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The first two au tho rs co ntribu te d e qua l ly to this work. 
From the symposium “Lar g e-sca le biolog ica l ph en om en a ari sing from sm a l l-sca le biophysica l p rocesses” p resen ted a t the 
annua l me et ing o f the Society fo r In tegra tive and Com para tiv e B iology v irtu al annu a l me et ing , Janu ary 16–March 31, 2023. 

Synopsis Mot i lity is an essent ia l factor for an organism’s survival and diversificatio n. Wi t h t he advent of novel single-cell 
t ec hno logies, anal ytical fram ewor ks, an d th e oret ica l m eth o ds, we can b egin to prob e the comp lex li ves o f microscop ic mot i le 
or ganism s and an sw er the intert w ining biologic al and physic al questions of how thes e divers e lif ef or ms navigate t heir sur- 
r oundings. Her ein, we summar ize t h e main m ech ani sms of microsca le mot i lity and give an overview of different exper iment al, 
ana lyt ica l, an d math emat ica l m eth ods used to study them across different scales en compassing th e m olecular-, in dividual-, to 

po p u lat ion-level. We ident ify t ra nsf erable t ec hniques, pressing c ha l lenges, and futur e dir e ct ions in the field. This re vie w can 

serve as a starting point f or resea rc her s who are int erest ed in exploring and qu antify ing th e m ovem ents o f o rganisms in the 
microscale world. 
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ntroduction 

ot i lity is crucial in many aspects of life, ena blin g
r ganism s to find r esour ces, evade pr edat or s, and lo-
ate or co lonize suitab le hab i ta ts. By em p loying di verse
ole cu lar mot or syst ems, an indiv idu al organism c an

onvert ch emical en ergy into m e chanica l en ergy an d
her eby contr ol its m ovem ent ( Flet c h er an d Th eriot
004 ; M i yata et al. 2020 ). Swimming at the microscale
s g ov er ned by f un dam enta l ly different fluid dynam-
cs than swimming at the macroscopic length scale of
ur ev ery day experien ce ( Purce l l 1977 ). A maj or differ-
n ce between m otion at th e micro- an d macro-scales
s due to th e re lative sizes of the inert ial a nd vi scou s
or ces, wher e inertia descr ibes t he tendency of an ob-
 e ct in mot ion to remain in mot io n, and viscosi ty is the
rict iona l force that slows down an obj e ct moving in a
uid. The rat io betwe en these two forces is ca l le d the
 ey nold s number ( R e ), where inert ia l or vi scou s effects
o minate fo r high o r low Re , respe ct i vel y. F or exam ple,
 human swimming in water h a s R e ≈ 10 

6 , wherea s a
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−6 .
her efor e, we define microsca le mot i lity as active lo-
o motio n occur r ing at Re � 1. Microscop ic o rgan-
 sms h ave evo l ved sop histicated self-pro p ulsion mech-
 nisms f or navigating their highly vi scou s environment
 nd a iding them in act ivit ies such as ph otosynth e-
is, fe e ding, o r rep rod uctio n, which can increase their
tness o r chances o f survival ( St oc k er a n d Seym our

2012 ). 
Microb ial co mmuni ties are ub iqui tous and underpin
any bioge ochemica l cycles, me aning t hat t h e m ot i lity
 f microscop ic o r ganism s ca n influence f o o d web dy-
a mics a n d th e st ructuring of e cosystems. Th e m ot i lity
f ph otosynth et ic (e.g., micro a lgae, diatoms, cyanobac-
 eria), c h em o tro phic (e .g., arc haea, bact eria), an d h et-
r otr ophic (e .g., bact eria, ciliat es, ma rine la rvae) orga n-
sms can impact the flow o f carbo n an d oth er nutri-
nts in the fo o d web and can affect small-scale spa-
 ia l st ructuring of chemica l and physica l environmen-
al fact or s ( Fenc hel 2002 ; St oc k er a n d Seym our 2012 ;
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Fig. 1 Schematic illustrations of the different microscale ( A ) swimming and ( B ) surface motility mechanisms. 

Table 1 Overview of the main motility mechanisms discussed in this re vie w 

Mechanism of motility Domain(s) of life Example organisms 

Flagella Prokaryotes: bacteria E. coli , Vibrio alginolyticus 

Archaella Pr okaryotes: ar chaea Halobacterium salinarum 

Cilia Eukaryotes: microalgae, dinoflagellates, ciliates, 
marine invertebrate larvae, rotifers 

Chlam ydomonas reinhardtii , Dinoph ysis acuta , Paramecium 

caudatum , Platynereis dumerilii 
Swimming without appendages Prokaryotes: bacteria Synechococcus sp., Spiroplasma citri 

Buoyancy control Prokaryotes: bacteria; 
Eukaryotes: diatoms, marine larvae 

Microcystis sp., Anabaena sp.; 
Coscinodiscus sp., Acr opor a tenuis larvae 

Pili Prokaryotes: bacteria, archaea Pseudomonas aeruginosa , Sulfolobus sp. 

Gliding Prokaryotes: bacteria; eukaryotes: diatoms Flavobacterium johnsonia ; Navicula sp., Bacillaria sp. 

Cell protrusions Eukaryotes: amoeba Dictyostelium sp., Physarum sp. 
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Worden et al. 2015 ; Weisse et al. 2016 ). With the ad-
v ent of sin gle-cel l te chnolog ies a nd adva ncements in
ana lyt ica l an d th e oret ica l m eth o ds, we can b egin to
p robe the co mp lex li ves of indi v idu al microsc ale organ-
ism s. How ev er, bridgin g motility r esear ch acr oss a con-
tinu um o f physica l ly and biolog ica l ly relevant scales is
da un ting. Whereas po p u lat ion- and glob a l-sca le stud-
ies have s h own h ow som e or ganism s can shape lar g e-
sca le e cosystem funct ioning t hrough t h eir influen ce on
bioge ochemica l and nut rient cy clin g , study ing the be-
havio r o f individ uals can yield a more thorough under-
st anding of t heir specific co ntribu tio ns. Fo r example,
in situ observatio n o f mar ine bacter ial foragin g rev eals
specific pr efer ences towar d chemical stimuli , whic h can
defin e th e microsca le p art it ioning of a community, as
well as the reminera lizat io n rate o f specific e lem ents an d
n utrien ts in the ocea n ( Ra ina et al. 2022 ). Meanwhile,
s e vera l ci liate d organisms, wh eth er free-swimming
(e.g., Pa ra meci u m ) or sessile (e.g., Vorti cell a ), forage
by creating feeding cur rents t hrough ciliary beating.
Their cilia ry a rra n g ement can influence different f e e d-
ing modes ( Fenchel 1982 ; Weisse et al. 2016 ) and preda-
to r evasio n capab ili ties ( Nie lsen an d Kiørb o e 2021 ).
Their dual role as predator and prey influences the flow
o f carbo n and in tur n t he structur ing of t h e trophic n et-
work in aquatic and ter restr i al env iro nments ( Wo rden
et al. 2015 ; Weisse et al. 2016 ; Nielsen and Kiørb o e
2021 ). 

Me asur ing mot i li ty at the o rgani sm a l sca le is often
cha l leng ing due to various t ec hnical constraints (e .g.,
broad ran g e of relevant length sc ales, fast dy na mics, a nd
r equir ement for specialized and expen siv e equi p ment).
U ltimat e ly, we n eed to ensure t hat t h e m eth ods (i .e ., ex-
periments, analyses, an d m ode ls) ar e appr opriat e , re-
p rod ucible, p ract ica l, and t hat t he interpret atio n o f the
results is accurat e , insight fu l, a nd ca n be mea ning fu l ly
associ ated w it h t he b iology o f the o rgani sm ( Berm an
2018 ). R ecent rev iews have co mp re h ensive ly descri bed
mot i lity me ch ani sms grou p ing them taxo no mica l ly or
b ase d on their mot i lity-ena blin g protein arc hit ectures
( M i yata et a l. 2020 ; Vel ho Rodrigues et al. 2021 ). In con-
trast, here, we focus on con solidatin g the different ex-
per iment a l, ana lyt ica l, an d math emat ica l m eth ods used
to study a l l microsca le mot i lity me ch ani sms across dif-
fer ent scales fr om th e m ole cu lar, to th e in div idu al and
po p u lat ion lev els. How ev er, di scu ssio n o n mole cu lar
t ec hniques will be brief as exten siv e re vie ws already ex-
ist [see Beeby et al. (2020) ; M i yata et al. (2020) , Klena
a nd P ig ino (2022) ; Wad hwa and Berg (2022) ]. We iden-
tify co mmo nali ties between the variou s field s, which
t ec hniques could be tra nsf erable, a nd di scu ss co mmo n
cha l len g es and o p po rtuni ties fo r fu tur e r esear ch. 
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echanisms of microscale motility 

n this se ct ion, we summar ize t h e m ech ani sms th at mi-
roscop ic o r ganism s use to prope l th emse lves through
uids o r move acros s s urfaces (as i l lust rate d in Fig. 1
nd listed in Table 1 ). We note that the same style of
oco motio n (e.g ., sw imming , gliding , wa l king) can be
chieved v i a different mecha nisms a nd t hat t he s ame
ot i lity app a ratus ca n be used to achieve different types

f m ovem ents. Th e diversi ty o f mech ani sm s employ ed
n d locom otion be haviors per for med by microscale
r ganism s hig hlig hts th e n e e d to study microsca le
ot i lity across different scales—from mole cu lar me ch-

nisms to the indiv idu al or ganism lev e l an d po p u lat ion
cale. 

