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Accurate analysis of sperm cell flagellar dynamics plays a crucial role in understanding sperm motility as flagella
parameters determine cell behavior in the spatiotemporal domain. In this study, we introduce a novel approach
by harnessing Genetic Algorithms (GA) to analyze sperm flagellar motion characteristics and compare the results
with the traditional decomposition method based on Fourier analysis. Our analysis focuses on extracting key
parameters of the equation approximating flagellar shape, including beating period time, bending amplitude,
mean curvature, and wavelength. Additionally, we delve into the extraction of phase constants and initial
swimming directions, vital for the comprehensive study of sperm cell pairs and bundling phenomena. One
significant advantage of GA over Fourier analysis is its ability to integrate sperm cell motion data, enabling
a more comprehensive analysis. In contrast, Fourier analysis neglects sperm cell motion by transitioning to a
sperm-centered coordinate system (material system). In our comparative study, GA consistently outperform the
Fourier analysis-based method, yielding a remarkable reduction in fitting error of up to 70% and on average by
45%. An in-depth exploration of the sperm cell motion becomes indispensable in a wide range of applications

from complexities of reproductive biology and medicine, to developing soft flagellated microrobots.

1. Introduction

Flagella are whip-like appendages ubiquitously found in a diverse
array of organisms, which range from single-celled bacteria such as
Escherichia coli and Salmonella or archaea, and extend to eukaryotic
species inclusive of certain algae and protozoans like Giardia lamblia.
Interestingly, in the realm of multicellular organisms, flagella adorn the
male gametes, functioning as pivotal facilitators of motility. The physi-
cal aspects of flagellar beating have been comprehensively summarized
by Holwill [11].

The flagellum, primarily drives an organism’s propulsion, thereby
aiding in a multitude of vital activities such as nutrient acquisition,
predator evasion, and ensuring optimal environmental conditions for
the organism’s survival. However, the importance of studying flagella
dynamics goes beyond the understanding of immediate locomotion me-
chanics [2,6,7,10,13].

A deep comprehension of flagellar dynamics can unveil detailed be-
haviors of microorganisms at a granular level, offering insights into
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their ecological roles and contributing to the development of strategies
for managing pathogenic species [3]. In multicellular entities, where the
male reproductive cell, or sperm cell, possesses a flagellum, thoroughly
investigating this feature [9] is crucial for understanding the nuances of
male reproductive health [16]. Such understanding can guide both the
diagnosis and treatment of male fertility issues. Additionally, expertise
in flagellar dynamics can enhance assisted reproductive methods. For
example, in artificial insemination and in-vitro fertilization, an advanced
grasp of flagellar movement might boost the effectiveness of these pro-
cedures [26]. Additionally, flagella serve as biological blueprints in the
field of micro-robotics [12,14], inspiring the design of micro-robots
capable of navigating fluidic environments with adept precision. This
presents considerable implications for precision medicine, particularly
in the realm of drug delivery [15,30], by paving the way for targeted
treatment modalities that minimize side effects and maximize therapeu-
tic efficacy. Therefore, comprehensive study of flagellar dynamics is not
only key to deepening our understanding of biological systems but is
also poised to drive advancements in various fields spanning medicine,
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Fig. 1. Videos covering several beat cycles of a) single cells and b) bundles of two sperm cells are used to extract experimental input data such as temporal sperm
head position r,(f) and spaciotemporal flagellum shape r(s,?) in laboratory coordinate system. c¢) Schematic flowchart of implemented processes for input data
acquisition, data evaluation methods, and output parameter extraction. Beside experimental input data, ideal and scattered validation data is created for testing
of the data evaluation methods. Then, data evaluation methods Fourier, GA with r; and GA with r are applied. They are either based on input data in laboratory
system or on data r¢(s,?) which is the spaciotemporal flagellum shape in shifted material coordinate system fixed to position of sperm head. Output parameters
mean curvature K, beating amplitude A,, wavelength A, period time 7', initial phase shift ¢, initial swimming direction « and fit error < ¢ > are extracted and

compared.

technology, and environmental science. In this regard using automated
Genetic Algorithms (GA) [18,27,28] could be a step forward to obtain
a deeper insight into the abovementioned problem.

GA are generic population-based metaheuristic [29] optimization
algorithms, inspired by natural selection, that mimic processes like mu-
tation, crossover, and selection to produce superior solutions for opti-
mization challenges. In this method, a population of candidates evolves
across generations. Each member’s fitness is evaluated, and the most
adept ones advance to subsequent generations. GA due to their explo-
rative nature are suitable for global optimization problems and capable
of exploring the entire solution space. GA can perform reasonably well,
as the fitness landscape changes, the algorithm can still locate optimal
or near-optimal solutions. Unlike neural networks, GA do not require
the problem to be differentiable, they are able to adapt to changing en-
vironments or problem definitions over time and can work with any
fitness function, whether it is well-defined or not. Moreover, GA are
inherently parallel which can be leveraged by modern multicore hard-
ware.

The objective of this study is to employ GA in analysis of single
sperm cell and sperm bundle motion, as illustrated in Fig. 1. Notably,
GA have the capability to extract a broader range of parameters from
experiments compared to the commonly used Fourier analysis. The en-
suing section delineates the implementation process, as summarized in
Fig. 1. It elucidates the generation of input data, subsequent evalua-
tion using various methodologies to derive output parameters. These
resultant parameters are then juxtaposed across different techniques
and input datasets. Ultimately, the study culminates in a comprehen-
sive comparison and discussion of all obtained results.
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2. Problem overview and related work

The propulsion of the male gamete in vertebrates is facilitated by
a eukaryotic flagellum. Central to this structure is a 9+2 axoneme of
microtubules, a feature ubiquitous across most cilia and flagella. Bull
sperm cells have been a focal point of research due to their economic
relevance. These cells, with an average length of about 60 um, have
a period time of nearly 30 ms and can attain speeds between 40 and
150 um/s [8,11,20-23]. The oscillatory movement of the flagellum is
analogous to a wave in motion. Subsequently, the crux of sperm cell
analysis lies in identifying the salient parameters of this wave [11]. Key
parameters of bull spermatozoa, the model system used in this study,
encompass a wavelength of 33 to 62 um, a beating amplitude between
6.7 and 8.5 pm, and a period time from 42 to 111 ms. The zeroth and
first orders of Fourier decomposition have been demonstrated to en-
compass over 95% of flagellar power. Consequently, parameters such as
wavelength, period time, amplitude, and mean curvature are adequate
for describing flagellar beating [19]. Optimal velocities are recorded at
temperatures of 38 °C [24]. Interestingly, with a viscosity range of 0.8
to 1.6 mPa.s, the velocity amplifies, but it diminishes at 10 mPas [5].
At heightened viscosities of around 2 — 3 Pa.s, the flagellum showcases
planar movements as opposed to the helical patterns at lower viscosi-
ties [25].

Various research efforts have quantified the energy expenditure of
bull sperm cell, indicating values like 2.1 x 10~14 J/s/flagellum at 37°C
[25] and 2 x 10~13 J/s/flagellum [21]. Mechanical properties such as
the Young’s modulus for different components of bull spermatozoa have
been evaluated [22]. Detailed observations reveal a nonsinusoidal wave
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Algorithm 1 Genetic algorithm for flagellar dynamics.

