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ABSTRACT

Flagellated microorganisms overcome the low-Reynolds-number time reversibility by rotating helical flagella [E. M. Purcell, Am. J. Phys. 45,
3–11 (1977); D. Bray, Cell Movements: From Molecules to Motility, 2nd ed. (Garland Publishing, New York, NY, 2001); Lauga and Powers,
Rep. Prog. Phys. 72, 096601 (2009); and E. Lauga, Annu. Rev. Fluid Mech. 48, 105–130 (2016)]. For peritrichous bacteria, the randomly
distributed flagellar filaments align in the same direction to form a bundle, facilitating complex locomotive strategies [Berg and Brown,
Nature 239, 500–504 (1972); Turner et al., J. Bacteriol. 182, 2793–2801 (2000); and Darnton et al., J. Bacteriol. 189, 1756–1764 (2007)]. To
understand the process of flagellar bundling, especially propulsion force generation, we develop a multi-functional macroscopic experimental
system and employ advanced numerical simulations for verification. Flagellar arrangements and phase differences between helices are investi-
gated, revealing the variation in propulsion contributions from individual helices. Numerically, we build a time-dependent model to match
the bundling process and study the influence of hydrodynamic interactions. Surprisingly, it is found that the total propulsion generated by a
bundle of two filaments is constant at various phase differences between the helices. However, the difference between the propulsion from
each helix is significantly affected by a phase difference, and only one of the helices is responsible for the total propulsion when the phase dif-
ference is equal to p. Building on our experimental and computational results, we develop a theoretical model considering the propulsion
contribution of each filament to better understand microbial locomotion mechanisms, especially the wobbling behavior of the cell. Our work
also sheds light on the design and control of artificial microswimmers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0243416

Microorganisms navigate complex aquatic environments by beat-
ing flexible cilia or rotating rigid helical flagella.1 Understanding the
swimming strategies of various cells at low-Reynolds-number environ-
ments is crucial for revealing underlying biological processes such as
surface colonization,2 tissue invasion,3 and escape from harmful sub-
stances,4 and it is also essential to design artificial microswimmers with
potential engineering applications.5–9

During the past few decades, the swimming behavior of
Escherichia coli, a typical peritrichous bacterium, has been extensively
studied. Berg and Brown were pioneers in using a three-dimensional
(3D) real-time tracking microscope to study the motion of wild-type
E. coli, characterized by a “run-and-tumble” behavior.10 During the
“run” phase, E. coli cells align their randomly distributed flagellar fila-
ments in the same direction to form a bundle. They then unbundle
and change direction during the “tumble” phase by rotating their
motor(s) in the opposite direction.10–13

Numerous studies have been conducted to understand the com-
plex interactions of flagella from various perspectives. For instance,
Turner et al.12 and Darnton et al.13 employed fluorescently labeled
bacteria to visually demonstrate the flagellar bundling process. Kim
et al.14 conducted macroscopic experiments using scaled models to
show that the bundling process is a mechanical phenomenon induced
by hydrodynamic interactions. Recently, Lim et al.15 utilized a
centimeter-scale multi-flagellated robot to further explore the bundling
sequence. Additionally, many numerical studies have been per-
formed,16,17 including those considering the polymorphic transforma-
tions of flagella.12 Lim and Peskin18 applied the immersed boundary
method, demonstrating that bundling occurs when both flagella are
left-handed helices turning counterclockwise (viewed from the non-
motor end looking back toward the motor) or when both are right-
handed helices turning clockwise. Lee et al.17 employed Kirchhoff rod
theory to analyze the polymorphic transformations during the flagellar
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bundling and unbundling process. Previous theoretical studies, such as
those done by Buchmann et al.19 and Tatulea-Codrean and Lauga,20

have explored the influence of phase differences on the hydrodynamics
of rotating helices, providing insights into the hydrodynamic interac-
tions and synchronization mechanisms in flagellar bundling dynamics.