wimming 

ife at low Reynolds number 
he R ey nold s number, R e , i s a dimensionless pa ra me-

er that quantifies the ratio of inertial to vi scou s forces
cting in a mov ing fluid. Microsc a le mot i lity occurs
t “low R ey nold s number”: R e � 1, where the vis-
ous forces experienced by such swimmers are much
ar g er t han t h e in ert ia l ones. This imposes a variety
 f physical co nstraints o n th eir m otio n. Fo r example,
hen such a swimmer stops acti vel y propelling itself,

t wi l l stop moving a lm ost imm ediate ly. More su btly,
uch a swimmer can only propel itself by so-ca l le d
tim e irreversi ble” m otions, in which a video of the
wimming stroke looks different when played in re vers e
 Purce ll 1977 ). Th e side-to-side beating of a fishtail i s
 ot tim e irreversi ble, an d such a swimming stroke at

ow Re would not result in f orwa rd motion. In con-
rast, t he “bre as ts t roke” mot io n o f the cilia o f the low
e swimmer Chlamydo mo nas is tim e irreversi ble, lead-

ng to net f orwa rd motion. An effectiv e swimmin g
 trategy under s uch cons traints is to explo i t the lar g e
ifference in the vi scou s drag coefficient experienced
y a thin rod moving p ara l lel or p erp endicular to its

ong axis ( Becker et al . 2003 ). Suc h drag-based pro p ul-
ion v i a the use o f lo ng s len der filam en ts is th us com-
on across a l l domains of microscopic life. Yet despite

 his similar ity, t he pro p ul sive m achinery u sed by ar-
 haea, bact eria, a nd euka ryotes (na m e ly archae ll a, flag-
 lla, an d cilia, respective ly) are a l l st ructura l ly dist inct,
 st ri king example o f co nv er g ent ev ol u tio n ( Be eby et a l.
2020 ). 

lagella and archaella 
he b acteria l flagel la a nd a rchaea’s a rchaell a ( Fig . 1 A.i
nd ii, respe ct i vel y) are both long, thin filaments (5–
0 μm in length, 10–30 nm in diameter) driven by
 embran e-embe dde d rotary mot or s, wit h t he for mer

eing more st ructura l l y comp lex t han t he latter. In bac-
er ia, t he rot ary moto r co mplex is powered by the ion
otive f orce ( Ma nson et al. 1977 ; Hirota et al. 1981 ),
hile in archaea, a single ATPase is responsible for

o rque generatio n ( Streif et al. 2008 ). In both cases,
h e torque trans la tes in to a h e lical wavef orm a n d th e
onne cte d p a ssive protein aceou s filam ent th en acts as
 p ropeller fo r cell p ro p u lsion. In b acter ia, t his torque
 ransduct ion occurs v i a the flagell a r hook, while f or a r-
hae a, t h e filam ent conn e cts dire ct ly to t h e m otor. 

ilia 
esp i te appearing superficia l ly simi lar, the st ructure of

ili a ( Fig . 1 A.iii) is far mo re co mplex, co mp rising an
 rder o f magni tude mo re mole cu lar co mpo nents than
ith er flage lla or archae l la ( Be eby et a l. 2020 ). The ax-
n em e se ct ion of the cilium produces the c haract eristic
endin g wav es used for sw imming . This structure t yp-

ca l ly consists of a cent ra l micro tub u le p air surrounde d
y a ring of micro tub ule do ublets in mot i le ci li a ( Fig .
 A.x) ( Nicastro et al. 2006 ). Cilium bending occurs
 i a the different ia l sliding of the o uter do ublets that is
ri ven by d yn ein m ot or s conne ct in g neighborin g mi-
ro tub u les ( Sat ir 1967 ). Th ese dyn ein m ot or s ar e r eg-
larl y p lace d a long the cilium a l low ing force actu ation
lo ng i ts length. The cili um can thus p rod uce far mo re
om plica ted wav eform s than thos e achie ved with flag-
 lla or archae ll a. Cili a are also widespr ead acr oss mul-
 iple spe cies of mu lt icel lu la r a nim al s ( Wa n a n d Jéke ly
020 ). In p art icu lar, m ost marin e invert ebrat e anim al s
ave a ci liate d larva l s ta ge, wh ere th e ci lia cont ribute

o sw imming , sensing , a nd f e e ding ( Koeh l an d Powe ll
994 ; Fuchs et a l. 2013 ; Marin kovi ́c et al. 2020 ). Cilia
n marine larvae may b e lo ca lize d into bands as in P.
 u meril i i , or may den sely cov er the entire b o dy, as in
emat os t ella or in cora l planu lae larvae ( Nielsen 1987 ;
oon et al. 2022 ). In contrast to unicellular or ganism s,
hese mu lt icel lu lar ci liate d swimmers can also mod-
fy their b o dy shap es and t raj e c tories by musc ular ac-
ion. Lar g e numbers of cilia can also bun dle togeth er to
o rm co m pound cilia tha t c an propel l ar g er or ganism s
t higher Re , for example, in cten oph or es ( Jok ura et al.
022 ). 

lternative swimming appendages 
he a bov e swimmin g mech ani sms are st ructura l ly sim-
le enough to occur in very sma l l organisms includ-

n g prokary otes. How ev er, many microscale anim al s u se
o re co m plex a ppend ages to sw im ( Fig . 1 A.iv). Ex-

mples include the legs of mu lt iple crust ace an species
uch as cop ep o ds, clado cera ns, a nd ba rnacles ( Jia ng a nd
iørb o e 2011 ; Kiørb o e et al. 2014 ; L enz et al. 2015 ;
a mont a nd Emlet 2018 ; Svetlichny et al. 2020 ). Be-

ng subj e ct to simi l ar physic a l const raints of low- Re
w imming , they l arge ly re ly on the same aniso tro pic
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Fig. 2 ( A ) Overview of the main experimental techniques organized by length-scale, from population- to molecular-level. ( i ) Population 
migration assays—the swarming behavior of a bacterial population can be observed via agar plate assays ( Be’er and Ariel 2019 ). ( ii ) 
Example of a turbulence tank with two horizontal grids that oscillate to generate turbulent flow ( Fagerström et al. 2022 ). ( iii ) Schematic of 
the “gravity machine” designed to track a single cell while allowing for free vertical movement ( https://gravitymachine.org/ ). ( iv ) Live 
imaging, trajectories—a maximum intensity projection of jellyfish larvae trajectories recorded over a 50-s time period. ( v ) 3D tracking—a 
ciliate Tetrahymena imaged via fluorescence microscopy swims in right-handed helical tracks ( Marumo et al. 2021 ). ( vi ) PIV & PTV—the 
output from running PIV on a video of a coral larva swimming through a fluid seeded with passive tracer particles. ( vii ) Microfluidics—a 
microfluidic chip design used to investigate bacterial swimming motility through geometries with various levels of complexity [adapted 
fr om Tokár ová et al. (2021 )]. ( viii ) Micr omanipulation—a Chlamydomonas cell held by micr opipette aspiration. ( ix ) Optical tweezers—a 
schematic of a bacterial cell held in an optical trap. ( x ) Electron microscopy—a TEM image showing the cross-section of a sperm flagellum 

of the hydrozoan, Clytia hemisphaerica (image credit: Kei Jokura). ( xi ) Fluorescent dyes—cilia of the ctenophore Bolinopsis mikado 
immunostained to show acetylated alpha-tubulin (magenta), an intraflagella transport (IFT) complex protein (green), and the nuclei (cyan) 
(image credit: Kei Jokura). ( B ) Diagrams illustrating the main analytical and theoretical frameworks used to study microscale motility. ( i ) 
Trajectory parameters and behavioral states—the locomotor behavior of the octoflagellate Pyramimonas octopus is classified into a trio of 
behavioral states based on the swimming speed. The state parameters (probabilities and expected durations) specify a unique reaction 
network ( Bentley et al. 2022 ). ( ii ) Flow fields—flow fields for a coral larva, experimentally measured by PIV ( Poon et al. 2022 ); and for an 
algal cell in top–down and sideways views, generated using a singularity model of the cell, and averaged over a whole beat cycle ( Cortese 
and Wan 2022 ). ( iii ) Dimensionality reduction multivariate analyses can be used to reduce complex data by grouping the data in a low 