Require: Generations N = 1000, population size Np =20

Require: Mutation and crossover prob., p,, =0.2, p. =0.1
1: Chromosome Representation: Each chromosome is represented as: [K,
Ay, 4, T, ¢y, a; L, D, 2a, 2b, n]

: Initialize a population of N} individuals

: for each individual do

Randomly set K|, in the range (-30,30), A, in (1,30)

Randomly set 4 in (30, 100), T in (20, 600)

Randomly set ¢, in (—180, 180), « in (=180, 180)

Set L in (60,65), D=1,2a=5,2b=2.5,1

: end for

: Initialize a chromosome using Fourier method results for one individual.

10: for generation in 1 to N do

11:  Evaluate the fitness < ¢ > of each individual.

12:  Select two parents randomly.

13:  if random value < p, then

14: Perform crossover on parents to produce offspring.
15: if Fitness of offspring higher than parent then

16: Replace parent with offspring.

17: end if

18:  end if

19:  for each individual do

20: for each gene do

21: if random value < p,, then

22: Mutate gene within the allowed range.

23: end if

24: end for

25: if Fitness of mutant higher than for individual then
26: Replace individual with mutant

27: end if

28:  end for

29:  Select best individual into new population

30:  for 0.75N; do

31: Choose the superior individual from two random selections for the new
population

32:  end for

33:  Initialize individuals randomly to reach N} individuals in new popula-

tion
34:  Replace old population with new population.
35: end for

36: Select the best individual from the last generation.
37: return Best individual’s chromosome as the solution.

pattern along the sperm flagellum. Contemporary studies have adopted
Fourier analysis to ascertain primary parameters, especially under dis-
tinct viscosity scenarios [5,31]. A prevalent observation is the formation
of sperm bundles, which might enhance the sperm cell’s efficacy and is
suspected to be cooperative behavior of the sperm cell. The intricate
processes of this bundling have been explored extensively by Roth-
schild [25], emphasizing how sperm metrics can vary during different
stages of the bundling process [25].

In the quest for analytical precision, computer-aided automation
in bull sperm cell analysis was pioneered by Farrell et al. [4]. Lever-
aging advanced computational and imaging techniques, this method
offers a detailed and accurate evaluation of sperm cell movement and
morphology. This transition to computer-assisted systems ensures stan-
dardized and reproducible results, positioning them as invaluable assets
in clinical settings for fertility evaluations and in research environments
demanding detailed kinematic data.

3. Implementation

The objective is to analyze videos of beating bull sperm flagella with
the aim of extracting insights regarding flagella motion, as depicted in
the schematic diagram in Fig. 1. Typical output parameters of inter-
est are curvature, amplitude, wavelength, period time, phase shift and
initial orientation. From these videos capturing the beating patterns,
data regarding the positions of the sperm head and the flagellum are
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Fig. 2. Video of a sperm cell a) video frame at one time instant, b) head position
r, (1) (white dot) and flagellum shape r(s,?) (red crosses) are automatically de-
tected in lab system x —y using video analysis. c¢) Flagellum shape r(s, ) in lab
system x —y. d) Flagellum shape r;(s, ) in material system &, — &,. This detec-
tion is done for all video frames for several beat cycles to obtain experimental
input data.

extracted as input data using Matlab image analysis code (Fig. 2). To
evaluate the methodology, validation data is generated using typical
parameters and then tested to recover these parameters, thereby af-
firming the reliability of the applied techniques. As illustrated in Fig. 1,
the input data is subjected to analysis through three distinct methods:
Fourier analysis and two genetic GA. The resulting output parameters
are compared with known parameters for the validation dataset. For
experimental data, the parameters obtained through different methods
are juxtaposed. Furthermore, the fitted shape of flagellar beating is com-
pared to the input data, with a fit error serving as a metric to gauge the
quality of fitting.

3.1. High-speed video microscopy of bovine spermatozoa

Cryopreserved bovine spermatozoa were received from Semex,
Guelph, Canada, thawed for 2 minutes in a 37 degree water bath
and then suspended in 2 mL high glucose Dulbecco’s modified Eagle’s
medium with 4.5 g/L glucose, sodium pyruvate and sodium bicarbon-
ate added. High viscosity medium was emulated by addition of 1%
methylcellylose (Sigma Aldrich Nr. M0512) to the complete DMEM
medium. The cell suspension was washed by centrifugation at 300 g for
5 minutes, removing the supernatant and resuspending the cells in clean
medium. Videos were recorded at room temperature and atmospheric
pressure immediately after washing with 100 frames per second for
500-1000 frames with a 10x or 20X objective in phase contrast mode
with a Zeiss Axio Observer and Basler highspeed camera. 20 Microliters
of cell suspension was placed on 0.18 X 60 x 24 mm> microscope slides
with coverslides attached by parafilm to form microchambers. The data
of 22 sperm cells were collected from 13 videos from 8 different bull
semen samples from different bulls. All sperm cells show normal swim-
ming behavior as non-capacitating medium is used to avoid inducing
capacitation.

3.2. Input data generation

The input data consist of two key components: the sperm head po-
sition versus time, denoted as ry, (), and the flagellum’s shape in the
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laboratory reference frame, represented as r(s,?). These data sets are
obtained through two means: they are either extracted from experi-
mental video data (as depicted in Fig. 2) or calculated using equations,
primarily for validation purposes.

3.2.1. Experimental data

Sperm cells consist of two primary components: an ellipsoidal head
with a long axis of length 2a and a short axis of length 25, and a flag-
ellum characterized by its length L and diameter D, as depicted in
Fig. 2a. In experimental setups conducted between parallel glass plates,
the flagellum predominantly deforms parallel to the surface of the
glass. The analysis involves studying the flagellum beating of individ-
ual sperm cells S1 - S20, each swimming independently. Additionally,
two sperm cells are part of a sperm bundle, referred to as B1 and B2.
Consequently, video microscopy captures the primary beating motion
of the flagellum. Automatic video analysis is employed to extract both
the temporal changes in the head position, denoted as r;(¢), and the
spatiotemporal changes in the flagellum, represented as r(s, ), within
the laboratory coordinate system (lab system) denoted as x —y. Here,
the unit vectors 1 and j of the x- and y-axes align with the orientation of
the glass plates, while the k vector is perpendicular to the glass plates.
The path variable s, which ranges from 0 to L, traces the length of the
flagellum, extending from the proximal end near the sperm cell head
(s =0) to the distal end (s = L). The shape of the flagellum is available
for up to 5 periods, with data captured at varying time points, rang-
ing from 56 to 200 points, across different frames. Furthermore, there
are 15 to 101 data points along the length of the flagellum for each
analyzed sperm cell.

