external magnetic ﬁeld B. A sperm cell with spheroidal head is
rigidly attached to the inner surface of the tube at a distance d,
as shown in Figure 2a. The spheroidal head of the sperm cell
has major diameter 2Rmaj and minor diameter 2Rmin . This head
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is rigidly attached to a ﬂexible ﬂagellum via a rigid mid-piece
with length L m . The ﬂagellum of length L f and diameter 2Rf ,
oscillates at an angular frequency ω. The resulting spermbot is
contained in a viscous colloidal suspension with viscosity μ and
density ρ (Figure 2b). The colloidal suspension contains particles
π R2 Np

with average diameter 2Rp and area fraction φ = Ap , where Np
is the number of particles and A is their total area. The spermbot
undergoes ﬂagellar swimming at an average forward speed Ux ,
while immersed in the colloidal suspension, characterized by low
Reynolds number (Re = ρUμx L ) hydrodynamics on the order of
O(10−3 ), where L is the characteristic length of the spermbot.
The governing ﬂuid mechanics equations for the spermbot
at low Reynolds numbers are given by the following Stokes
equation:
μ∇ 2 u + f − ∇ p = 0

(1)

∇ ·u=0

(2)

where u is the velocity vector ﬁeld. Further, f and p are
the body force of the spermbot acting on the ﬂuid and the
scalar pressure ﬁeld, respectively. The pressure ﬁeld is inﬂuenced by the size and concentration of the immersed obstacles of the medium. The surface of the microtube, the
head and ﬂagellum of the sperm, and the particles of the
colloidal suspension are covered with N Stokeslets boundary points. The position and velocity of the ith boundary
point is ri = (xi , yi ) and ui , respectively, for i = 1, . . . , N The
distance between the boundary points is s . To investigate
the local ﬂow-ﬁeld of the spermbot, a numerical simulation
based on the method of regularized Stokeslets is used. This
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where r k = |x − xk |. Further, the velocity due to force fk at points
xk is given by
u (x) =
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Equation (6) can be used directly to compute the ﬂow due to
given forces. It is also possible to compute the forces that create
the ﬂow-ﬁeld when the velocity of the beating ﬂagellum is known.
Therefore, Equation (6) can be written as a system of equations
as follows:
u (x i ) =

N


Mi j (x1 , . . . , x N ) f j , for i = 1, . . . , N

(7)

j =1

Equation (7) can also be represented in the following compact
form:
Figure 2. A schematic representation shows a spermbot in a viscous colloidal suspension. a) The spheroidal head of the sperm cell is ﬁxed to the
inner surface of the microtube at distance d. b) Motion of the spermbot is
governed by the local equilibrium between the viscous and elastic forces.
The particles in the colloidal suspension are modeled as obstructions,
each exert mean drag force of 6π μr R p u, where u is the uniform ﬂow.

U = MF

method is based on the superposition of the following delta
functions:

xf (s , t ) = − (r h +L m ) e1x (t ) −

(8)

where U is a 2N × 1 velocity vector and F is a 2N × 1 force vector. Further, M is a 2N × 2N matrix. We deﬁne Stokeslet points
on the beating ﬂagellum of the spermbot as a function of the arc
length s as follows:[25]

φ (r ) =

3 3
5/2
 2
2π |r| +  2

(4)
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sin ψ (s , t ) s ± cos ψ (s , t ) Rf

(9)

where ψ(s , t) is the tangent angle at each ﬂagellum point enclosed by the long axis of the sperm head and the local tangent of
the ﬂagellum at position r(s , t). Further, e1x (t) and e1y (t) are timedependent unit vectors that are initially oriented along the major
(e1 ) and minor (e2 ) axes of the head, respectively, and change each
time step t as follows:
ė1 (t ) =

In (4),  is a parameter that describes the sharpness of the delta
function, and is dependent on the distance between the boundary points using,  = 0.25s . Based on the regularized Stokeslet
method, the pressure, due to force fk at points xk , is determined
as follows:

s

0

(3)

where φ (r) is a cutoﬀ function centered at the point r0 and given
by

cos ψ (s , t ) s ± sin ψ (s , t ) Rf

0

yf (s , t ) = − (r h +L m ) e1y (t ) −
F ( r ) = f0 φ  ( r − r 0 )

s


(t ) te2 (t )

ė2 (t ) = − (t ) te1 (t )