dimensional space through PCA and/or clustering procedures to tease apart the behavior of different organisms or assign behavioral 
states. ( iv ) Probability flux—the probability flux strength for trajectories of single Chlamydomonas cells trapped inside 40- μm diameter 
micr ofluidic dr oplets indicates a pref er red circling direction [adapted from Bentley et al. (2022) ]. ( v ) Modeling individual swimmers—using 
singularity methods, the cilia beating of a Chlamydomonas cell can be modeled by small beads constrained to rotate along circular orbits 
( Cortese and Wan 2021 ). The squirmer model approximates the hydrodynamics of a densely ciliated swimmer by specifying the fluid 
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velocity on an envelope that covers the tips of all of the cilia. ( vi ) A robophysical model of a quadriflagellate alga ( Diaz et al. 2021 ). ( vii ) Cilia 
coordination—a frame showing the metachronal wave of the ciliary band of a P. dumerilii larva (left-hand panel). The pixel intensity along the 
ciliary band gives a proxy for the cilia beat phase, and can be plotted as a 2D function of distance s along the band and time t (right-hand 
panel). The period of the intensity oscillations in the s -direction gives the wavelength λ and the period in the t- direction gives the ciliary 
beat period T . ( viii ) Single appendage waveforms—calculating the force vector per unit length on segments of a tracked cilium allows a 
prediction of the total force produced by the cilium. ( ix ) Modeling ciliary actuation—four primary mathematical models of ciliary actuation. 
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rag-b ase d pro p ulsion as cilia and flag ella. How ev er,
ue to t heir complexity, t h ey are m ore st ructura l ly and
natomica l l y di vers e and s o we do not di scu ss t hem f ur-
h er h ere. 

wimming without appendages 
w imming c an also be achieved wi thou t the use of ap-
endages, as in t he bacter ia Sp irop las ma sp. and Syne-
h oc oc cus sp. ( Fig. 1 A.v). Sp irop las ma sp. lacks a pep-
idoglyc an l ayer o n i ts cel l wa l l, rendering it flexi-
le enough t o c han g e the helicity of its b o dy to en-
 ble swimmin g by kin k-prop agat ion ( Shaevitz et al.
005 ; Sa sajim a and M i yata 2021 ). The two ends of
h e ce ll s h ave different h an dedn ess, an d wh en th e ta-
ered end of the cell swit c hes i ts helici ty, a “kink”

orms at the boundary of the axis, which then prop-
gat es t o th e wh ole ce ll b o d y enab ling m ovem ent
 Shaevitz et al. 2005 ; Sa sajim a and M i yat a 2021 ). Me an-
hile, th e swimming m ech ani sm of Syn ech oc oc cus

 p. is les s we ll un der st o o d. Th e current m ode l sug-
ests that it swims by forming sma l l amplitude waves
hrough a h e lical r otor power ed by pr o ton-mo tive
 orces, simila rly observed in the gliding mech ani sm
 ode l of m ol licutes ( Bra h amsh a 1999 ; Ehlers and O st er

2012 ). 

uoyancy control 
o me microo r ganism s, tho ugh nonmo t i le, can cont rol
h eir buoyan cy, an d thus move up and down in the wa-
er column ( Fig . 1 A.v i) ( Boy d and G radmann 2002 ).
hi s i s desp i te t he fact t h at m aj or cel lu lar com ponen ts,

uch as calcium carbonate or silicate s h e lls, proteins, or
a rbohydrates, a r e inher ently denser than seawa ter. F or
xa mple, in cya no bacteria, s uch as Mi cro cyst is sp. a nd
n aba en a sp., carbo hydrates p rod uced fro m their pho-

osynthet ic act ivity are use d by the organism as b a l last
o sink to n utrien t-rich deeper waters; once these re-
erves are expen ded, th e ce l ls mig rate b ac k t o the sur-
ace ( Kromka mp a nd Mur 1984 ). Addi tio n ally, ga s vesi-
 les, whic h a re f orm ed wh en ce lls a re in lower, da rk er
egio ns o f the water col umn, aid in u pward mig rat ion,
hile risin g tur g o r p res s ure from the gas eventua l ly

ollapses the v esicle causin g the cell to sink ( P f eif er
012 ; Gao et al. 2016 ). Simila r to cya n obacteria, som e
l anktonic di atoms (e.g ., C os ci nod i scu s ) actively regu-

ate th eir buoyan cy an d can use carbohydrate b a l lasts
 Fis h er an d Har r ison 1996 ). Ot h er m ea ns of buoya ncy
egu lat io n incl ude co nt rol ling the io nic co mposi tio n o f
acuoles ( Boyd and Gradmann 2002 ) or the incorpo-
atio n o f silica into th eir ce ll walls ( Raven and Waite
004 ). Recently, it h a s been s h own that s h ear s tres s can
ont rol cel l density by eliciting an increase in cytosolic
a 2 + ( Ar r iet a et al. 2020 ). Some ciliated marine inverte-
rate larvae (see se ct io n o n Cilia ) can a lso regu late their
uoyancy using li p id r eserves, which ar e al so u sed a s an
nergy source , suc h as in t he coral A. tenuis ( Har ii et al.
007 ). 

urface motility 

witching and swarming 
s well as swimming in bu l k fluid, many species of bac-

eria also move on surfaces. One form of surface mot i l-
ty is known as “twit c hing” ( Fig. 1 B.i). It is loosely de-
ned as being an int ermitt ent motion, suc h a s th at gen-
rated by the bacterial Type IV p il us, whic h repeat edly
xten ds, adh eres, an d retracts to give a stop-and-go mo-
ion across a surface ( Burrows 2012 ). Much of the re-
earch on t w it c hing mot i lity h a s been car r ied ou t o n
 he pat hogenic bacter ial sp ecies P. aer ug inosa , but t he
ype IV p il u s i s al so f ound in a wide ra n g e of bacte-
ial a nd a rchaea l spe cies, where it may be used for func-
ions ot her t han t w it c hing mot i lity. F or exam ple, in the
oi l b acterium Myx o co ccu s xanthu s , t w it c hing is ut i lize d
or social motility, which results in swarming, while sin-
le cells per for m gliding (s ee s ectio n below o n Gl id i n g )
 Mercier et a l. 2020 ). Flagel late d b acteri a c an exhib i t
 type of surface mot i lit y c a l le d swarming ( Fig. 1 B.ii),
hich is a col le ct ive mot ion that invo l ves the differenti-

tio n o f a v eg etativ e (non-swarmin g ce ll) to a swarm er
h en otype ( Wadhwa an d Berg 2022 ). In some bacteria,
his ph en ot ype c an b e hyp erflagell at ed (e .g., Proteus sp.)
n d/or have in creased ce ll length (e.g., E. coli ) ( Be’er and
riel 2019 ). 

liding 
liding can be defined as the s ubs trate-as sociated

 ranslocat io n o f ce lls in th e dire ct io n o f their lo ng
xis wi thou t usin g any appendag es such as cili a, flag-
lla, o r p ili ( Fig. 1 B.iii–iv) ( Henrichsen 1972 ). This
ot i lity me ch ani sm h a s been found in di stinct lin-

 ages of eubacter i a (e.g ., cyanobacteri a, myxobacteri a,
act eroidet es, mollicut es), a picom plexa ns, a n d ph oto-
ynth etic unice llula r euka ryot es (e .g ., di atoms) high-



1490 K. G. Bondoc-Naumovitz, H. Laev er enz-Schlogelhofer et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2008 ). 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/63/6/1485/7202318 by guest on 02 O

ctober 2024
lightin g the conv er g ent ev ol u tio n o f unique mot i l-
ity machinery in different orga nisms ( M i yata et al.
2020 ). We br iefly summar ize here t he gliding mecha-
nism of different microor ganism s, more in-depth de-
scri ptio ns a re ava ilable in the following re vie ws: for
bact eroidet es, myxobact eria, an d m ollicutes ( McBride
2001 ; Na n a nd Z u sm a n 2016 ; Wadhwa a nd Berg 2022 ),
f or cya nob acteria ( Wi lde and Mu l linea ux 2015 ), a pi-
com plexans ( Hein tzelm an 2006 ; Frén a l et a l. 2017 ),
an d diatoms ( Weth erbe e et a l. 1998 ; Pou lsen et a l.
1999 ). Glidin g univ ersa l ly re quires high ly ad hesive
co mpounds—co mmo nly co mp rised o f p roteins and/o r
po l ys acchar ides—which ar e excr eted onto the sub-
strat e , a nd a re genera l ly conne cte d to t he inter io r o f
th e ce ll an d to m oto r p roteins that p rovide th e m o-
t ive force. The dist ribut ion of th ese adh esive compo-
n ents over th e ce ll sur face can eit her be in a h e lica l p at-
tern as in the bact eroidet es F. jo hnso ni ae , th e myxobac-
teria M. xant hus , a nd va rious fila mentous cya nobac-
t eria (e .g., Osci l lat o ria , Pho rmid i u m u nci natu m , Lyn-
gbya sp.); or running in p ara l lel to the long axis
of the b o dy for mollicutes, a picom plexa ns, a nd di-
a toms. In terest ingly, on ly th e ph otosynth etic microglid-
er s (i .e ., cyanobact eri a and di ato ms) co n tin uously se-
crete a po l ys acchar ide-r ich s lim e-like su bstan ce as th ey
move . Mot or s for m ovem ent are also highl y di ver se ,
in cluding m o dified Typ e IV p il us-like co mplexes in
fila mentous cya nobacter ia; rot ary mot or s powered by
the p roto n-motive fo rce in bact eroidet es, myxobact e-
ria, an d som e m ollicutes; an d actin–my osin complex es
in the eu karyot ic microgliders (i.e., ap ico mplexans,
diatoms). 