The flagellar shape is transformed from the laboratory system to the
material system. The material system of the sperm cell is a coordinate
system anchored at the head position of the sperm cell and is defined
by two unit vectors: &; aligns with the long axis of the sperm head, and
¢, is perpendicular to it, as shown in Fig. 2. The determination of these
unit vectors can be achieved through the following process:

L (1) —r(0,1)

el(t): m, and ez(t):kxel(t). (1)
The flagellum deformation in material frame of reference is
rp(s,1) = ((r(s,1) = 1, () - €(0), (¥ (s, 1) — 1 (1)) - &,(1). 2

3.2.2. Validation data

The flagellum beating is typically summarized using the following
parameters: mean curvature K, bending amplitude A,, wavelength 4,
and period time T', as commonly employed in flagellum analysis [5].
In addition to these parameters, two more are considered: the initial
phase shift ¢, and the initial swimming direction a. These parameters
are used to calculate the angle ¢ between the flagellum vector ry and
the negative direction of the long head axis —€,; through the following
formula:

2 2w
Sy P
A

L+ %o)-
These additional parameters, such as the initial phase shift ¢, and the
initial swimming direction a, hold significance in characterizing sperm-
sperm interactions, particularly in cases involving sperm bundling. The
flagellum beating in the material frame of reference is described by the
following formula:

d(5.1) = Kos + Agssin ( 3)

re(s, 1) = —ag; — / [cos (3, 1)&; + sin (3, 1)&, ] ds. 4
0

The resistive-force theory is applied to determine the head velocity
Vi (?), which can be decomposed into its components along the material
frame axes as vy, (1)€; and v},(1)é,. Additionally, the angular velocity
Qy (1) is calculated using force and torque balance equations. These
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equations are instrumental in understanding the dynamic behavior of
the sperm head and its motion, and we have

s

$10n1€y +CzUh2é1+/(CnVn‘*'Cpr)dS:O (5)
0
G (DK + / £ X (£, Va +Epvp) ds =0, 6)

0

In accordance with [1], we define a set of friction coefficients that
govern various aspects of sperm cell motion. Specifically, {; and ¢, rep-
resent the friction coefficients responsible for motion along the &; and
&, directions, respectively, pertaining to the elliptical head. Addition-
ally, ¢, accounts for the friction coefficient associated with rotational
motion. Further, ¢, is the friction coefficient governing translation of
the flagellum parallel to its axis, while ¢, influences translation normal
to the flagellum axis. These coefficients play a pivotal role in charac-
terizing the resistive forces experienced by the sperm cell during its
motion, serving as key parameters in the resistive-force theory [1].

The velocities parallel and normal to the flagellum axis are de-
termined as follows: First, the velocity vector v; is obtained as the
derivative of the flagellum position vector r; with respect to time, i.e.,
v; = drg /dt. Then, a tangent unit vector £ is computed as the derivative
of ry with respect to the path variable s, normalized by its magnitude,
resulting in £ = (drf / ds) / |drf / ds|. Using these vectors, the velocities
parallel and normal to the flagellum axis are calculated as v, = (v - f) t
and v, = vy — v}, respectively. Subsequently, in the laboratory system,
the initial ideal flagellum is rotated counterclockwise by an angle a.
This rotation operation enables the description of flagellum motion in a
reference frame that accounts for the initial swimming direction «

cosa —sina
r(s,0)= < sina  cosa > 1y (s,0), @
The subsequent positions of the flagellum are determined from
dr(s,t N
rf; ) — v () + QO X Ty (5 1) + Ve (5. ). (8)

Validation data is generated using two sets of parameters, corre-
sponding to low and high level of viscosity conditions, typical for bull
sperm cells (cell medium and methyl cellulose enriched medium mim-
icking cervical mucus conditions), as detailed in Table 1 [5]. Ideal data
is produced based on equations (3) through (8). To mimic the uncer-
tainties associated with extracting input data from the video, scattered
input data is created. At each position and time point, a random an-
gle is added, following a normal distribution with a mean of zero and
a standard deviation of 10°. This introduces variability into the input
data, resembling real-world conditions where measurements may ex-
hibit some level of imprecision, and we have

9

This process introduces alterations to the scattered input data vectors
Iy, I, and ry, using equations (4) through (8) (left column in Fig. 3).

(s, 1) = (s, 1) + N(0,10°).

3.3. Sperm cell data evaluation methods

Sperm cell analysis methods extract the output parameters Kj,, A, 4,
T, ¢y, a from the input data r, and r. The following explanation out-
lines the two methods: Fourier analysis-based decomposition is pre-
sented first, followed by the introduction of the new method GA.

3.3.1. Fourier method

The spatiotemporal deformation of the flagellum is extracted
based on Equation (4) for test data and Equation (2) for experimen-
tal data. Subsequently, Equation (4) is inverted to obtain ¢(s,t) =
arctan(dr,/dry;) from the position vector ry = r¢ €y + ryp€,. This
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Fig. 3. Validation of data evaluation methods by usage of scattered test data. Left column: Scattered test data calculated by known parameters. Second column:
Fourier analysis. Third column: results of GA(r;) optimizing agreement of input data with simulated beating shape in material system. Right column: results of
GA(r) optimizing agreement of input data with simulated beating shape in lab system. Beating shapes are shown for a) low viscosity in material system &, —¢€,,
b) low viscosity in lab system x —y, c) high viscosity in material system &, — &, and d) high viscosity in lab system x —y. Movement of proximal flagellum end
r(0,7) (black). e) Comparison of achieved output parameters mean curvature K|, beating amplitude A,, wavelength A, period time T, initial phase shift ¢y, initial
swimming direction & and fit error < ¢ > in comparison to input parameters (red dashed horizontal lines) for low viscosity, scattered input data. All methods Fourier
analysis (black), GA(ry) (red) and GA(r) (blue) give good agreement with input parameters. Fit error < ¢ > is below 1 pm. Angles « (initial swimming direction)
and ¢, (initial phase shift) have the largest uncertainty.

inversion step is crucial for analyzing the flagellar deformation char- calculated as @ = arctan [(dr(0, 0) ~j) /(dr(0,0) -i)]. The dominant peak
acteristics. The angle a represents the initial angle, defined at the in the Fast Fourier Transformation of ry(0.5L,#) provides the inverse
proximal end where s = 0 and time ¢ = 0, with respect to the x-axis. It is of the period time, denoted as 1/T. The mean curvature K|, is deter-
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Table 1

Computational and Structural Biotechnology Journal 23 (2024) 2837-2850

Comparison of input validation parameters at low viscosity (1 = 0.7 mPas) and at high viscosity (# = 10 mPas) with output parameters
from input validation data using Fourier analysis, GA(ry), and GA(r). The parameters are mean curvature K|, beating amplitude A,
wavelength 4, period time 7', initial phase shift ¢, and initial swimming direction a. The error relative to the input parameters is
given in brackets. The fit error (o) is (6y,) for methods Fourier and GA(ry) and (o,,) for GA(r). Input validation parameters are
almost perfectly recovered for all data evaluation methods. The highest deviations were found for scattered data at high viscosity in
lab system. Angles a (initial swimming direction) and ¢, (initial phase shift) have the largest uncertainty. Fit error < ¢ > is below
1 pm. Scattered data increases fit error. Fit error is larger in lab system compared to material system, so that fit error (o, ) for GA(r)
is slightly larger than fit error of the other methods because of the included sperm cell motion.