(10)

where (t) = ˆ cos ωt is the angular velocity of the sperm head
with amplitude ˆ . In (9), ψ(s , t) is the curvature of the ﬂagellum
and is governed by
ψ (s + L m ) = ψ0 (s )
+ 2ψ1 (s ) cos [φ (s )] cos (ωt ) + 2ψ1 (s ) sin [φ (s )] sin (ωt )

(11)

ψ (0, . . . , L m ) = ψ ( L m )
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Figure 3. Calculated versus measured deformations of the ﬂagellum of the spermbot are provided at diﬀerent time instances. The tail deformation (red
line) is calculated using Equation (11) for K 0 = 1500 m−1 (mean ﬂagellar curvature), A 0 = −14 000 m−1 (amplitude), λ = 150 µm (wavelength), T =
0.138 s, ˆ = 15 1/s (angular frequency), R maj = R min = 3 µm (head diameter), L f = 100 µm (ﬂagellum length), and R f = 0.25 µm (ﬂagellum radius).
Motion of the spermbot is observed using phase-contrast microscopy at a rate of 500 fps, at 37 °C in SP-TALP (modiﬁed tyrode’s albumin lactate pyruvate
medium).

In (11), ψ0 (s ) = K 0 s , where K 0 is the mean ﬂagellar curvature
(K 0 = 13.1 × 103 m−1 ). Further, ψ1 (s ) = A0 s and the amplitude
s,
of the ﬂagellar beat is A0 = 14.6 × 103 m−1 . In (11), φ(s ) = 2π
λ
where λ is the wavelength of the ﬂagellar bending wave (λ =
66.6 × 10−6 m). The amplitude of the ﬂagellar beat and angular
frequency are reduced if there is overlap between the tube and
the ﬂagellum. The velocities of the boundary points on the ﬂagellum are approximated using:

vx, f =
v y, f

x f (s , t + t ) − x f (s , t )
t

y f (s , t + t ) − y f (s , t )
=
t

Parameter
R min [µm]

Value

Parameter

Value

Parameter

Value
0.25

2.5

R maj [µm]

4.5

R f [µm]

L m [µm]

0–30

d [µm]

0–25

L t [µm]

25

R t [µm]

5

L f [µm]

60

D [µm]

2–10

0.7

ρ [kg m−3 ]

1000

φ [%]

0.5–2

μ [mPa s]

3. Simulation Results

and
(12)

Each particle in the colloidal suspension is also represented
by Stokeslets boundary points along its circumference. These
Stokeslets points are separated by distance 6s . The diameter
of the particles is controlled by the location of the Stokeslets
boundary points along its circumference. The initial positions
of the particles are randomly arranged within the vicinity of the
spermbot. The position of these particles is (xpi , ypi ), for i =
1, . . . , Np , with zero initial velocity (ux = u y = 0). The ﬂagellum
movement (vx , v y ) induces motion of the whole spermbot (Ux ,
Uy ). For the Stokeslet points on the ﬂagellum, ux = vx + Ux and
u y = v y + Uy . Forward speed Ux and lateral speed Uy are varied
until the sum of forces in Equation (8) on the spermbot (head,
ﬂagellum, and microtube) is zero.

Adv. Theory Simul. 2019, 1900072

Table 1. Characteristics of the spermbot and the colloidal suspension.

The ﬂagellated propulsion of the spermbot is simulated to analyze the inﬂuence of the concentration of the particles in the
colloidal suspension and the size of these particles (Table 1). In
addition, geometric aberrations between spermbots are experimentally observed owing to spermbot-to-spermbot variability in
the depth of the head in the microtube and the length of the midpiece of the sperm cells. Therefore, we study the geometric aberrations of the spermbots and external pressure of the immersed
obstacles.
Spermbots are obtained and allowed to swim in SP-TALP
(Sperm Tyrode’s Albumin Lactate Pyruvate) medium of viscosity μ = 0.7 mPa s at 37 °C inside a 25 × 15 × 0.15 mm3 chamber. These spermbots are constituted by bull sperm cells and synthetic cylindrical caps. Swimming of the spermbots is observed
using phase-contrast microscopy (Zeiss Axio Observer.A1) with
a 63× objective. The deformation of the ﬂagellum is recorded
at a rate of 500 fps using a high speed camera (Vision Research
Phantom Miro eX2), as shown in Figure 3. Equation (9) is used to
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Figure 4. Inﬂuence of the depth of the sperm head inside the microtube for depth of 0 and 20 µm. The average speed of the spermbot decreases with
the depth of the sperm head inside the microtube. Parameters: L m = 0 µm and ϕ = 0%. a) At depth d = 0 µm, the forward and lateral speeds are 119
and 44 µm s−1 , respectively. b) At depth d = 20 µm, the forward and lateral speeds are 83 and 65 µm s−1 , respectively.