Protrusion-based locomotion 

A moe boid m ovem ent ( Fig. 1 B.v) is per haps on e of th e
oldest and most well-known of a l l t he sur face mot i lity
mech ani sms, with most r esear ch focusing on the social
a moeba a nd cel lu lar slime mold D ic tyos t el i u m sp. and
th e ace l lu la r a nd “ma ny-h eaded” s lim e m old Physarum
sp., a s well a s leuk ocytes. Orga nisms travel by chang-
ing th eir s hape thr ough pr otrusion and r etractio n o f
pla sm a m embran e exten sion s (e.g., pseudop o dia, blebs)
an d reversi b l y adhering to t he sur face ( Lämmer mann
and Sixt 2009 ; Petrie and Yamada 2016 ). Fo rces fo r
loco motio n can be generated by actin-po l ymerization
or hydrostatic pres s ure. In the former, po l ymerizing
act in fil aments c an genera te sufficien t force to drive
ou t memb rane p roj e ct io ns in the fo rm o f lam e llipo-
di a (flat, s h e et-li k e bra n ch e d act in filaments) or filopo-
di a (long , thin ne e d le-li ke act in proj e ct ions). Mean-
whi le, hydrostat ic pres s ure is formed due to actomyosin
cont ract i lity. Myosin II act ivity t r ig gers t he for mation
of “blebs”: loc a lize d prot rusions forme d by the flow
of cytosol along a pres s ure gradient. Bleb ret ract ion
is regu late d by F-act in and act in-b inding p rot eins, t o-
get her wit h myosin. In D ic tyos t el i u m sp., bot h t hese
mech ani sm s are observ ed but the pr eferr ed mode is
depen dent on th e pre vailing le vel of myosin II activ-
it y, w ith higher activ it y correl ating w ith bleb forma-
tion ( Lämmerma nn a nd Sixt 2009 ; Petrie a nd Ya mada
2016 ; Raz and Sc hic k 2022 ). In the case of Physarum
sp., fa n-lik e s h eet p rotrusio ns (i .e ., veins) are formed
v i a cytopl asmic streamin g g ov erned by an actomyosin
syst em. Fluid cyt opla sm travel s t hrough t he v ein s v i a
prop agat in g wav es an d is th en convert ed t o a more
rigid version. This forms thin bra nch-lik e protrusions
that can be used by the organism to explo re i ts sur-
roun dings ( Oettm eier et al. 2017 ; Awad et al. 2022 ).
P rotrusions ca n also be used for moving in a 3D en-
vironm ent wh ere adh esion to surfaces is not manda-
to ry. W h en ce lls are confined in a 3D sca ffold, the
r etr ograde flow of actomyosin is sufficient to p rod uce
frictio n o n the wa l ls to propel movement ( Petrie and
Ya mada 2016 ). Mea n while, in a fluid en vironm ent, ce lls
ca n f o rm “side-bumps” o r sideways p rotrusio ns in the
rear of th e ce ll , whic h act like a paddle for swimming
in the wat er, suc h as in D ic tyos t el i u m sp. ( Van Haastert
2011 ). 

Cilia-based surface motility 
Cilia are not only used for sw imming . Some or ganism s,
lik e Tricho plax a dh arens ( Smith et a l. 2015 ; Bu l l et a l.
2021 ), c an use cili a to wa l k or crawl a long surfaces. D ur-
ing wa l king, the ci lia under g o a p erio dic stepping ac-
tio n, wi th a loco moto r fo rce generate d whi le the ci l-
ium is in contact with th e su bstrat e . Walking motility
i s al s o obs erve d in ci liates of th e su bclass hyp otri chs
( Fig . 1 B.v i), which pos ses s compound cili a c a l le d cir r i
on the lower surface of th e ce ll, f or exa mple, Eu p lot es
( Lueken et al . 1996 ; Lar son et al . 2022 ) and Stylony-
chia ( Krause et al. 2010 ). Each cirrus is co mp rised o f
bundles of cilia that act together as a single leg-like
appen dage. An oth er form of ciliary-driven loco motio n
is a type of surface glidin g, most exten siv ely studied
in the micro a lga l spe cies Chlamydo mo nas ( Fig . 1 B.v ii)
( Blo o dgo o d 1988 ; Col ling ridge et al . 2013 ; S hih et al .
2013 ). Un li ke other ci lia-b ase d mot i lity me ch ani sms,
gliding does not rely on cilia-bendin g mov ements, in-
st ead , it is powered by th e intraflage lla r tra nsport mech-
anism, which results in long itudina l s liding m ovem ents
of the ciliary membrane glyco pro teins that enable the
or ganism to mov e acros s solid s urfaces ( Shi h et a l.
2013 ). Severa l spe cies of ci liate d ma rine la rvae also ex-
hib i t various surface mot i lit y behav io rs co nt rol le d by
cilia ry a nd/or muscula r action ( Ma rtin 1978 ; Sa n taga ta
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urrent techniques for studying 

icroscale motility 

n this se ct io n, we ou t line t he main t ec hniques avail-
ble to explore the diversi ty o f mot i lity me ch ani sms at
he microsca le. D ue to ad vances in high-reso l u tio n mi-
roscopy, high-spe e d imag ing, micro mani pu lat ion, im-
ge segmen ta tion and trac king, mac hine le ar ning, and
 ode ling low R ey n olds number fluid m echanics, th e

 ec hniques available t o study microscale motility are ex-
a nding, a nd the possib ili ties that come with combining
he cross-di sciplin ary appr oaches pr omise to br oaden
ur un derstan ding o f microscop ic life . Here , our focus

s on the organi sm a l sca le, th at i s, t he exper iment al, an-
 lyt ica l, an d math emat ica l m ode ling approach es used
o study the loco motio n o f individ uals, bu t many of the
 ec hniques can be applied more bro ad ly, f or exa mple , t o
tudy po p u lat ion-level dynamics. Figure 2 provides an
verview of the experimenta l, ana lyt ica l, and modeling
pproaches di scu ssed below. 

xperimental methods 

ive imaging across scales 
iv e imagin g is th e m ost dir ect appr oach for t he exper i-
enta l invest igat io n o f mot i lit y ( Fig . 2 A.i–ix). Wh eth er

t is imaging the wavefo rms o f cilia, obtaining t raj e c-
o ries o f individ uals o r po p ulatio ns, o r using p art icle
mag e v e locim et ry (PIV) to revea l the fluid flows p ro-
uced by a microsw immer, c apturing v ideos of the dy-
 amic beh avio r o f mot i le or ganism s is the basis for
uilding an un derstan ding of th e m ech ani sm s of mov e-
 ent, th eir be haviora l sig natures, an d th eir response to

t imu li. Most live imag ing is limite d in that it reduces
D s hapes an d t raj e ct ories t o 2D ( Fig. 2 A.iv). Tech-
iques such as 3D t racking, micro-manipu lat ion, and
icro fluidics enhance our ab ili ty to perfo rm live imag-

ng across s cales. The y are p art icu lar ly re levan t a t the
rgani sm a l sca le and are di scu ssed in more detail below.

In lar g er-scale s tudies, meas uring behavior in po p u-
at ions, espe cia l ly in sit u , ca n be cha l leng ing due to en-
iro nmental facto rs that cannot be cont rol le d as care-
u l ly as in the lab (e.g., light, t emperature , nutrients)
n d th e n e e d for spe cia lize d e qui p ment. How ev er, most
iv e imagin g t ec hniques used on the organi sm a l sca le
an be easi ly t ran sfera ble to po p u lat ion-sca le experi-
ents in a lab setting. Th e m os t clas sic exper iment al

etu ps are cap i l lary assays ( Ad ler 1966 ) or agar plates
n d oth er porous m e dia ( Nossa l 1972 ; Be’er an d Arie l
019 ) cou pled wi th light microscopy t o trac k dynamic
e ll be haviors ( Berg an d Brown 1972 ; Taut e et al . 2015 ;
 hattac harj e e and D att a 2019 ) ( Fig. 2 A.i). Meanwhile,
ouett e cylinder s, turbu lence tan ks, or th e n e wly de vel-
pe d g rav it y machine ( Fig . 2 A.ii and iii) c an be coupled
ith PIV and microscopy to study the effect of la mina r
 h ea r a n d turbulen ce o n swimming o r ganism s or sink-
ng p art icles ( D urham et a l. 2013 ; Kri shn amurthy et al.
020 ; Arnott et al. 2021 ). Micro fluidic dev ices c an also
e used to observe the dyn amic beh avio r o f cell po p u-

at ions (se e se ct io n below o n Microflu id ics ). 