Historically, most experimental and theoretical models have
treated the flagellar bundle as a single helix.11,21–26 However, recent
studies on motor torque re-allocation among flagella27 and synchroni-
zation of flagella28–31 have revealed significant differences in the contri-
butions of individual helices during the bundling process.
Additionally, little research has focused on propulsion during the
“tumble” phase or the flagellar bundling process itself. Overall, a com-
prehensive study of propulsion generation from individual flagellar fil-
aments and the total propulsion produced by a fully formed bundle is
still lacking.

In this work, we conduct an experimental study using a scaled
model and directly measure the propulsive force during the bundling
process of two helices rotating at constant speeds. Our results indicate
that the total propulsion decreases as the helices bundle, primarily due
to hydrodynamic interactions. These findings are corroborated by a
computational framework that employs a solid–fluid coupled system.
Additionally, we observe that while the phase difference between the
helices does not alter the total propulsion, it significantly affects the
force distribution, with one helix generating almost all the propulsion

when the phase difference is p radians. This result provides an expla-
nation for the cell precession (wobble phenomenon) and is further
supported by our theoretical analysis. Contrary to several existing stud-
ies,26,32,33 our results suggest a positive correlation between the swim-
ming speed of the cell and the wobbling effect. We also propose that
our findings can inform control strategies for artificial helical
swimmers: by adjusting the phase difference between two helices, a
perpendicular side force can be generated relative to the swimming
direction, which could help navigate complex environments.

The impact of the separation distance between the two helices,
denoted as c, and the phase difference (DU ¼ U1 � U2) on the bun-
dling dynamics and propulsive force generation is thoroughly investi-
gated. All experiments are conducted using the multi-functional
macroscopic experimental system, as shown in Fig. 1(a) (for details,
see supplementary material, Sec. S1). It is important to note that DU
remains constant throughout each experiment because the motor
operates at a constant speed, providing a simplified approximation of
the conditions found in E. coli cells.12,32,34–37

First, simple bundling experiments are conducted. The process,
documented in supplementary material, Movie S1, aligns with previ-
ous studies.14,38 In these experiments, we monitor the propulsion force
exerted by each helix during the bundling process, with results shown
in Figs. 1(c) and 1(d). The time variable (t) is scaled as t� ¼ xt=2p,
and all propulsion forces (F) are scaled as F� ¼ F=lxRL, where l, L,

FIG. 1. (a) Illustration of the macroscopic experimental system from the front view. (b) Diagram showing the inclination angle (di ), the preconditioned single-helix propulsion
force (Fsingle), and the propulsion force excluding hydrodynamic interaction (Fi;z ¼ Fsingle cosðdiÞ) during the bundling process, where i ¼ 1 and 2 correspond to each helix. (c)
and (d) Measured propulsion force trends during the bundling process with a fixed separation distance (c ¼ 73:6 mm) and two phase differences (DU ¼ 0 and DU ¼ p). The
figures depict the trends in the scaled forces F�1 ðt�Þ, F�2 ðt�Þ, and F�t ðt�Þ over scaled time (t�). Thinner lines represent the raw data for F�1 ðt�Þ, F�2 ðt�Þ, and F�t ðt�Þ, while thicker
lines show the filtered data, highlighting the effect of removing the rotational speed frequency (x). The helices bundling process exhibits two distinct states: a bundling state
(state I) and a steady state (state II). The shaded bars with different colors above the horizontal axis indicate these distinct states.
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x, and R represent fluid viscosity, helix length, rotation speed, and
helical radius, respectively (for details, see supplementary material, Sec.
S1). The sensor measures force solely along the axial (z) direction, as
illustrated in Fig. 1(b).