predict the deformation of the tail of the spermbot for K 0 = 1500
m−1 , A0 = −14000 m−1 , λ = 150 µm, T = 0.138 s, ˆ = 15 1/s ,
Rmaj = Rmin = 3 µm, L f = 100 µm, and Rf = 0.25 µm. Qualitative agreement between the predicted deformation of the ﬂagellum and the measurements is observed for one beat cycle of
the spermbot. Therefore, Equation (11) provides a valid approximation of the deformation of the ﬂagellum inside the microtube
and is used to determine the velocities of the Stokeslets boundary
point along the ﬂagellum.

3.1. Inﬂuence of the Depth of the Sperm Head inside the
Microtube and Mid-Piece
Spermbots consist of a microtube that captures a single motile
sperm cell, as shown in Figure 1. The depth of the sperm head

Adv. Theory Simul. 2019, 1900072

inside the microtube varies based on the length and diameter of
the microtube1 . This depth plays a signiﬁcant role in determining
the swimming speed due to the restriction of the amplitude of the
ﬂagellar bending wave by the microtube walls.
Therefore, we vary the depth (d) of the sperm head inside the
microtube between 0 to 20 µm. Figure 4a,b shows the behavior
of the spermbot over one beat cycle for a depth of 0 and 20 µm,
respectively. In the case of d = 0 µm, the complete ﬂagellum acts
on the ﬂuid and provides a maximum ﬂow-ﬁeld at the distal tip
of the ﬂagellum. As the penetration depth of the sperm head increases inside the microtube, the ﬂow-ﬁeld due to the distal tip of
the ﬂagellum decreases, and an asymmetric ﬂow-ﬁeld is created
along the lateral direction of the microtube. As a consequence
of these two local ﬂow-ﬁelds, the lateral speed of the spermbot
increases with the depth of the sperm head inside the microtube.
This behavior is demonstrated in Figure 5. The forward and

1900072 (5 of 11)


C

2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.advtheorysimul.com

Figure 5. The forward (U x ) and lateral (U y ) speeds of the spermbot are
calculated versus the depth of the sperm head (d) inside the microtube.
The forward speed decreases with the depth of the sperm head inside the
microtube, while the lateral speed increases for 10 < d < 20 µm. Normalized forward and lateral speeds are plotted in dashed lines (right yaxis, normalized to velocities of free sperm). Parameters: L m = 0 µm and
ϕ = 0%.

lateral speeds of the spermbot and sperm cell are calculated for
diﬀerent penetration depths in the absence of any immersed
obstacles in the medium. In the case of d = 0 µm, the average
forward and lateral speeds (over one beat cycle) of the spermbot
are approximately 119 and 44 µm s−1 , respectively. The forward
speed of the spermbot decreases to 110 µm s−1 for d = 15 µm,
while its lateral speed increases to 67 µm s−1 . As the penetration
depth of the sperm head increases inside the microtube from
15 to 20 µm, the forward and lateral speeds decrease to approximately 83 and 65 µm s−1 , respectively. At d = 25 µm, the forward
and lateral speeds decrease to 18 and 15 µm s−1 , respectively.
The normalized lateral speed curve Uy-spermbot /Uy-sperm (Figure 5)
shows the improved speed range between 15 and 20 µm of
penetration depth, where the spermbot’s lateral speed exceeds
the free sperm speeds, indicated by a normalized speed above
one. In contrast to lateral speed, the normalized forward speed
(Ux-spermbot /Ux-sperm ) decreases regardless to the depth of the head
inside the tube.