D imaging 
o nventio n al 2D im aging t ec hniques ( Fig. 2 A.iv) are

imited in their ability to fu l l y reso l v e an or ganism’s
 ovem en t pa tt erns, due t o t he fact t h at organi sms can

han g e their in-focus distance (i .e ., z-posi tio n) while
h ey swim. Th er efor e , trac king in 3D p rovides unp rece-
en ted informa tio n o n th e m ot i le behavio r o f microo r-
ani sms. A benchm ark study by Berg and Brown used
 tracking microscope where the sample s ta g e mov es
o ma inta in f oc us on a sing le E. coli cell t o det er-

in e m ot i lity chan g es in respon se to various st imu li
 B erg 1971 ; B erg and Brown 1972 ). In recent years,
ariou s im aging m eth ods (i .e ., du al c amera set-ups,
uo res cence-bas ed, defocus ed ph a se-contra st, and dig-

ta l holog raphic microscopy) have b een develop ed and
mproved to simu ltane ously t rack mu lt iple cel ls in a
D observation field ( Wu et al . 2006 ; Taut e et al . 2015 ;
 hattac harj e e and D att a 2019 ; Marumo et al. 2021 ). 
B y usin g tw o camera s to im ag e swimmin g t raj e cto-

ies from different or ient ations, t he two 2D images ob-
a ined ca n be co mb ine d to g ive 3D t racks o f the o rgan-
 sm. Thi s approach wa s u sed to study th e ph o to tactic
espo nse o f the micro a lgae Chl amy d o mo nas and Vo lvox
 Drescher et al. 2009 ). 

Fl uo rescence imaging relies on cells c arry ing fluo res-
ent sig na ls either by mole cu l ar l a belin g of cells, in g es-
io n o f fluo rescent p art icles, o r au to fluo rescence. Fl u-
rescence imaging can be used to tar g et specific fea-
ures and at improved sign al-to-noi se ratio, and there-
o re, o ffers a ran g e of o p portunities for 3D tracking.
l uo rescently labe led ce lls can be tracked in 3D using
onfocal microscopy ( B hattac harj e e and D att a 2019 ),
r a tracking microscope to keep the indiv idu al in fo-
us ( Figuero a-Mora les et a l. 2020 ). By int roducing addi-
 iona l o p t ica l co mpo nents into a co nventio nal ep ifluo-
 escence micr oscope, and taking advantage of the point-
ike nature of fluorescent p art icles, Marumo et a l. (2021)
eso l ved the helical swimming of the ciliate Tetrahy-
 en a in 3D ( Fig. 2 A.v), by splitting the sta nda rd 2D im-

g e into tw o imag es such t hat t h e z-displacem ents of an
bj e ct are t ransforme d into relati ve x-disp lacements of
he split imag es. How ev er, as fluo r escence r elies on sig-
 al intensity, thi s process i s limi ted in i ts sp at iotempora l 
esol u tio n. 

Meanwhile, ph a se-contra st microscopy i s espe cia l ly
seful for tracking tra nspa rent o r colo r less ce lls. Wh en

ight waves pass through a cel l, sma l l chan g es in the
h a se of the lig ht occ ur depending on the properties of
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th e m edi um i t pass es through. Thes e ph a se shifts are
th en trans la ted in to am plitude, which a ppe ars as t he
brightn ess an d contrast in th e o utp ut im age. Defocu sed
ph a se-contra st im aging i s a va ria nt of this t ec hnique ,
wh ere th e z-posi tio n is inferr ed fr o m the ou t-o f-focus
diffract ion p attern, ena blin g 3D trackin g usin g a con-
vent iona l phase-cont rast microscope ( Wu et al. 2006 ;
Taute et al. 2015 ). 

In recent ye ars, t he use of digital ho lograp hic mi-
croscopy (D HM) f or t racking cel l s h a s al so been gain-
ing t ract ion. As th e nam e implies, a h ologram is
const ructe d from t he inter ference patter n between a
light beam col le cte d from the sa mple a nd a ref er-
ence b eam, b oth of which are split from a single
laser beam. The resu lt in g imag e contain s the sam-
p le’s p h a se a nd a mplitude inf o rmatio n, allowing a de-
tai le d re const ruct ion of the 3D image. DHM comes
in different set-up configurations but always consists
of a light source, an int erferomet er, a camera [nor-
ma l ly a char g e d couple d device (CCD)], and a com-
p uter. Ap plications of D HM ra n g e from tracking par-
t icles or fre e-swimming cel ls to flow fie lds, an d from
the lab to in situ environments [for re vie ws, s ee Garcia-
Sucerquia et al. (2006) ; Yu et al. (2014) ; Memmolo et al.
(2015) ]. 

PIV and PTV 

Particle image ve locim etry (PIV) an d p art icle t rack-
in g v e locim etry (PTV) are experim ental m eth ods for
me asur ing t he velocity field of a fluid ( Fig . 2 A.v i). In
bot h met hods, t he fluid is se e de d with passive tracer
p art icles, an d th e flows are imaged at a high frame
rate and resol u tio n. Particle veloci ties are estimated
from s ucces sive fra mes a nd used to inf er th e ve loc-
ity field of the fluid ( Adrian 1991 ). These methods
a l low quant ificat io n o f the flows induced by a mi-
croswimmer in a fluid ( Fig. 2 B.ii), which h a s vari-
o us ap plicat ions. A dire ct m easurem ent of th e flow
fie ld aroun d a microswimm er can be used to compare
th e m easured swimming behavior with simple physi-
cal m ode ls (s ee s ection below on Mo d el i n g i nd ivid ual
m icroswim mers ). Such measurements of the flow fields
around swimming algae such as Volvox and Chlamy-
do mo nas have been used to co nstruct app rop riate flow-
singul arit y m ode ls for th ose or ganism s ( Drescher et al.
2010 ). In other species, it can al so be u se d to quant ify
fe e ding flows and clearance rates ( Nielsen and Kiørb o e
2015 ). 

Basic im plemen ta tio ns o f P IV meas ure th e flow fie ld
in a 2D slice. Tradi tio n ally, im aging i s limit ed t o a sin-
gle plane by i l luminat ing the fluid with a laser light-
s h eet so that only the in-pla ne pa rticles a re visible. How-
ever, i t is difficul t to p rod uce a sufficiently thin light-
s h eet to u se thi s m eth od at the high mag nificat ions ne c-
essary to image obj e cts such as microswimmers, lead-
ing to the recent deve lopm ent of “microPIV ” ( Le e and
Kim 2009 ). Th ese m eth ods explo i t the fini te focal depth
of a high-mag nificat ion obj e ct ive , whic h natura l ly re-
str icts t h e imaging plan e. Micro-PIV can th en be read-
ily per for med to measure flows p rod uced by motile or-
ganisms if the microscope is a lready e quippe d with a
high-spe e d cam era. Th e o nly addi tio nal co mpo nent re-
quired is a suitable choice of tracer particles, seeded into
the flow at an ap pro pri ate densit y. The o p t ima l diame-
ter of the p art icles depends on the size of the organism
in question and the mag nificat ion being use d, and in
practice is norma l ly betwe en 0 . 3 and 5 μm ( Drescher
et al. 2010 ; Gemm e ll et al. 2014 ; Nie lsen an d Kiørb o e
2021 ). Po l yst y r ene micr ospher es ar e co mmo n ly use d.
How ev er, th e presen ce of such “art ificia l” materia ls can
a ffect the n atural beh avio r o f microswimmers, so b i-
olog ica l p art ic les suc h a s yea st, micr oscopic dr oplets
in mi l k, o r no n-mot i le or slow-swimming micro a lgae
can also be used, thus limiting the effect on the be-
havior ( Kowalczyk et al. 2007 ; Gemm e ll et al. 2014 ;
Wan de l an d Holzman 2022 ). The se e din g den sity de-
pen ds on th e mag nificat ion an d th e av erag e flow spe e d,
an d wh eth er th e d ata w i l l be ana lyse d by image cor-
rel ations (PIV ) or by p art icle t racking (PTV). “Rules
o f thumb” fo r choosing app rop riate pa ra meters ca n be
foun d in wor ks by Kean e an d Adrian (1990) , Melling
(1997) , a nd Scha rnowski a nd Käh ler (2020) . Ther e ar e
s e veral to olb oxes available f or perf or ming t he analy-
si s, such a s the MATL AB PIVlab to olb ox ( Thielicke
a nd Sta mhuis 2014 ), or t he Pyt hon openP IV packa ge
( Liberzon et al. 2021 ). 