Method K, [mm™'] Ay [mm™1] A [um] T [ms] o [°] a[°] () [um]

Input Parameter 13.1 14.6 66.0 32.0 20.0 10.0

Ideal Fourier 13.10 (0.00%) 14.54 (0.43%) 66.31 (0.5%) 32.0 (0.0%) 19.0 (5.0%) 10.0 (0.0%) 0.20
low GA(ry) 12.99 (0.85%)  14.54 (0.43%)  66.21 (0.3%) 32.0 (0.0%) 20.6 (2.8%) 10.0 (0.0%) 0.12
viscosity GA(r) 13.07 (0.21%)  14.54 (0.43%)  68.06 (3.1%) 32.0 (0.0%) 12.6 (36.8%)  10.0 (0.0%) 0.36
Scattered Fourier 12.89 (1.58%) 14.47 (0.92%) 66.71 (1.1%) 32.0 (0.0%) 19.0 (5.0%) 12.0 (20.4%) 0.82
low GA(ry) 12.89 (1.58%)  14.47 (0.92%)  66.71 (1.1%) 32.0 (0.0%) 19.0 (5.0%) 8.5 (14.7%) 0.71
viscosity GA(r) 12.89 (1.58%)  14.47 (0.92%)  66.71 (1.1%) 32.0 (0.0%) 19.0 (5.0%) 9.5 (5.2%) 0.84
Input Parameter 6.6 12.0 39 54 20 10

Ideal Fourier 6.60 (0.00%) 11.85 (1.22%) 39.09 (0.23%) 54.0 (0.00%) 19.0 (5.0%) 10.0 (0.0%) 0.19
high GA(ry) 6.56 (0.59%) 11.96 (0.37%)  39.13 (0.33%)  54.0 (0.00%)  21.0 (5.0%) 10.0 (0.0%) 0.11
viscosity GA(r) 6.79 (2.86%) 11.70 (2.47%)  39.09 (0.23%)  54.0 (0.00%)  18.0 (9.8%) 8.9 (11.0%) 0.31
Scattered  Fourier 6.39 (3.14%) 12.18 (1.48%)  39.28 (0.73%)  54.0 (0.00%) 19.0 (5.0%) 12.0 (20.4%)  0.82
high GA(ry) 6.28 (4.91%) 11.82(1.52%)  38.70 (0.76%)  54.0 (0.00%)  22.0 (10.0%) 4.7 (53.4%) 0.71
viscosity GA(r) 9.29 (40.74%)  11.37 (5.24%)  37.45(3.97%)  54.0 (0.00%)  27.9 (39.5%) 6.2 (38.5%) 1.00

mined as the slope of the time-averaged slope angle, denoted as (¢(s)),
t

which can be expressed as (¢(s)) = f ¢(s,1)df/t = Ks. This mean cur-
0

vature parameter is integral in characterizing the flagellar motion. The
bending amplitude and wavelength are determined by fitting ¢(s,?) at
each position s with the function 2B(s)cos(2z ft) + 2F(s)sin(2z ft) to
obtain the amplitudes B(s) and F(s). The bending amplitude A, is cal-
culated as the slope of V/ B2 + F2 with respect to s. The wavelength A is
found from the slope 27 /A of arctan(F /B) as a function of s. These pa-
rameters, including K, Ay, 4,7, a, are then employed to calculate the
flagellum shape in both the material system ry.(s,#) and the laboratory
system r(s,) using equations (3) through (8). In our case the fit error
serves as a measure of agreement between the experimental data and
the calculated data, reflecting the accuracy of the determined param-
eters in replicating the observed flagellar motion, meaning the fitness
function of GA is maximized by minimizing fit error. The fit error in the
material frame of reference is calculated as

)‘f L )
J [ [re(s.0) = rpe(s.0)] " dsds
00
(o12) = . (10
\ Li,
and in the laboratory frame of reference
tp L 5
[ [ [r(s,0)=r(s,0)] " dsdr
00
(o,y) = amn
v \ Lt,

The phase shift ¢, is adjusted iteratively until the fit error is minimized,
signifying the alignment between the calculated and experimental data
in the material frame of reference. This optimization process helps
determine the optimal value of ¢, that best represents the flagellar mo-
tion.

3.3.2. Genetic algorithm

The genetic algorithm is implemented using a population composed
of Np individuals, with each individual characterized by a gene consist-
ing of six chromosomes (see Algorithm 1). This genetic representation
allows for the exploration and optimization of the six parameters of in-
terest within the population, and we have
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G:(K(),AQ,Lquﬁo’O’) (12)

In the GA implementation, the chromosomes represent the six unknown
parameters. During initialization, each chromosome is randomly se-
lected from an allowed range, as specified in Table 2. The bounds
for these ranges are estimated based on parameters reported in the
literature for different viscosities (see Table 1 and [5]). Notably, the
maximum period time is extended to 600 ms because experimental data
exhibited longer period times.

For each individual in the population, the fit error is determined
based on its chromosome. This fit error quantifies the discrepancy
between the input data’s beating shape and the calculated flagellum
shape. When conducting GA(ry), the input flagellum shape is denoted
as ry(s, 1), and the calculated flagellum shape r;.(s,?) is obtained using
the genetic algorithm’s gene parameters through equations (12), (3),
and (4). The fit error is computed using equation (10). GA(ry) opti-
mizes the agreement of the input data with the simulated beating shape
in the material system represented by &, — &,.

Conversely, for method GA(r), the input data is r(s,?), and the cal-
culated flagellum shape r (s, ?) is determined using equations (12), (3),
and (8). The fit error is evaluated using equation (11). GA(r) aims to op-
timize the agreement between the input data and the simulated beating
shape in the laboratory system denoted by x —y. The population is opti-
mized over many generations Ng by search for lowest fit error. In each
generation, mutation is happening to each chromosome with a probabil-
ity of p,. If the fit error of an individual decreases due to mutation, the
old individual is replaced by the mutated individual. The crossover hap-
pens with probability p. and exchanges randomly the chromosomes of
two individuals. The old individual is replaced by the new individual in
case of lower fit error. A selection process transfers the individual with
lowest fit error to the next generation, repeatedly selects two individu-
als, transfers the individual with lower fit error to the next generation
and fills a quarter of population with new random individuals.

4. Results
4.1. Method validation with test data

The methods have been thoroughly tested with validation data, as
illustrated in Fig. 3 and summarized in Table 1. When ideal validation
data is considered, there is an exceptional level of agreement between
the input data and the calculated data, whether in the material or labo-
ratory system and for both low and high viscosity conditions. The fit
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Fig. 4. Results for experimental input data from sperm cells S1-S3. a) Changes of mean curvature K, beating amplitude A, and period time T versus time for 5
period times for S1 (black), S2 (red), S3 (blue) using method GA(r;). b) Comparison of the parameters fit error (o), period time 7', wavelength A, beating amplitude
A,, mean curvature K|, achieved for Fourier method and GA(r;), either averaged for individually analyzed separate 5 periods or for total 5 periods (all). Fit error
is 4 — 12 pm and increases slightly if data from 5 periods is included instead of one period. GA(r;) has smaller fit error than Fourier method. Period times are
in the same range for all methods. Beating amplitude achieved by GA(ry) is larger than by Fourier method. ¢) Normalized parameters for different time intervals
by GA(ry). If data from less than one period is included in the analysis, the achieved parameters vary strongly. More than one period should be included to get
variations less than 10 %. Therefore, typically about three periods are included in further analysis.

Table 2

Genetic algorithm parameters.
Parameter Symbol Value
Generations Ng 1000
Population size Np 20
Mutation probability Pm 0.2
Crossover probability Pe 0.1
Length of flagellum L [pm] 60 — 65
Diameter of flagellum D [pum] 1
Head length 2a [pm] 5
Head width 2b [um] 2.5
Curvature K, [1/mm] (=30)—30
Amplitude Ay [1/mm)] 1-30
Wavelength A [pm] 30— 100
Period time T [ms] 20 - 600
Phase constant b [°] (—180— 180
Initial orientation a[°] (—180) — 180

error remains impressively low, with an average of (¢) < 0.36 um,
representing the distance between the validation and calculated data.
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Notably, the fit error is minimized for GA(ry) and highest for GA(r).
The higher fit error observed in GA(r) is attributed to the consideration
of sperm cell motion, which introduces additional sources of deviation
from the ideal shape and motion. Furthermore, the key parameters K|,
Ag, 4, and T are accurately recovered, with errors below 3.1%. How-
ever, angles a and ¢, exhibit slightly less precision, with deviations of
up to 37%. The maximum deviation observed is 37% for the angle ¢, at
low viscosity and 11% for angle « at high viscosity.