In another series of simulations, we vary the length of the
mid-piece of the sperm cell and determine the forward and
lateral speeds of the sperm cell and the spermbot, as shown in
Figure 6a,b, respectively. It is unlikely that the length of the
mid-piece changes much between sperm cells of the same
species.[26] However, this length varies between species that
can be used to provide propulsive force to the spermbots. As
expected the forward speed of the spermbot is smaller than that
of the free sperm cell regardless of the length of the mid-piece
(0 ≤ L m ≤ 30 µm). The forward speed of the spermbot decreases from 86% to 14% (Figure 6a), whereas the lateral speed
decreases by 99% (Figure 6b). The normalized forward speed
of the spermbot to the sperm (Ux-spermbot /Ux-sperm ) indicates that
the sperm cell has greater forward speed than the spermbot
regardless to the length of the mid-piece. The normalized lateral
speed of the spermbot to sperm (Uy-spermbot /Uy-sperm ) shows that
their lateral speeds are approximately equal. At L m = 12 µm, the
lateral speed of the sperm is close to zero and thereby resulting
in the peak shown in Figure 6b.
The ﬂow-ﬁeld of the spermbot is a combination of the
Stokeslets ﬁelds of the ﬂagellar thrust and the associated to the
drag caused by the sperm head, the mid-piece, and the microtube.
Therefore, the forward speed of the spermbot decreases owing to
the increased drag by the mid-piece for the same ﬂagellar thrust.
3.2. Inﬂuence of the Concentration of the Immersed Obstacles
For spermbots swimming within a colloidal suspension, the
pressure and velocity ﬁelds are inﬂuenced by the concentration
and size of the obstacles. It has been shown that the stationary
spherical obstructions with diameter D result in a pressure ﬁeld
∇ p = 3nπ μDU, where n is the number density of obstructions
within the colloidal suspension.[18] We allow the immersed
particles to have a uniformly distributed random positions
within the suspension for each concentration and particle
size. Figure 7a–c show the behavior of the spermbot over one
beat cycle for ϕ = 0, 1, 2%, respectively. In the absence of any
immersed obstacles, the ﬂow-ﬁeld is generated by the Stokeslets
ﬁeld of the ﬂagellar thrust only (Figure 7a). For a non-zero ϕ, the
ﬂow-ﬁeld is a combination of the Stokeslets ﬁelds of the ﬂagellar
thrust and the local ﬁelds associated with the drag caused by the
immersed obstacles (Figure 7b,c). We allow the concentration to

Figure 6. The forward (U x ) and lateral (U y ) speeds of the sperm cell and spermbot are calculated versus the length of the mid-piece (L m ) of the
sperm cell. a) The forward speed of the sperm and spermbots decreases with the length of the mid-piece. b) The lateral speed of the sperm and the
spermbots also decrease with L m . Normalized speeds are plotted over the right y-axes (normalized to average free sperm speed for each mid-piece
length). Parameters: d = 10 µm and ϕ = 0%.
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Figure 7. Inﬂuence of the concentration of the particles in the colloidal suspension on the ﬂagellar propulsion of the spermbot is calculated for concentrations of 0, 1, and 2. The average speed of the spermbot increases with the concentration of the particles in the colloidal suspension. Parameters:
D = 1 µm, L m = 0 µm, and d = 10 µm. a) At ϕ = 0, U x = 31.2 and U y = 85.8 µm s−1 . b) At ϕ = 1, U x = 68.1 , and U y = 81.4 µm s−1 . c) At ϕ = 2,
U x = 127.2 and U y = 79.6 µm s−1 .

vary (0 ≤ ϕ ≤ 0.02) for spherical particles with diameter of 1 µm
and calculate the forward and lateral speeds of the free sperm
cell and spermbot, as shown in Figure 8. We observe that the
forward and lateral speeds of the sperm cell and spermbot
increase with the concentration of the immersed spherical
particles. The forward swimming speeds of the free sperm
cell increase from 172 to 364 ± 54 µm s−1 (n = 10) when the
concentration is increased by 1%, whereas the speed of the
spermbot increases from 118 to 268 ± 42 µm s−1 (n = 10), as
shown in Figure 8a. When the particle concentration is increased
from 0% to 1%, the lateral speed of the sperm and spermbot
changes from 44 to 81 ± 30 µm s−1 (n = 10) and from 43 to
37 ± 29 µm s−1 (n = 10), respectively (Figure 8b). For ϕ = 2%,
the lateral speeds of the sperm and spermbot increase to 77 ± 6
and 59 ± 21 µm s−1 , respectively. Our simulation results show
propulsion enhancement for the sperm and spermbot with the

Adv. Theory Simul. 2019, 1900072

concentration of the obstacles. These obstacles are uniformly
distributed within the medium and inﬂuence the microtube and
the beating ﬂagellum. However, the velocity of the ﬂow-ﬁeld in
close proximity to the ﬂagellum is greater than the ﬂow-ﬁeld
near the head with approximately 3 orders of magnitude, as
show in Figure 7. Therefore, the ﬂagellum is inﬂuenced by
greater pressure than the microtube since the pressure gradient
depends on the concentration and velocity of the ﬂow-ﬁeld.