PIV and PTV use similar exper iment al setu ps bu t dif-
f erent a n alysi s m eth ods to ca lcu late the flow field. In
PIV, each frame is divided into sma l l “windows” and the
image co rrelatio n between s ucces sive frames is com-
pu ted fo r each w indow, giv in g a v e locity fie ld th at i s
evenl y samp led in time and space. It per for ms best when
the p art icles can be h om ogen eous ly seeded through out
the flow, at a sufficiently high density. In PTV, individ-
ua l p art icles are t racke d as th ey m ove t hrough t he fluid.
PTV can give much higher spatial resol u tio n than PIV,
which is limited by the size of the in terroga tion win-
do ws. Ho w ev er, it also poses the cha l len g e of accurate
indiv idu a l-p art ic le det e ct ion ( Ohmi and Li 2000 ). 

In the basic experimental setup for both meth-
ods, only the in-plane velocity can be measured,
bu t setu ps such as scanning light-s h eet microscopy
( Brücker 1995 ), ho lograp hy ( Pu and Meng 2000 ), 3D
PTV ( Vira nt a nd Dracos 1997 ), a n d tom ographic PIV
( Elsinga et al. 2006 ) can measure 3D flow veloci ties. Fo r
more deta il a nd b ackg r ound, we r efer the reader to a
co mp re h en siv e reference b o ok by Ra ffel et al. (2018)
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nd a re vie w of the de velop ment o f th ese m eth ods over
he past decades by Adrian (2005) . 

icrofluidics 
icro fluidics inv olv es the manipu lat ion of fluids at vol-

mes of micro-lit er s and sma l ler, using micron-size d
hann e ls ( Fig . 2 A.v ii). It h a s g rown rapid ly in re cent
ecades due to its potent biochemical and me dica l ap-
licatio ns, such as co nd ucting immunoassays ( Wei be l
t al. 2005 ) or per for min g sin gle-cel l DNA b arcoding
n a lar g e sca le ( Zi l lionis et al. 2016 ). It i s al so a flexi-
le and power f u l te chniq ue for st udying mot i lity at the
icroscale ( Son et al. 2015 ). 
Micro fluidic chi ps can be desig ne d to per for m ot her

unctions such as mixing fluids ( Lee et al. 2011 ), ap-
 l y ing chemic a l g radients using per me able m embran es
 de Jong et al. 2006 ), or altering surface c haract eris-
ics (e.g., hydrophob ici ty) via fab ricatio n wi th p art icu-
 ar chemic a l co at ings ( Raj M and C ha kraborty 2020 ).
n addi tio n, dr oplet micr o fluidics can be used to co nfine
ells f urt her by trapping them in wa ter-in-oil em ulsions
 Bentley et al. 2022 ). The ease of manufacture of chips
 l lows for s ucces siv e improv ement of design s fo r rap id
ro to typin g ( Zhen g et al. 2012 , 2013 , 2014 ) or sma l l de-
ig n modificat io ns to co m pare sligh t varia tions in envi-
onmen ts ( Osta pen ko et a l. 2018 ). 

Micro fluidic t ec hniques have a l lowe d the study of
ot i lity in such diverse microswimmers as bacteria

 Kalinin et al. 2009 , 2010 ), unicellular algae ( Ostapenko
t al. 2018 ), and m amm a lian sperm cel ls ( Samuel et a l.
018 ). The natura l loca l enviro nments o f microswim-
ers are heterogeneous; they can be open or highly con-

ned ( Tokárová et al. 2021 ) and disp lay comp lex bound-
 ries a nd solid-fluid int erfaces ( Théry et al . 2021 ), suc h
 s the porou s soil in which th e m ot i le micro a lga C. rein-
 ardtii li ves ( K rei s et al. 2018 ) or the m amm a lian fa l-

opian tube that sperm cells swim through ( Nosrati et
l. 2017 ). Micro fluidics is thus ideal for creating exper-
m ental environm ents that resemble the natural envi-
onm ents m ot i le microor ganism s m ust naviga t e . Both
ndiv idu a l cel ls and lar g e po p u lat ions can be easily ob-
erved when pl aced w ithin such a device, and in com-
 inatio n wi th microscopy an d ce l l t racking , behav ior
an then be measured and ana lyze d using t raj e ctory
ata fo r ei th er in div idu a l cel ls ( Ostapen ko et a l. 2018 ;
entley et al. 2022 ) or lar g er po p u lat io ns ( K a linin et a l.
010 ; Ru sconi et al. 2014 ). Thi s a l lows the observat ion
f mot i lity acros s s p at ia l sca les, which can g iv e in sights

nto th e h eterogen ei ty o f behavio r across the po p u lat ion
n d h ow in div idu al or ganism s interact wit h t heir con-
pecifics. 

One c haract eristic o f micro fluidic devices, which is
ey to their u sefulness, i s th a t a t micron scales Re is low
nd so fluid flow is la mina r, a nd thus (to some extent)
redict able and e a sier to an alyze ( Schu ster et al. 2003 ;
amuel et al. 2018 ). How ev er, a drawback i s th at they are
ost useful for studying swimming organisms; study-

ng other forms of mot i lity such as surface-bound glid-
ng mot i lity re quires carefu l considerat ion of the chemi-
 al and physic al properties of the different surfaces (e.g.,
las s, P DMS) invo l ve d ( D ucret et a l. 2013 ). 

Unicel lu l ar sw imming algae, pr imar ily t h e m ode l
pecies C. r einhar dti i , ar e co mmo n ly use d in mi-
r oswimmer r esear c h due t o the st ructura l an d fun c-
 iona l simi l arit y of their cilia to those present in mam-
 al s such a s hum ans. Micro fluidic devices have been

sed to study the interaction of swimming C. r einhar dtii
nd its cilia with surfaces ( Kantsler et a l. 2013 ; Cont ino
t a l. 2015 ), the effe c t of boundary c urvature on cell lo-
atio n and co ncen tra tion ( Osta penk o et al. 2018 ), a nd
h e ce ll’s res ponse to light s t imu li ( Bentley et a l. 2022 ). 

Micro fluidics h a s al so been u sed in a ran g e of exper-
ments studying b acteria l mot i lity. It is a power f ul tool
or study ing bacteri al ch em otaxis sin ce stable an d re-
i able chemic a l g radients ca n be f o rmed by fluid flow.
 or exam ple, agarose gel can be used within microflu-

dic devices to p rod uce a bar r ier to the fluid that a l lows
 he diffusio n o f sma l l mole cu les across it, generat ing a
table chemica l g radien t in an environmen t. These gra-
 ated env iro nments have p roven very useful fo r p rob ing
e havior an d un derstan ding th e ch emica l p athways of
actic b ehavior, esp eciall y for E. c oli ( Ahme d et a l. 2010 ;
olin and Sourjik 2017 ). 
Due to its ability to create highly controlled environ-
ents, micro fluidics h a s been u sed in experiments to

est pre dict ions made by mu lt i-sca le the oret ica l m ode ls
 Kalinin et al. 2009 ; Ca mma nn et al. 2021 ; Tokárová et
l. 2021 ). F or exam ple, th e wor k of Kalinin et al. (2009)
onfir med t hat E. coli has high sensi tivi ty toward gradi-
nts of the chemo att racta nt a min o acids, α-m ethyl- d l -
spa rtate a nd L -Serine. Follow-u p wo r k dem onst rate d
ow E. coli responds to mu lt iple chemica l g radients,
hich are co mmo n in natural environments but diffi-

ult to produce consisten tly in vitr o ( Kalinin et al. 2010 ).
Th e m e chanics of b acteria l navigat ion an d m ot i lity

an also be readily studied in a micro fluidic device. Fo r
xample, th e wor k of Tokárová et al. (2021) focused
n the effect of high levels of confin em ent an d boun d-
ry encount er s in five dist inct b acteria l spe cies. The
u tho rs then comp are d th e experim ental ce ll trajecto-
 ies wit h t he oret ica l m ode ls of h ow b acteria l wa l l in-
eractio ns vary wi th ce ll size an d flage lla r a rra n g ement.
his work hig hlig hted th e remar kable potent ia l of mi-
ro fluidics to reveal n ove l be haviors in microswimmers,
uch as h e lical m otion in highly confined chann e ls. Th e
o rk o f Binz et al. (2010) had a na rrower f ocus but,

n addi tio n to observing high er ce ll ve locities in Ser-
 atia mar cescens under confinement than in open field
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experim ents, also dem onstrated a similar zig-zagging
(or per haps h e lical) be havior w hile in hig h ly confine d
chann e ls. 