When examining validation data with added scattering to simulate
uncertainty in flagellum position extraction from videos, the fit error
increases, reaching up to 0.84 pm at low viscosity and 1 um at high
viscosity. This is expected as disturbances from the ideal shape by scat-
tering lead to less accurate fit with ideal shape. Despite this increased
variability, the parameters K, A,, 4, and T remain relatively accu-
rate, with errors below 1.58% at low viscosity and up to 41% at high
viscosity.

The shapes of the flagellum obtained from all methods (Fourier,
GA(ry), and GA(r)) closely resemble the test data and parameters. Fit
error increases for scattered data and if sperm cell motion is taken into
consideration.
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Fig. 5. Beating shapes for input data from sperm cell S1 and calculated from parameters a) in material system &; — €,, b) in lab system x —y. Input data (left),
Fourier (second column), GA(r;) optimizes agreement of input data with simulated beating shape in material system (third column), GA(r) optimizes agreement of
input data with simulated beating shape in lab system (right). Movement of proximal flagellum end r(0, ) (black). Beating shape and length, direction and curvature

of proximal flagellum end movement are in good agreement for GA(r).

4.2. Flagellum beating of individual sperm cells

We collected twenty datasets labeled S1 through S20, each corre-
sponding to a distinct sperm cell exhibiting regular flagellum beating.
These datasets encompassed flagellum coordinates, comprising approx-
imately 15 to 100 points per time step, capturing the flagellum’s motion
over five periods, as depicted in Fig. 2. To extract parameters charac-
terizing the sperm cell’s motion, various methods were employed, as
illustrated in Fig. 4. These methods included Fourier analysis for each
period (referred to as “Fourier”). Subsequently, the results were aver-
aged, and standard deviations were computed. Additionally, “Fourier
all” entailed Fourier analysis using data from all five periods. We also
utilized GA for each period, with the results of Fourier analysis serv-
ing as the starting point for 1000 generations. Similar to the Fourier
approach, the results were averaged, and standard deviations were cal-
culated. Finally, “GA all” employed GA with data from all five periods.

In Fig. 4a, we present plots of the mean curvature, bending am-
plitude, and period time determined by GA for the five periods. The
mean curvature exhibited a range of 5 — 13 mm~!, the bending ampli-
tude ranged from 14 — 19 mm~!, and the period time varied between
200 — 550 ms. Notably, S1 displayed the smoothest trends, while S2 ex-
hibited some sudden variations over time. The averaged parameters are
visualized in Fig. 4b.

Comparing the three data sets, the error between measured and fit-
ted shapes was higher using Fourier analysis than GA. GA reduced the
error by an average of 32%, 45%, and 62% for sperm cells S1, S2, and S3,
respectively, compared to Fourier analysis. Interestingly, the error using
all data was slightly higher than using data from one period only. Re-
garding period T (beating period), S1 had the shortest period of about
238 ms, S2 had a medium period of 364 ms, and S3 had the longest pe-
riod at 400 ms. All methods yielded approximately the same period of
time, and the error bars were similar for both Fourier analysis and GA.
S1 displayed the most regular beating and the smallest variation in pe-
riod time. For S1 and S2, Fourier-based decomposition provided similar
results for wavelengths, while GA yielded wavelengths that were 12%
smaller for S1 and 14% smaller for S2. For S3, the wavelength obtained
by GA was 22% larger than that obtained by Fourier analysis, with the
smallest error bars observed for S1.
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The bending amplitude A, was consistently larger when calculated
using GA compared to Fourier analysis for all three sperm cells, with
increases ranging from 72% — 85% for S1, 65 —97% for S2, and a signif-
icant increase of 211% — 314% for S3. The error bars were smallest for
S1, followed by S2 and were largest for S3. Additionally, the error bars
of GA were smaller than those of Fourier analysis. Mean curvature val-
ues fell within the range of 6 — 16 mm~!. GA produced a curvature 29%
smaller for S1, 79% larger for S2, and 38% smaller for S3 compared to
Fourier analysis. S1 and S2 displayed similar curvatures when using GA
but exhibited significant differences when utilizing Fourier analysis. S2
had the smallest error bars, and in general, error bars for GA were equal
to or smaller than those of Fourier analysis.

GA proved to be a superior method for achieving a better fit to ex-
perimental data compared to Fourier analysis, resulting in up to a 62%
reduction in error. On average, the error ranged from 4 — 6 pm instead
of 7—12 pm, potentially leading to a more accurate description of sperm
cell behavior. Regarding the time interval for analysis, it was observed
that there is no stable behavior if the time interval is shorter than one
period time. The parameters stabilize to an error of about 10% when us-
ing at least one period time, but it is recommended to use at least two
period times to obtain more stable results.

The beating shapes for the best parameters are plotted in Figs. 5-7.
Each time the measured data is shown in the material system (sperm
head is the origin of the coordinate system) and lab system. The motion
of the sperm cell is visible in the lab system as the motion of the prox-
imal end of the sperm flagellum is marked. Then, the bending shapes
by Fourier analysis, GA(ry) and GA(r) are shown. The best agreement
with input data is typically for GA(ry) in a material system.

The first sperm cell S1 beats asymmetrically (5a) and moves in neg-
ative y-direction (5b). In material system the beating shape of GA(ry) is
more similar to the input data than the beating shapes of Fourier anal-
ysis and GA(r). The width of the beating shape is the highest and there
is widening at the end of the flagellum. This comes from the higher
bending amplitude 15 mm~! found by GA(rs) compared to 7 mm~!
and 11 mm~! (Table 3). The wavelength is found 40 um and the pe-
riod time 232 ms. The mean curvature is 11 mm~' and smaller than
with the other methods. In lab system, the beating shape of GA(r) has
best agreement with the input data. The width is highest and the move-
ment is similar to the input data. The initial orientation —83 — (—90)°
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Fig. 6. Beating shapes for input data from sperm cell S2 and calculated from parameters a) in material system &; — €,, b) in lab system x —y. Input data (left),
Fourier (second column), GA(r;) optimizes agreement of input data with simulated beating shape in material system (third column), GA(r) optimizes agreement of
input data with simulated beating shape in lab system (right). Movement of proximal flagellum end r(0,¢) (black). Beating shape and length, direction and curvature

of proximal flagellum end movement are in good agreement for GA(r).
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Fig. 7. Beating shapes for input data from sperm cell S3 and calculated from parameters a) in material system &; — &,, b) in lab system x —y. Input data (left),
Fourier (second column), GA(r;) optimizes agreement of input data with simulated beating shape in material system (third column), GA(r) optimizes agreement of
input data with simulated beating shape in lab system (right). Movement of proximal flagellum end r(0, 7) (black). Beating shape and length, direction and curvature

of proximal flagellum end movement are in good agreement for GA(r).

agrees well with the movement in negative y-axis. Clockwise rotation
during motion and beating shape having more values with negative y-
values lead to positive mean curvature values 11 — 16 mm~!. The phase
angle varies widely in the range 258 — 306°. The fit error was success-
fully reduced from 7.4 um for Fourier analysis to 4.3 — 4.6 um for GA
(reduction by 37% — 41%). The discrepancy between experimental data
and the best fit obtained using the parameters and Eq. (3) is attributed
to the high irregularities of sperm beating. While this may suggest that
the basic model is inadequate, previous research [19] has demonstrated
that parameters derived from the zeroth and first modes of Fourier
decomposition encompass 95% of the power, rendering higher orders
negligible. Fourier decomposition excels at detecting periodic behavior
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in scattered data, such as period time and wavelength. However, it does
not optimize the complete 2D motion of the flagellum. Consequently,
GA has the capacity to identify superior parameters by minimizing er-
ror.