An overall decaying trend in the force generated by each helix over
time [F�

1 ðt�Þ and F�
2 ðt�Þ] is observed, starting with an initial value of

F�
initial � 0:5. This is consistent with predictions from traditional resis-

tive force theory (RFT)22,39 for a single immersed helix at low Reynolds
number (see supplementary material, Sec. S2.A.1) and the single-helix
propulsion force experiment (see supplementary material, Sec. S2.A.3).
In Figs. 1(c) and 1(d), both cases show a similar overlap between the
force–time curves from each helix, indicating system symmetry. When
we examine the total propulsion force F�

t ðt�Þ, it is clear that the force
plateaus at T�

b � 140, when the two helices contact each other and cease
bundling (also detailed in supplementary material, Sec. S2.A.4 and sup-
porting Video 1, with clear labeling of different states). Here, T�

b is
defined as the dimensionless bundling time of the system, scaled by
T�
b ¼ xTb=2p. We categorize the experiment into two phases: a

bundling state (t� < T�
b ) and a steady state (t� > T�

b ). In Figs. 1(c) and
1(d), the total propulsion, F�

t ðt�Þ ¼ F�
1 ðt�Þ þ F�

2 ðt�Þ, represented by a
yellow curve, is initially about twice the value of propulsion generated by
a single helix (F�

single � 0:5),which is the preconditioned single-helix
propulsion force obtained in the single-helix test as described in supple-
mentary material, Sec. S2.A.3. The initial stage of the helices bundling
process exhibits minimal interaction between the velocity fields gener-
ated by the two helices. As time progresses, F�

t ðt�Þ changes due to the
helix tilt and increased hydrodynamic interaction. In the steady state,
the fluctuation of F�

t ðt�Þ is considerably smaller than that of F�
1 ðt�Þ and

F�
2 ðt�Þ, which is attributable to helix collisions. However, Fig. 1(d) also

shows that, in the case of DU ¼ p, F�
1 ðt�Þ and F�

2 ðt�Þ still vary for some
time before reaching a constant value, even though F�

t ðt�Þ becomes con-
stant in the steady state (t� > T�

b ). The consistent behavior of F
�
t ðtÞ and

the varying behavior of F�
1 ðt�Þ and F�

2 ðt�Þ for individual helices are also
attributed to hydrodynamic interaction, as discussed later.

Further examination of the cause of the propulsion change
focuses on the inclination of each helix at steady state. As Fig. 1(b)

FIG. 2. Influence of separation distance (c�) and phase difference (DU) on the steady-state bundling system. (a) Scaled force summation (RF�i ) and difference (DF�i ) as a
function of separation distance (c�) with DU ¼ 0. Each data point represents 15 independent measurements taken over more than 30 s in the steady state of the bundling pro-
cess. (b) Scaled force summation (RF�i ) and difference (DF

�
i ) as a function of phase difference (DU). (c) Leaning angle (w) as a function of phase difference (DU). Leaning

angle (w) is defined as the small angle between the z-axis and the line connecting the intersection of the helices and the origin as the inset shows. (d) Comparison between
the reduction in propulsion due to the tilt of the system (F�i;tilt ) and due to the hydrodynamic interaction (F

�
i;hydro) under conditions of different DU. The values of separation dis-

tance (c�) from (b) to (d) is 0.49. Each data point in (b) to (d) represents � 5 independent measurements taken over more than 30 s in the steady state of the bundling
process.
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shows, the inclination angle di (where i¼ 1 and 2 for each helix) is
defined as the small angle between the z-axis and the helix in the
steady state. The z-component of the propulsion force in the absence
of interactions with the other helix is defined as F�

i;z ¼ F�
single cosðdiÞ.

The difference between F�
i and F

�
i;z is mainly attributed to the hydrody-

namic interaction induced by the existence of the other helix in the
system (F�

i;hydro ¼ F�
i � F�

i;z). Here, we define the reduction in propul-
sion due to the tilt of the system as F�

tilt ¼ F�
single � F�

i;z . For example, in
the case of DU ¼ 0, F�

i;z ¼ 0.48 and F�
i;hydro is about �0:12. However,

F�
tilt ¼ �0:02, is significantly less impactful than the hydrodynamic

interaction. Also, as shown in Fig. 1(d), the case of DU ¼ p breaks the
symmetry of the bundling system, indicating a greater influence of
hydrodynamic interaction since the two individual helices show a large
force difference in the steady state. This indicates that the primary fac-
tor in the propulsion variation during the bundling process is the
hydrodynamic interaction.