Micromanipulation 

Free-sw imming indiv idu als are often cha l leng ing to im-
age at high mag nificat ion over long time p erio ds. To
observe t he det ai le d wav eform s of mot i le appendages
and study long-term behavioral c haract er istics, t he or-
ganism’s b o dy can b e h e ld fixed by microp i pette asp ira-
tion ( Fig . 2 A.v iii) [e.g ., see Rüffer a nd Nultsch (1990) ;
Brum ley et a l. (2014) ; Wan et a l. (2014) ]. Microp i pettes
are t ypic a l ly fabricate d from gl ass c api l laries using a mi-
crop i pette pu l ler. Th e inn er an d outer diam et er s of the
microp i pette must be carefu l ly c hosen suc h that it cre-
ates th e n eces sary s uctio n fo rce while not sucking the
indiv idu al too far into the p i p ette. Fire p olis hing th e
tip h e lps t o creat e rounde d e dges to minimize t he r isk
of damaging the organism ( Oester le an d Instrum ents
2018 ). 

Micro mani pu lat ion tools can also be used to study
how microscale or ganism s respond to st imu li. For ex-
ample, a sma l l glas s s tyl us o r micro ne e d le can be use d
to app l y a me chanica l st imu l us at a p re cise locat ion
( Ogura an d Mach em er 1980 ; Krause et al. 2010 ), mi-
crop i pettes can introduce a loca lize d flow ( Wan and
Goldstein 2014 ), and cells held on a micropipette can
b e exp osed to differen t con t rol le d flo w environments b y
h olding th em inside a micro fluidic chann e l ( Klin dt et al.
2016 ). 

W hen p roperly calib rat ed , microp i pettes can also be
u sed a s force s ens ors by me asur ing t he p i pette deflec-
tions at high spatial and temporal resol u tio n ( Schulman
et al. 2014 ; Böddeker et al. 2020 ). F or exam ple, the forces
p rod uced by the beat ing ci lia of Chl amy d o mo nas were
mea sured by a spirat ing a cel l to th e en d of a highly
flexi ble dou ble-L-s haped microp i pett e , whic h acts as
a ca librate d dyna mic f orce ca nt i lever ( Böddeker et al.
2020 ). 

Micro mani pu lat ion te chniques a l so en able ele ct ro-
p hysio log ica l experiments o f microswimmers, fo r ex-
ample , t o investigat e th e bioe le ct ric cont rol of the
beat dire ct io n, wavefo rm, an d frequen cy of m ot i le ci lia
( Mach em er 1974 ; Mach em er an d Sugin o 1989 ; Elices et
al. 2023 ). This t ypic all y invo l ves inserting a glass elec-
trode into an indiv idu al cell and me asur ing its mem-
brane potent ia l, eit her to deter mine t he organism’s in-
h erent e le ct rica l propert ies and spontane ous act iv it y or
reveal how the membrane potent ia l responds to stim-
uli (e.g., curren t in jectio n o r mechanic al stimul ation).
Ele ct rop hysio log ica l experiments have been most ex-
ten siv ely applied to study the ion chann e l properties
an d bioe le ct ric cont rol of ci liary beat ing in Pa ra meci u m
( Brette 2021 ), but h ave al so been per for med wit h ot her
ci liate spe cies [e.g., Lueken et a l. (1996) ; Henness e y and
Kuruvi l la (2000) ; Krause et a l. (2010) ; E chevar r ia et al.
(2016) ] and micro a lgae ( Harz and Hegemann 1991 ).
These studies demonstrate the importance of the mem-
brane potent ia l in cont rol ling mot i lity an d s h ow that
ions such as Ca 2 + , K 

+ , and Na 2 + play a cent ra l role in
cont rol ling the movements of mot i le appendages and
coo rdinating an o rganism’s respo nse to enviro nmental
st imu li. 

Bioele ct ric sig na ling can also be studied by imag-
ing the dynamics o f calci um and vol tage-sensi tive
dy es usin g fluo r escence micr oscopy ( G rienber g er and
Konnerth 2012 ; Xu et a l. 2017 ). Whi le microele ct rode
r ecor dings ar e t ypic a l ly more accurate a nd ca n achieve a
high er tim e resol u tio n, fluo rescence im aging minim ally
disru pts an o rgani sm’s beh avior an d does n ot r equir e it
to be immobi lize d. Fl uo rescen t indica to rs o f b ioele ct ric
activ it y c an be genetic ally encoded ( Ran de l et al. 2014 ;
Xu et al. 2017 ), or introduced into the organism by in-
cub at ing i t wi t h t h e re levant d ye ( Al vare z et a l. 2012 ),
biolist ic lo ading ( Col ling ridge et a l. 2013 ), or delivere d
v i a microinj e ct ion dire ct ly into t h e in div idu al ( Iwad ate
and Suzaki 2004 ). 

Microinj e ct ion is a t ec hnique in whic h a sharp mi-
crop i pette is lo ade d with a chemical of interest and in-
sert ed int o the orga nism f or th e intrace llular de livery of
fluo rescent dyes or precise chemical stimuli. It is typ-
ica l ly co mb ined wi th microscopy to image the fluo-
rescence sig na l and/or mot i lit y dy na mics ( Ta mm a nd
Terasaki 1994 ; Iwadate and Suzaki 2004 ). It h a s al so
been s ucces sf ully per for m ed in conjun ctio n wi th elec-
trop hysio logy experiments ( Nakao ka and Machemer
1990 ; Pernberg an d Mach em er 1995 ). Microinj e ct ion
t ec hniques have been used to introd uce calci um in-
dicat or s int o the cyt oplasm and int o cilia t o measure
the ca lcium sig na ling dyn amics a ssociate d with mot i l-
it y behav iors in, f or exa m ple, the cilia tes Par ameci u m
an d Di d i ni u m ( Pernberg an d Mach em er 1995 ; Iwadate
et al. 1997 ), and the ctenophore Mnemiopsis ( Tamm
and Terasaki 1994 ). It has also been used to control
th e intrace ll ular co ncen tra tio ns o f calci um and cyclic
nucle ot ides to study their effect on ciliary beating in
Pa ra meci u m ( Nakaoka and Machemer 1990 ; Iwadate
and Nakaoka 2008 ). 

A differen t a pproac h t o micro mani pu lat ion is o p ti-
ca l t rapping (a l so known a s o p t ica l twe e zer s), whic h
uses hig hly foc us ed las er light t o generat e p ico new-
to n fo rces able to mani p ulate ob jects that are t ypic ally
nano- or micro-scale in size ( Fig. 2 A.ix) ( Favre-Bu l le
et al. 2019 ). Pa rticula r ly re levant to th e study of m ot i l-
ity, o p t ica l t rapping can be use d to act i vel y posi tio n and
p robe b iolog ica l syst ems (inc luding sing le molec ules,
organ e lles, an d ce lls) ( As hkin et al. 1987 ; Favre-Bulle et
al . 2019 ), whic h enables detailed observation of mot i l-
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t y behav iors and dynamics ( Min et al. 2009 ). Optical
we e zers have a lso be en use d to measure the swimming
 orces generated by, f or exa m ple, sperm ( Nascimen to et
l. 2008 ) and E. coli ( Arm stron g et al. 2020 ). 

Co ntact-less micro mani pu lat ion can a ls o be achie ved
 sing acou st ic t raps ( Ozceli k et a l. 2018 ; Meng et a l.
019 ) and mag net ic twe e zer s ( De Vlaminc k an d De kker
012 ; Kilin c an d Lee 2014 ), which are an alogou s to op-
 ica l twe e zers but use sound waves and mag net ic fields,
espe ct i vel y, t o generat e the trapping force , inst ead of
igh t. Exam ple studies include the use of acoustic traps
 o c haract erize ce ll m ot i lity ph en otypes ( Kim et al. 2019 ;
ode et al. 2022 ) and to study the behaviour of ac-

ive matter under confinemen t ( Taka tori et al. 2016 ).
ag net ic twe e zers can be used to generate forces and

 orques t o me asure t h e m e chanica l propert ies o f a b i-
log ica l sample (e.g., a sing le-molec ule or cell) by at-
aching mag net ic beads to it an d th en manipu lat ing the
ead s u sing a m ag net ic field ( Neuman and Nagy 2008 ).
 or exam ple, mag net ic twe e zers were use d to measure
he maximum torque produced by the flagell ar motor of
. coli ( Wang et al. 2022 ). 

olecular structure 

o un derstan d th e m ot i lity me ch ani sm s availa ble to an
 rganism, i t can be informative to study the structure
f th e m ot i lity app aratus on a mole cu lar level . Here , we
 nly b riefly di scu ss th e m ole cu lar b a si s of mot i lity, for
ore detai ls, se e , for example , the r ecent r e vie ws Beeby

t al. (2020) , Klena a nd P igino (2022) , a nd Wadhwa
nd Berg (2022) . Ele ct r on micr oscopy (EM) and con-
oca l imag ing can reso l ve these structures in great de-
ail [e.g., when applied to the model organism Pa ra me-
i u m , s ee Aubuss on-Fleury et al. (2015) ]. An organ-
sm’s mot i lity is determine d both by which structures
he organism pos ses ses, an d how th ey are used. For ex-
m ple, the maxim um spe e d of a mu lt ici liate d organ-
sm wi l l dep end b ot h on t he densi ty o f th e cilia an d
h e frequen cy at which th e ci lia beat. D ue t o limit ed
mage resol u tio n and co m plica tio ns d ue to fast-beating
ilia, it is often difficult to measure cilia spacing by live
ma ging, and s pecimens mus t be fixed and ima ged, nor-

a l ly by EM, to o btain s uch s t ructura l informat ion. It
s possi ble, th oug h diffic ult, to fix sa mples f or EM in-
t ant an eous l y, gi ving a “snaps h ot” of th e cilia be hav-
o r d uring no rmal swimming ( La rsen a nd Satir 1991 ).
le ct r on micr oscopy, p art icu larly t ransmission ele ct ron
icroscopy (TEM) and cryo-EM, h a s al so h e lped to

eve al t he inter nal molecular structures of motile ap-
end ages ( Fig . 2 A.x). Such studies hav e been in stru-
 ental in s h owing t hat t h e locom otor force is generated

long the whole length of a cilium, whereas for flagell a
 nd a rchaella, the f orce is generated by mole cu lar mo-
 E  
 or s at the base ( Beeby et al. 2020 ; Wadhwa and Berg
022 ). 