Sperm cell S2 initially exhibits nearly parallel movement to the
x-axis and gradually undergoes a clockwise rotation, ultimately align-
ing itself at an angle of approximately —45° relative to the x-axis at
the end (see Fig. 6). Consequently, the angle of the initial orientation
is relatively small, ranging from approximately —11° to —21°. In the
material system, this sperm cell shows a more pronounced bending
in the negative y-direction, resulting in a positive mean curvature of
8 — 11 mm~! and clockwise movement. Fourier-based decomposition
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Fig. 8. Beating shapes for input data from sperm cell Bl and calculated from parameters a) in material system &, —&,, b) in lab system x —y. Input data (left),
Fourier (second column), GA(r;) optimizes agreement of input data with simulated beating shape in material system (third column), GA(r) optimizes agreement of
input data with simulated beating shape in lab system (right). Movement of proximal flagellum end r(0, r) (black).

identified a smaller bending amplitude of 6 mm~!, while GA yielded a
higher bending amplitude of 18 mm™!, which better matched the bend-
ing shape observed in the input data. The wavelength was measured as
approximately 51 — 52 pm for both Fourier and GA(ry), while GA(r) in-
dicated a wavelength of 30 um. The fit error ranged from 4.87 um for
GA(rg) to 9.74 pum for Fourier analysis. This substantial reduction in the
fit error of approximately 50% demonstrates the superior performance
of GA in this context.

Sperm cell S3 initiates its movement at an angle of approximately
—70° relative to the x-axis and ends at around —135° (as seen in Fig. 7).
This pattern is also evident in the optimization results, as the initial an-
gle a falls within the range of —51° to —63°. In the material system,
this sperm cell exhibits more pronounced bending in the negative y-
direction, resulting in a positive mean curvature of 8 — 18 mm~! and
clockwise movement. The movement, curvature, and bending shape are
best captured using GA(r) in the laboratory system. The mean curvature
is 18 mm~! for GA(r), 8 mm™! for GA(ry), and 13.4 mm~! for Fourier
analysis. The bending amplitude is 17 mm~! for GA(r), 19 mm~! for
GA(ry), and 5 mm~! for Fourier analysis. However, in the material
frame of reference, the bending shape for GA(r) does not match the
input data as well, while the width of the bending shape is a good
fit for GA(ry). Conversely, the movement does not match the input
data as well in the laboratory system for GA(ry). The fit error is re-
duced to 5.83 pm using GA(ry) and 6.45 pum using GA(r) compared
to 11.69 pum for Fourier analysis, representing a reduction of approxi-
mately 45% — 50%.

4.3. Flagellum beating in a bundle of cells

The data set Bl corresponds to 2.5 periods, as shown in Fig. 8,
and parameters are summarized in Table 4. Using Fourier analysis, the
results indicate negative curvature, very low bending amplitude, and
an extremely large period time. The initial direction is approximately
—45°, and the fit error averages 8.3 pm, significantly higher than the
values obtained for validation data. When employing GA(r;), higher
mean curvature and bending amplitude magnitudes are obtained, while
wavelength and period time remain similar to Fourier analysis. How-
ever, the phase shift differs by 20°. The average error is significantly
reduced, dropping from 8.3 pm to 4.9 pm, which represents a substan-
tial reduction of approximately 42%. GA(r) results in high curvature

2846

and low bending amplitude, with an unrealistically low period time
compared to the other two methods. The phase shift also significantly
deviates from the values found by Fourier analysis and GA(ry). The
initial orientation is close to 49°, similar to the 45° of the other meth-
ods. The fit error is reduced to 7.5 um, representing a reduction of
approximately 10%. In this case, GA(ry) provides more reliable results
compared to GA(r).

Sperm cell B2 exhibits a wide deformation and moves almost par-
allel to the y-axis, as shown in Fig. 9, and parameters are summarized
in Table 4. The mean curvature is approximately 17 — 18 mm~! for
both Fourier analysis and GA(ry), but it is smaller, around 9.4 mm™!,
for GA(r). Fourier analysis results in the smallest bending amplitude,
while the other methods yield higher values, around 15 — 16 mm~!.
The wavelength varies from 33 pm for GA(r) to 69 um for GA(r;) and
up to 78 um for Fourier analysis. The shape found by GA agrees better
with the input data than the shapes obtained by Fourier analysis. The
period times for Fourier analysis and GA(r; agree well, both around
560 — 600 ms. The phase angle varies between 247° — 300°. The initial
direction is approximately 90°, as found by Fourier analysis and GA in
the material system. The fit error is reduced from the highest value of
9.8 um with Fourier analysis to 6.5 — 6.9 pum with GA, representing a
reduction of approximately 29 — 34%.

4.4. Comparison

All parameters and fit errors are compared in Fig. 10 and Tables 3-4.
It is evident that the fit error for validation data is significantly smaller
than for experimental data. The smallest error is observed for the ideal
data, while scattered data exhibits slightly higher errors but remains be-
low 1 um. In contrast, the fit error for real experiments exceeds 2.2 um
and can reach as high as 14 pm.

Comparing the methods, GA generally results in 10 — 70% lower fit
errors than Fourier analysis. For GA(ry), the fit error is on average 50 +
10% of the fit error by Fourier decomposition. In approximately 68% of
experiments, GA(r;) yields smaller fit errors compared to the laboratory
system. When considering period time, it is notably well recovered for
validation data. Period time from Fourier analysis and GA(ry) shows
good agreement for all experimental data, with a maximum deviation
of 10.2%. The lowest deviation is observed for S6 and S17. GA(r;) is
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Table 3

Output parameters for individual sperm cells (S1-S20) analyzed by Fourier, GA(r;), and GA(r). Parameters:
mean curvature K, beating amplitude A, wavelength A, period time T, initial phase shift ¢, initial swimming
direction a, and fit error < ¢ >. Fit error (o) is (6,) for Fourier and GA(ry), and (o,,) for GA(r). Fourier
outputs serve as ground truth. For GA(r;), the largest change is an increase in amplitude from 4.4 pm to 15.4
pm. For GA(r), beating amplitude increases from 4.4 pm to 12.8 um, and period time decreases from 267 ms
to 118 ms. Fit error is lower for GA than Fourier, and lower for GA(r;) than GA(r).