Peritrichous bacteria, such as E. coli, Bacillus subtilis, and Proteus
mirabilis, possess multiple flagella that project in various direc-
tions.11,12,40–43 Variations in cell body shape and the random anchor-
ing of the motors11,40–43 cause the flagella separation distances to vary
widely. Understanding the dynamics of flagellar bundling across differ-
ent separation distances is therefore essential. Our experimental setup,
constrained by mechanical limitations, allows us to adjust the separa-
tion distance ratio c� ¼ c=L from 0.22 to 0.56, enabling us to test a
wider range of separation distances.

First, the measured bundling time (Tb) is investigated [see supple-
mentary material, Fig. S12(a)]. T�

b increases nonlinearly with c�, which
partly explains the significant variation in bundling times reported in
previous studies.10,26,44 Additionally, the total propulsion RF�

i in the
steady state is investigated [see Fig. 2(a)]. Interestingly, RF�

i remains

constant regardless of c�, suggesting that for a fixed number of flagellar
filaments (two in this case), the propulsion is constant. Moreover, in
the steady state, the included angles between the helices remain identi-
cal across different c�, [see supplementary material, Fig. S12(b)]. This,
combined with the symmetry of the system, results in identical inclina-
tion angles di.

Furthermore, we studied the effect of phase difference (DU) on
propulsion. In Fig. 2(b), RF�

i is plotted over various values of DU,
ranging from �p to p with an interval of p=2. While RF�

i remains
constant across different DU, the difference in propulsion,
DF�

i ¼ F�
1 � F�

2 , generated by each helix is linearly correlated with
DU. Remarkably, at DU ¼ �p, DF�

i approximates RF�
i , indicating

that the total propulsion is contributed by only one filament. This find-
ing holds for DU ¼ p as well, by comparing �DF�

i with RF�
i due to

symmetry.
What causes the propulsion difference? It is noted that with vary-

ing DU, the system loses symmetry, causing the bundle to lean toward
the helix with a lagging phase at the steady state, as shown in Fig. 2(c).
The leaning angle, w, is plotted over different values of DU.
Consequently, the inclination angle, di, is no longer identical for the
helices in the steady state (see supplementary material, Table S2). The
propulsion excluding hydrodynamic interaction, F�

iz, is calculated and
plotted over DU in Fig. 2(d). However, the propulsion difference calcu-
lated without considering the hydrodynamic interaction is significantly
smaller than that measured directly from the sensor [Fig. 2(d), square
markers]. Thus, the altered hydrodynamic interaction is identified as
the primary cause of the difference in propulsion between each helix,
with this effect increasing with DU.

To further elucidate the hydrodynamic interaction, we conduct a
numerical simulation using a solid-fluid coupled solver implemented

FIG. 3. Comparison between simulation results and experimental results. (a) Comparison of flagella tail trajectories between simulation and experiment with a fixed separation
distance (c� ¼ 0.264, DU ¼ 0). The red line represents the simulation trajectory of the central point of the helix, shown as the black point in the inset figure; the black line rep-
resents the experimental trajectory of the central point of the helix, shown as the black point in the inset figure, and the gradient-colored line represents the experimental trajec-
tory of the tip of the helix, shown as the gradient color point in the inset figure. The position of x and y are scaled as x� ¼ x=L and y� ¼ y=L, respectively. (b) Comparison
among experiment, simulation, and theoretical results of total propulsion force as a function of time (t�) with fixed separation distance (c� ¼ 0.49, DU ¼ 0). Theoretical propul-
sion force is calculated by F�i;z ¼ F�single cosðdiÞ, where F�single is the single flagella numerical propulsion (see the supplementary material, Fig. S16). Here, RF�i;z represents the
summation of theoretical propulsion force.
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in OpenFOAM (see supplementary material, Sec. S2.B). The accuracy
of the numerical solver is validated by simulating the motion of a
Jeffery Orbit45 (supplementary material, Sec. S2.B.3) and the propul-
sion generated by a single helix (supplementary material, Sec. S2.B.5),
with results consistent with theoretical predictions.46 In the simula-
tions, each helix is modeled as a rigid body rotating around a fixed
point at a constant speed, with boundary conditions, fluid properties,
and initial conditions replicating those of the experimental setup.