3.3. Inﬂuence of the Size of the Immersed Obstacles
The pressure ﬁeld is inﬂuenced by the concentration of the
particles and their size using, ∇ p = 3nπ μDU. Therefore, the
diameter of the particles is varied between 1 and 10 µm, and
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Figure 8. Forward and lateral speeds (U x and U y ) of the sperm and spermbots are calculated versus the concentration (ϕ) of the particles in the
colloidal suspension. The particles are arranged randomly and the average speed and standard deviation are calculated for ten simulations. Parameters:
D = 1 µm, L m = 0 µm, and d = 10 µm. a) The average forward speed of the sperm cell and spermbot increases by 47% and 51% for ϕ = 1%, respectively.
b) The average lateral speed of the sperm cell and spermbot increases by 50% and 43% for ϕ = 1%, respectively.

the corresponding ﬂow-ﬁelds are simulated for one complete beat cycle (Figure 9). We allow the initial position of
the immersed particles to vary randomly in each simulation.
Figure 9a,b show the ﬂow-ﬁelds of the spermbot for immersed
spherical particles with concentration of 1% and diameter of 1
and 5 µm, respectively.
In contrast to the concentration of the immersed obstacles,
their size does not enhance the ﬂagellar propulsion of the sperm
cell or the spermbot. Figure 10a shows the forward speed of the
sperm cell and spermbot for 2 < D < 10 µm. We observe a linear decrease of the forward speed of the sperm and spermbot
with the increasing diameter, for a ﬁxed concentration of 1%. In
the case of D = 2 µm, the average forward speed of the sperm
and spermbots are calculated as 364 ± 53 and 260 ± 57 µm
s−1 , respectively. Their forward speeds decrease to 183 ± 46 and
128 ± 50 µm s−1 , for D = 10 µm. Figure 10a also shows the effect of increasing the size of the spherical obstacles on the ratio
between the normal (Cn ) and tangential (Cl ) drag coeﬃcients of
the ﬂagellum. These coeﬃcients are given by[18]




2
K 1 α Rp
1

 and
α Rp + α Rp
Cn = 4π μ
4
K 0 α Rp

Cl = 4π μ



K 1 α Rp
1


α Rp
2
K 0 α Rp

(13)

where K i (α Rp ) is the modiﬁed Bessel function of degree i. The
ratio between these drag coeﬃcients must be greater than 1 to
achieve forward propulsion.[17] Therefore, the size of the immersed obstacles does not increase this ratio for > 2 µm, as
shown in Figure 10a. Unlike the forward speed of the spermbot,
the lateral speed is not aﬀected by the size of the immersed obstacles (Figure 10b). However, we observe a fundamental difference between the inﬂuence of the concentration and size of
immersed obstacles on the forward and lateral speeds. The uncertainties in the calculated lateral speed (Figures 8b and 10b)
are relatively greater than that of the forward speed (Figures 8a
and 10a). These uncertainties are expected due to variations in
the location of the immersed obstacles. In each simulation, we
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allow the immersed obstacles to have uniformly distributed random positions. Figures 8b and 10b suggest that immersed obstacles will cause a turning maneuver to be coupled with the forward
propulsion. The direction of turning will depend on the distribution of the immersed obstacles and can be controlled by exerting a controlled magnetic torque on the dipole moment of the
spermbot.