Input data ~ Method K, [mm™'] A;[mm™'] A[pum] T [ms] b, [°] a ] () [um]
Fourier 15.29 6.85 51.20 248.0 269.0 -89.5 7.37
S1 GA(rg) 10.61 14.67 40.12 232.4 257.5 -89.5 4.64
GA(r) 15.92 11.22 30.33 68.1 305.9 -83.1 4.33
Fourier 7.66 6.04 52.90 330.0 86.0 -11.3 9.74
S2 GA(ry) 10.70 17.98 50.60 353.8 180.2 -11.3 4.87
GA(r) 8.17 17.54 30.09 97.5 146.5 -21.3 5.85
Fourier 13.42 5.03 61.13 408.0 10.0 -50.9 11.69
S3 GA(ry) 8.21 19.03 72.34 422.7 13.1 -50.9 5.83
GA(r) 18.14 16.55 39.77 133.5 115.3 -63.1 6.45
Fourier -9.12 9.34 43.35 243.3 95.0 122.6 5.63
S4 GA(ry) -6.19 15.06 40.06 224.3 82.5 122.6 3.67
GA(r) -3.90 14.52 30.11 40.4 20.7 126.7 4.28
Fourier -13.43 6.98 50.96 300.0 194.0 -81.0 6.18
S5 GA(ry) -8.13 18.39 38.29 194.7 131.1 -81.0 2.15
GA(r) -22.74 18.84 61.14 255.5 58.5 -62.2 4.43
Fourier -16.62 9.30 53.50 300.0 237.0 -46.5 6.45
S6 GA(ry) -10.08 17.48 44.51 302.7 270.5 -46.5 3.93
GA(r) -12.90 16.91 46.66 168.1 167.6 -40.0 4.03
Fourier -31.93 2.58 68.54 200.0 305.0 -124.6 9.36
S7 GA(ry) -29.94 14.57 99.79 218.4 324.5 -124.6 4.83
GA(r) -26.72 11.00 99.60 75.9 345.4 -160.0 7.21
Fourier -30.99 5.32 91.65 250.0 345.0 54.9 8.42
S8 GA(ry) -29.63 17.56 83.40 238.0 317.3 54.9 4.36
GA(r) -9.35 13.45 40.26 55.19 182.3 -0.8 7.13
Fourier -27.66 4.79 73.99 250.0 252.0 60.8 8.43
S9 GA(ry) -29.32 17.29 75.88 226.1 164.4 60.8 3.87
GA(r) -10.22 11.66 30.05 39.9 248.1 23.2 5.72
Fourier -16.07 2.63 92.81 250.0 196.0 -124.0 6.94
s10 GA(ry) -25.74 11.47 76.57 230.59 143.3 -124.0 2.70
GA(r) -22.05 13.05 70.26 217.16 89.4 -127.9 3.57
Fourier -14.91 1.27 81.36 200 190.0 -69.3 8.79
S11 GA(ry) -27.15 11.57 74.84 220.4 259.4 -69.3 2.97
GA(r) -18.39 13.44 55.41 212.4 273.2 -96.0 3.52
Fourier -17.15 3.55 81.53 250.0 166.0 -55.3 7.02
S12 GA(ry) -27.36 12.95 77.22 238.1 117.6 -55.3 2.69
GA(r) -21.68 12.20 53.19 229.5 155.3 -61.3 2.35
Fourier -17.15 3.52 81.40 250.0 166.0 -53.3 7.08
S13 GA(ry) -27.24 13.05 75.58 239.8 127.7 -53.3 2.75
GA(r) -22.15 12.34 51.87 234.8 178.8 -60.9 2.19
Fourier 25.64 6.54 112.91 210.0 148.0 150.8 8.81
S14 GA(ry) 29.05 20.81 86.40 222.3 196.6 150.8 4.30
GA(r) 29.96 19.84 99.62 210.4 148.8 150.4 5.03
Fourier 28.27 5.55 90.72 200.0 67.0 81.5 9.86
S15 GA(rg) 26.92 20.35 93.79 208.8 91.5 81.5 3.53
GA(r) 13.94 15.51 38.86 58.9 351.2 138.2 7.07
Fourier 22.56 3.50 149.23 252.5 169.0 -57.6 7.98
S16 GA(ry) 28.61 13.95 90.35 239.4 162.5 -57.6 4.49
GA(r) 7.30 12.36 37.05 64.4 0.8 -9.5 6.65
Fourier -14.41 1.32 52.31 193.3 34.0 77.5 8.61
S17 GA(ry) -25.47 13.67 77.12 192.2 315.3 77.5 3.72
GA(r) -12.23 13.26 30.33 61.8 82.3 335 5.10
Fourier 18.26 -1.71 100.09 333.3 122.0 -133.4 11.58
S18 GA(ry) 29.85 11.73 98.81 296.6 219.4 -133.4 6.67
GA(r) 29.99 2.11 80.48 27.9 266.7 -137.6 4.15
Fourier 18.79 1.06 117.28 333.3 164.0 -142.8 14.10
s19 GA(ry) 29.90 12.58 99.27 343.1 3.0 -142.8 8.00
GA(r) 24.29 4.02 99.52 53.2 225.8 -119.8 4.49
Fourier 20.88 1.27 118.79 333.3 197.0 -147.1 12.08
S20 GA(ry) 29.88 13.97 96.48 303.5 338.7 -147.1 6.92
GA(r) 10.72 6.05 52.84 64.4 334.9 -126.6 5.29
Fourier 19+7 44+ 26 81 + 28 267 + 58 171 + 87 -32 + 92 8.8 +22
Average GA(ry) 22+9 154+ 3.0 75+ 21 257 + 60 186 + 101 -32 +92 43+1.5
GA(r) 17 + 8 12.8 + 4.6 54 + 24 118 + 80 185 + 107 -35 + 92 49+1.5

2847



A. Klingner, A. Kovalenko, V. Magdanz et al.

Table 4

Computational and Structural Biotechnology Journal 23 (2024) 2837-2850

Output parameters for sperm in sperm bundle (B1-B2) analyzed by Fourier, GA(r;), and GA(r). Parameters
include mean curvature K|), beating amplitude A, wavelength 4, period time T, initial phase shift ¢, initial
swimming direction a, and fit error < ¢ >. The fit error (o) is (oy,) for Fourier and GA(r;), and (o,,) for
GA(r). Fourier outputs serve as the ground truth. Average output values are at the table’s end. For GA(ry),
the largest change is an increase in beating amplitude from 3.7 pm to 14.9 pm. For GA(r), beating amplitude
increases from 3.7 pm to 10.2 pum, and period time decreases from 513 ms to 70 ms. Fit error is lower for GA
than Fourier, and typically lower for GA(r;) than GA(r).

Input data ~ Method K, [mm™'] Ay [mm~']  A[um] T [ms] ¢ [°] a[’] (o) [um]
Fourier -8.71 3.76 59.97 466.7 82.0 -45.0 8.33
Bl GA(rg) -16.94 14.18 59.89 454.5 61.2 -45.0 4.85
GA(r) -15.29 4.86 61.97 39.5 123.1 -49.0 7.51
Fourier -17.29 3.72 78.18 560.0 247.0 90.0 9.75
B2 GA(rg) -17.86 15.66 69.09 600.0 276.0 90.0 6.92
GA(r) -9.42 15.47 32.70 99.7 299.7 56.6 6.45
Fourier 13+6 3.7 £0.0 69 + 13 513 + 66 165 + 117 23 + 95 9.0 £ 1.0
Average GA(r) 17 +1 149+ 1.0 64 +7 527 + 103 169 + 152 23 + 95 59+1.5
GA(r) 12+ 4 10.2 £ 7.5 47 + 21 70 + 43 211 +125 4+75 7.0 +£0.8
a) Input Fourier GA(r) GA(r)
40 40 40
E
= 20 20 20
o'
0 0 0
0 -60 -40 -20 0 -60 -40 -20 0
b) e, [um] e, [um]
20 20 20
0 0 0
E
= -20 -20 -20
.
40 40 40
-60 -60 -60
-80 -60 -40 -20 0 20 40 -60 -40 -20 0 20 40 -60 -40 -20 0 20 40 -60 -40 -20 0 20 40
X [um] X [um] X [um] X [um]

Fig. 9. Beating shapes for input data from sperm cell B2 and calculated from parameters a) in material system &, —&,, b) in lab system x —y. Input data (left),
Fourier (second column), GA(r;) optimizes agreement of input data with simulated beating shape in material system (third column), GA(r) optimizes agreement of
input data with simulated beating shape in lab system (right). Movement of proximal flagellum end r(0,7) (black).

well-suited for determining the correct period time. In contrast, GA(r)
underestimates the period time for 91% of experimental data, by an
average factor of 2.3. This suggests that using experimental data from
fewer periods may be necessary.