The bundling process observed in the simulation aligns with the
experimental observations in Fig. 3(a), further confirming the simula-
tion’s accuracy. Additionally, the propulsion values calculated from the
simulation [Fig. 3(b)] closely match the experimental results. To visu-
alize the interaction directly, we plot the flow field from the simulation
at various time points during the bundling process in Figs. 4(a)–4(c).

At t� ¼ 1, the flow field resembles the superposition of two distinct
helices. The velocity near the field’s origin, which is the center of the
system, is nearly zero. By t� ¼ 30, it appears that the flow fields gener-
ated by each helix begin to extend into the area occupied by the other
helix. Consequently, the velocity near the origin increases. However,
the propulsion measured from each helix remains similar to that
observed without considering the hydrodynamic interactions between
the helices, as shown in Fig. 3(b) with black markers. At t� ¼ 60, we
have observed a subtle difference in propulsion, as indicated in
Fig. 3(b). The velocity between the helices also intensifies as they bun-
dle closer together, indicating stronger hydrodynamic interactions.
The radial decay of the flow velocity U� at different times indicates the
different bundling stages [Fig. 4(d)]. The velocity peak value becomes
larger and the radius becomes smaller as time increases, indicating the

FIG. 4. Flow field at instantaneous times during the bundling process (c� ¼ 0:49;DU ¼ 0). The z-plane is set at the plane of z� ¼ 1, where z� ¼ z=L. z� ¼ 0 is defined at
the proximal end of the helix, near the bionic hook. (a)–(c) Vorticity field with instantaneous velocity field at different times. It is noted that the velocity fields selected at these
three times correspond to the first three simulation data point in Fig. 3(b). The vorticity in the flow field is scaled as X� ¼ X=Xmax , where Xmax is the max vorticity at each
instantaneous t�. The length of the arrows represent the magnitude of the fluid velocity, while the direction of the arrows indicates the direction of fluid flow. The legend shows
the velocity magnitude as represented by the color scale. (d) Radial decay of the flow velocity U� at each instantaneous t�, with r� ¼ 0 corresponding to the center of the fluid
field, r� ¼ 0:2 corresponding to the flagella rotation axis. Here, U� is scaled as U� ¼ U=ðxRÞ, where U is the instantaneous velocity magnitude. The selection of the coordi-
nate system is designed to neutralize the effect of different h values, focusing solely on U� as a function of r�.
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bundling process. In the beginning, the velocity peak is located near
r� ¼ 0:2 (denoted by the curves t� ¼ 1, t� ¼ 5, t� ¼ 10), where the
flow velocity is locally induced by each helix. As time progresses, the
interaction between the velocity fields induced by two helices gradually
increases. This process is what we call the bundling process. This inter-
action caused a double peak to appear at t� ¼ 30. When the two heli-
ces come closer together, the double peak disappears and a single peak
appears near the center of the system, indicating a stronger interaction
between the velocity fields. The correlation coefficient of the velocity
field is also shown in supplementary material, Sec. S2.E (see supple-
mentary material, Fig. S20). Moreover, the tendency of the helices to
lean toward one during the steady state is attributed to a hydrody-
namic force acting along the x-axis. This phenomenon is well demon-
strated in the simulation results (supplementary material, Sec. S2.D),
where the side force acting on the system is shown for cases where the
phases are either DU ¼ 0 [see supplementary material, Fig. S18(a)] or
DU ¼ p [see supplementary material, Fig. S18(b)].