4. Discussion
In this study, we develop a hydrodynamic model of the spermbot
to predict its response in a viscous colloidal suspension. The
model shows that the variability in the length of the mid-piece
(variation in the length of the mid-piece is observed for diﬀerent
species[26] ) and depth of the head inside the microtube inﬂuences
the eﬀective net motion of the spermbot. In particular, the forward swimming speed of the spermbot decreases with the length
of the mid-piece of the sperm cell and the depth of the sperm
head inside the microtube. Our theoretical model also predicts
a fundamental diﬀerence between ﬂagellar propulsion of the
spermbot in a viscous media with and without immersed obstacles. The size and concentration of the immersed obstacles in
the suspension have opposite eﬀects on the forward swimming
speed. Propulsion of the spermbot is enhanced by increasing the
concentration of the immersed obstacles, while increasing the
size of the obstacles decreases the forward speed. The propulsion
enhancement is attributed to the local pressure ﬁeld created at
the distal tip of the beating ﬂagellum. This ﬁeld depends on the
concentration of the obstacles and the velocity of the ﬂow-ﬁeld at
the position of the obstacles. Spermbots and sperm cells create
a relatively high ﬂow-ﬁeld in close proximity to the ﬂagellum as
opposed the microtube or head. Our simulation results reveal
low ﬂuid ﬁeld velocities in front of the spermbot, while the ﬂow
velocity is relatively high behind the spermbot. This front-back
asymmetry is even more inﬂuenced by the presence of immersed
obstacles. Therefore, these obstacles create an asymmetric pressure gradient that contributes to the net propulsive force of the
spermbot. The propulsion enhancement of the spermbot in a
viscous medium with colloidal suspension can also be attributed
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Figure 9. Inﬂuence of the size of the particles in the colloidal suspension on the ﬂagellar propulsion of the spermbot is calculated for particles with
diameter of 1 and 5 µm. The average speed of the spermbot decreases with the size of the particles in the colloidal suspension. Parameters: ϕ = 1%,
L m = 0 µm, and d = 10 µm. a) At D = 1 µm, U x = 260 ± 57 and U y = 48 ± 28 µm s−1 . b) At D = 5 µm, U x = 128 ± 50 , and U y = 7 ± 39 µm s−1 .

to the dependence of the drag coeﬃcients on the concentration
of the immersed obstacles. Gray and Hancock have shown that
positive thrust force can only be achieved if the normal drag
coeﬃcient is greater than the tangential drag coeﬃcient.[27] This
ratio is inﬂuenced by the size and concentration of the obstacles.
The drag coeﬃcient ratio Cn /Cl in the range 0 < D ≤ 2 μm,
decreases nearly as D−3 . Above this range, the drag coeﬃcient
ratio is slightly aﬀected by the size of the obstacles for a ﬁxed
concentration.

Adv. Theory Simul. 2019, 1900072

Overall, the forward velocities of the sperm cells and
spermbots obtained by this model are higher than what is experimentally observed. We attribute this diﬀerence to factors that
reduce the speed of the cells and spermbots such as interaction
with surfaces, local friction in the vicinity of the microtube due
to hydrophobicity of the involved materials. Additionally, it is
commonly observed that sperm cells rotate inside the microtube.
This also contributes to the decreased observed velocity of the
spermbots. Furthermore, our model predicts the speed of the
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Figure 10. Forward and lateral speeds (U x and U y ) of the sperm and spermbots are calculated versus the diameter (D) of the particles in the colloidal
suspension. The particles are arranged randomly and the average speed and standard deviation are calculated for ten simulations. Parameters: ϕ = 1%,
L m = 0 µm, and d = 10 µm. a) The average forward speeds of the sperm and spermbot decrease by 12% and 12%, respectively, for a 2 µm increase in
the diameter of the particles, respectively. b) The average lateral speed of the sperm and spermbot are not aﬀected by the size of the immersed obstacles.

sperm cell and spermbot in 2D space, whereas sperm cells and
spermbots swim in 3D space. Nevertheless, the model provides
qualitative agreement with their real behavior in a viscous
heterogeneous medium. A desirable modiﬁcation to the current
design of the spermbot would be to decrease the length of its
microtube. The hydrodynamic model presented in this study
suggests that the speed of the sperm cell is decreased by the microtube for two key reasons. First, the maximum forward speed
of the spermbot is observed for relatively small depth of the head
inside the microtube. Second, the microtube adds additional
drag to the head and the mid-piece for the same propulsive
force of the beating ﬂagellum. The modiﬁcation of the size of
the microtube may decrease its average magnetic moment (M),
and inﬂuence the magnetic torque (M × B) that counterbalances
the drag torque during directional control. Therefore, it may be
required to decrease the length of the microtube to enhance the
propulsion of the spermbot, and increase the magnitude of the
external magnetic ﬁeld to compensate for the decreased magnetic moment. Likewise, the microtube length would aﬀect the
shape of ﬂagella beating as the cargo load increases. For example,
the work by Klindt et al., shows the inﬂuence of ﬂow load on the
beating of ﬂagellated Chlamydomonas cells.[28] Therefore, future
modeling of the rate of hydrodynamic dissipation would be
desirable to get more insights about the eﬀect of increased load
on the beat pattern when moving in colloidal suspensions. Wu
et al. have also incorporated a liquid layer coating to minimize
adhesion between micropropellers and the surrounding biopolymeric network, thereby improving propulsion.[29] Therefore, it
may be also required to incorporate a liquid layer to the magnetic
constituent of the spermbot to enhance its propulsion.
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