Regarding bending amplitude A,, it is well-recovered for validation
data (Fig. 10c). However, for experimental data, Fourier analysis tends
to yield lower values, by a factor of 2-12, compared to GA(ry). The
higher bending amplitude achieved by GA(r;) appears more reason-
able, as observed in Figs. 5-7. This increased bending amplitude is a
key factor contributing to the improved fitting error of GA compared to
Fourier analysis. The curvature, as shown in Fig. 10d), displays no clear
trend. In 36% of the cases, the curvature obtained by GA in the material
system is smaller than that from Fourier analysis. Nevertheless, the sign
of curvature remains consistent among the three methods. Wavelength
agreement is generally good between Fourier analysis and GA(r;), with
an average deviation of 6 um or 7.5% (Fig. 10e). However, GA(r) yields
on average 34% smaller values for the wavelength than Fourier analy-
sis. The standard deviation is consistent across all three methods for all
parameters, except for an elevated standard deviation observed for am-
plitude in GA(r). This suggests that all three methods exhibit a similar
range of uncertainty in their parameter estimations.
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The initial orientation angle « is consistent between Fourier and
GA(r) since the same method was used. Deviations in this angle are on
average 21° + 18°, with the highest deviation observed for S8 and S15.
In contrast, the phase angle ¢, exhibits similar trends among the three
methods, but with larger deviations, ranging from 0.8 — 168° between
the lowest and highest values of the three methods. This discrepancy is
notably greater than the deviations observed for «, indicating that the
orientation angle is determined with higher accuracy than the phase
angle.

The validation data demonstrates excellent agreement for all three
methods, affirming their effectiveness. It is important to note that cur-
vatures can have positive or negative values, depending on whether
the sperm cells exhibits clockwise or counter-clockwise bending. This is
closely tied to the direction of the sperm cell’s motion — whether it is
swimming clockwise or counter-clockwise.

5. Conclusions

In the pursuit of enhanced analytical accuracy, GA presents a novel
paradigm for analyzing sperm cell motility, offering a contrasting per-
spective to traditional Fourier analyses. Its primary advantage lies in its
capability to juxtapose observed flagellar configurations directly against
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Fig. 10. Comparison of a) fit error, b) period time, c¢) bending amplitude, d) mean curvature, e) wavelength, f) initial orientation and g) phase constant for test data
(ideal and scattered at low and high viscosity), five experimental data sets (S1, S2, S3, B1, B2) and average of 22 sperm cells analysed by Fourier (blue), genetic
algorithm in material system GA(r;) (red) and genetic algorithm in laboratory system GA(r) (yellow). Input parameters for validation data are indicated by red
horizontal lines. Functionality of data evaluation methods was proven by low fit error for validation data. For experimental data, fit error is lowest for GA(ry), then
GA(r) and highest for Fourier. Time periods found by Fourier and GA(r;) agree well. GA(r;) finds typically lower values for period time. Genetic algorithm methods
find typically higher bending amplitude than Fourier. Other output parameters show similar range. Therefore, GA(r;) is suggested as alternative or improvement

for Fourier.

simulation outputs, leading to more accurate results of parameter esti-
mations. This eliminates the need for intermediate data transformation
steps that involve curve fitting and angle determination. Consequently,
GAs can diminish fitting discrepancies by a remarkable 45.1% in con-
trast to Fourier analysis-based methodologies.

Additionally, GA allows for the determination of additional param-
eters, such as the phase constant and the initial orientation. These
parameters can provide valuable insights, particularly in understand-
ing the formation of sperm pairs. The detailed analysis of sperm motion
and bundle formation in fluids with varying rheological properties re-
quires further investigation. The method presented here sheds light on
different flagellar behaviors in low and high viscosity environments. So
far, no clear effect of increased viscosity on bundle formation has been
observed. In future studies, we aim to explore the effects of fluid proper-
ties, such as elasticity versus viscosity of the medium, on sperm bundle
velocity and flagellar waveform. Additionally, biochemical processes
that alter sperm motion, such as hyperactivation and capacitation, are
worth mentioning.
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In our experiments, we intentionally used DMEM as a serum-free
medium to prevent potential capacitation of sperm cells during mea-
surements. DMEM was modified to include glucose and pyruvate as
fuel sources to sustain sperm motility for several hours. In a previ-
ous study [17], we examined the impact of DMEM with and without
serum in high and low viscosity on bundle formation and found these
factors to have negligible effects on bundle occurrence. Detailed analy-
ses of flagellar behavior, synchronization, and bundle velocity are still
needed.

Fourier analysis, however, involves transferring sperm motion to the
material system for flagellum deformation analysis, ignoring motion in
the laboratory system. It is important to note that the inherent stochas-
tic nature of GA requires more computational time and can produce
variable outcomes across different runs. A useful strategy is to initial-
ize one individual’s gene in the population with results from Fourier
analysis, jump-starting the optimization process and saving time. To re-
duce the randomness of results, increasing the number of generations
or population size can lead to more consistent outcomes.
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Currently, GA in the material system outperforms GA(r), especially
in estimating the period time, which shows a high systematic error. To
improve results, we might consider fixing the gene related to period
time or using experimental data from fewer periods. Another potential
enhancement could involve adjusting the fit error calculation to assign
greater weight to points at the distal end of the sperm cell compared to
the proximal end. Several parameters such as sperm cell dimensions and
frictional coefficients were fixed in this study. These parameters could
be included in the gene pool to improve the fitting. The observed fitting
error appears significant relative to the length of the sperm cell, reflect-
ing the presence of random fluctuations in experimental flagellar beat-
ing. While the current model captures 95% of flagellar power, alterna-
tive models for sperm cell beating may provide additional insights. Fur-
thermore, factors such as sperm medium viscosity and capacitation sta-
tus can now be examined using both methods. It remains crucial to de-
termine which methods yield reliable results under specific conditions.

To enhance clinical applicability, using recording equipment with
higher magnification than that used in conventional sperm cell analysis
is essential. This would enable clearer visualization and detailed ex-
amination of sperm flagella, aiding in accurate analysis and diagnosis.
Additionally, it is advisable to ensure that recorded videos contain only
a limited number of non-rotating sperm cells. This simplifies the detec-
tion and tracking of individual sperm flagella, facilitating more efficient
analysis and reducing potential errors in interpretation.

In general, GA and other artificial intelligence/deep learning meth-
ods offer a promising avenue for understanding sperm flagellum de-
formation, shedding light on sperm cell motion, and enhancing our
comprehension of bundle formation. These techniques hold significant
potential for advancing our knowledge in this field.
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