Previous studies have observed a “wobbling” phenomenon in flagel-
lated bacteria swimming, attributed to the misalignment between the bac-
terium’s body axis and the bundle axis.13,24,47,48 However, the relationship
between the wobbling effect and the swimming speed has yet to be clari-
fied.13,26,32,33,49 In our study, the varied leaning angles (w) resulting from
different phase differences (DU) also suggest potential misalignment.
However, is misalignment the sole reason for the wobbling behavior? To
explore this, we conduct a simple theoretical analysis by modeling the cell
body as a two-dimensional (2D) ellipsoid with the major axis length
(a ¼ 2:5 lm) and the minor axis length (b ¼ 1lm). The uneven propul-

sion is modeled as two pairs of point forces (Fk
1 , F

?
1 and Fk

2 , F
?
2 ) acting

on the ellipse, illustrated in supplementary material, Fig. S21. The angles

d1 and d2 are defined similarly but in a 2D plane, with F?
i ¼ Fk

i tan di. It
is noted that the di values used here are measured from macroscopic
experimental results, establishing a connection between macroscopic
observations and theoretical analysis in our study. Details are provided in
supplementary material, Table S2.

Building on previous research,26,47 it is suggested that the wob-
bling frequency is equal to the self-rotating frequency of the cell body,
implying that the relative angle of the bundle axis to the body axis
remains constant during the “run” phase. Given the force-free nature
of micro-swimmers in low-Reynolds-number environments,11,50 a
force balance analysis is essential. This analysis focuses on the angle b,
which is equal to half of the wobble angle and is represented in the
swimming direction relative to the body’s major axis (see supplemen-
tary material, Fig. S21).13

With the given geometry of the cell body, a constant drag force in
the z-direction, the propulsion force ratio K, and the inclination angle
di of each flagellum, the wobble angle 2b and swimming speed V are
calculated using the principle of force equilibrium in two directions.
The results are summarized in Table I, with detailed force equilibrium
calculations provided in supplementary material, Sec. S2.G. The ratio

K ¼ Fk
2=F

k
1 and the inclination angle di are used to incorporate our

macroscopic experimental results into the theoretical model analysis.
In these calculations, the drag force in the z-direction
(Fk

drag ¼ Fk
1 þ Fk

2 ¼ 0:24 pN) from the no-wobble case, where K ¼ 1,
is treated as a constant. This assumption aligns with our macroscopic
experimental findings, which show that the total propulsion force RFi
is minimally affected by variations in separation distance c and phase
differenceDU. The results corroborate the values measured in previous
studies,13,26,48 and intriguingly, we observe a positive correlation
between the swimming speed V and the wobble angle, supporting the
findings by Liu et al.49 Contrary to their explanation of additional pro-
pulsion generated by cell body rotation due to an asymmetric body
shape, our findings suggest an enhancement in swimming speed even
with an axisymmetric cell body, primarily due to the significant force
imbalance between each helix, which not only increases the wobbling
effect but also contributes to higher propulsion and faster swimming.

In this study, a macroscopic experimental system was employed
to investigate the bundling dynamics of two helices rotating at constant
speeds, with a focus on the changes in propulsion during the bundling
process. We discovered that the phase difference between the helices
leads to significant deviations in propulsion in the steady state, while
the total propulsion remains unchanged. Our experimental findings,
supported by numerical simulations, highlight the crucial role of
hydrodynamic interactions in both the bundling process and propul-
sion generation.

Additionally, theoretical analysis revealed that differences in heli-
cal propulsion could induce wobbling in the cell, and that the swim-
ming speed is positively correlated with the wobbling effect. This
observation suggests a potential control strategy for helical micro-
swimmers: By generating a lateral force in a two-helix system, it may
be possible to alter the swimming direction without needing to modify
the source of propulsion, such as an external magnetic field.

However, our findings are limited to a system involving two
constant-speed helices in a Newtonian fluid and a simplified 2D theo-
retical framework. Further research works and a more comprehensive
theory are required to fully understand the complex interactions
among multiple flagella in non-Newtonian fluids.

See the supplementary material for more details on materials and
methods, data analysis, experimental results, and numerical methods.
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