Addi tio n ally, variou s structures in a specimen can
e stained v i a ap pro pria te an tib o dy prep arat ions and
 isu a lize d using confoca l microscopy ( Fig. 2 A.xi). For
xam ple, imm unostainin g rev ea le d the role of stri-
t ed fiber s in p ro mot ing b asa l b o dy conne ct ions in
he cilia te Tetr ahymena ( Soh et al. 2019 ) and cilia
o otlets can b e stain ed to s h ow th eir pr eferr ed beat-
ng dire ct ion ( Bengue ddach et a l. 2017 ). Re cently,
ew sample prep arat ion m eth od s h ave led to the de-
e lopm ent of “expansion microscopy,” which enables
anos cale res ol u tio n imaging wi t h st a nda rd fluo res-
ence microscop y b y physica l ly exp anding fluo res-
ently la beled fix ed samples ( Gam barot t o et al . 2019 ;
as sie et al. 2019 ). Mos t fluo rescence im aging i s lim-

ted in that it r equir es fix ed samples; how ev er, liv e
maging of the cyt oskelet on can be achieved with spe-
ific fluo rescent p ro bes that s t ain t h e re levant protein
l aments (e.g ., tubulin or actin) ( Lukin avi ̌ciu s et al.

2014 ). 

nalysis and modeling methods 

e now present an overview of an alysi s an d m ode ling
 roced ures ( Fig . 2 B) that c an be used to un derstan d th e
ast exper iment al dat a sets p rod uced by the different
 eth ods descri b ed ab ove. 

rajectory analysis 

ide os provide observat iona l evidence of how micro-
cop ic o r ganism s mov e an d h ow th ey respon d to en-
ironmenta l st imu li. When observing an organism’s
 ovem ents, we are often faced with the questions—

ow can this be quant ifie d? What are the me aningf ul
a ra met er s t hat descr ibe its motio n? W h at i s the best
 epr esen ta tion of the organism’s behaviors? How can
uan tita tive t ec hniques enric h our under sta nding? Ca n
he y re veal hidden dynamics n ot imm ediate ly obvious
ro m observatio n alo ne? 

Once images are acquired, the first step toward quan-
ifying th e m otilit y usu all y invo l ves so me fo rm o f im-
ge segmen ta tio n, detectio n, and trac king t o obtain
 raj e ctor ies. Var ious algor it hm s hav e been dev eloped
or these processes and a variety o f co mm ercial an d
 pen-so urce image processing and tracking programs
 re ava il able (e.g ., Im ari s, Ic y, Livec yt e , Trac kMat e ,
ra kEM2, Cel lTrack, Cel lMissy, etc.), co mmo nly au-
 omat ed for hig h-throug hpu t p rocessing wi th mul ti ple
ser interfaces for different use cases. For more infor-
atio n o n algo ri thms a nd ava i lable t rac king software ,

e e Meij ering et a l. (2012) , C h en ouard et al. (2014 ),
 lman et al . (2017 ), BoquetPuj ad as et al. (2021 ), and
mami et al. (2021 ). Depending on the purpose of the



1496 K. G. Bondoc-Naumovitz, H. Laev er enz-Schlogelhofer et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/63/6/1485/7202318 by guest on 02 O

ctober 2024
study and the or ganism, trackin g alg o ri thms can fol-
low the centroid position, the organism’s shape, or the
appendag e wav efo rm. Amo n g the availa ble imag e pro-
cessin g platform s, the o pen-so ur ce pr ogram Im ageJ i s
exten siv ely used. In pa rticula r, its Trac kMat e t oolkit
provides effe ct ive feature ext ract ion, seg men ta tion, and
t racking a lgo ri thms fo r obtaining t raj e ctories, as wel l as
some derived mot i lity p a ra met er s ( Tinevez et al. 2017 ;
Ers h ov et al. 2022 ). 

From t raj e ctories, we can obtain a co arse-g raine d de-
scri ptio n o f m ovem ent c haract eristics ( Fig. 2 B.i). The
m ost comm on track pa ra met er s are speed, turning an-
gle, a ngula r velocity, pa th curva ture, and loca t ion (sp a-
t ia l dist ribut ion). O th er re lat ed c haract eris tics s uch as
mea n squa re displacement, a nd per sist ence measures
(i .e ., line ar i ty, co nfin em en t ra tio, a sphericity, di splace-
men t ra t io, etc.) can a lso g ive informat ion about the
organi sm’s beh avior. Th e m ost comm only m easured
mot i lity p a ra met er s are outlined in various r esour ces
( Meijering et al. 2012 ; Sv en sson et al. 2018 ). 

Mot i lity p a ra met er s can be used to define the base-
lin e be havio r o f o r ganism s as w e ll as th eir response to
differ ent envir onmenta l st imu li ( Berg and Brown 1972 ;
Bentley et a l. 2022 ; E chigoya et a l. 2022 ). Furt her more,
they can also be used to design ate beh avioral states (see
se ct io n below o n Behavio ral s t at e s ), or as trainin g data
f or machine lea rning , which c a n a id in hig h-throug hput
an alysi s for ph en otyping be havior of cell po p ulations
( Choi et al. 2021 ). Va rious fra m ewor ks have been de-
veloped in this r egar d , whic h use several m ultivaria te
analyses or r egr essio n p roced ures to simplify the mot i l-
i ty space p rio r t o c lust ering or c l assific at ion (se e se ct ion
be low on Dimensi onal ity red u cti on and cl usteri n g tech-
ni qu es ). 

Differential dynamic microscopy 
Different ia l dynamic microscopy (DDM) is a high-
thro ughp ut an alysi s fram ewor k that a l lows the iden-
t ificat io n o f po p u lat ion-av erag e d mot i lity p a ra met er s
in 3D wi thou t individ ua l l y reso l ving the obj e cts (e.g.,
cel ls, ci lia) in quest io n. It relies o n the deco rrelatio n
of images in time to describe the dynamics of the sys-
tem ( Cerbino and Trappe 2008 ). The p rinci p a l o utp ut
of DDM is the different ia l intensity correlation func-
tio n (DI CF), which me asures t he av erag e co rrelatio n
between any tw o imag es sep arate d by a g iven t ime inter-
val. As s uming the objects have iso tro pic mo tion and the
intensi ty fluctuatio ns in the images are p ropo rtio nal to
fluctuatio ns in the number density of obj e cts, the DICF
can be related to the in termedia te sca tter ing f unction
(IS F) ( Cerb in o an d Trappe 2008 ). Th e IS F can be fitted
to t he dat a to extract t he system dynamics. In some sim-
ple cases, the ISF has an ana lyt ica l form, a lternat i vel y,
ISF m ode ls can be const ructe d ( Croze et al. 2019 ). DDM
com plemen ts tracking approaches as the ISF models
ar e built fr om a knowledge of the indiv idu al dy nam-
ics t ypic a l ly obtaine d from t racking studies. For exam-
ple, DDM h a s been u sed to obtain the diffusion coef-
ficient of Brow ni an sph eres ( Cerbin o an d Trappe 2008 )
an d th e sw imming dy na mics of E. coli a nd C. rein hardt ii
cel ls ( Mart ine z et al. 2012 ). Exten sion s to this classi-
ca l formu lat io n o f DDM incl ude mul ti scale DDM u sed
to extract the wav elen gth and dire ct io n o f metachro nal
waves as well as the cilia beat frequency in ciliated tis-
sues ( Feriani et al. 2017 ). 

Behavioral states 
Fr om micr os copy obs ervations and trajectories, we of-
ten find that a n orga nism’s m ovem ents can be catego-
rized into a small set of behav ioral states, w it h e ach
s tate as soci ated w ith a ch aracteri s tic or s tere otype d
mo de of lo comot ion, ana logous to the wa l k, t rot, and
ga l lop gai ts o f a ho r se . Eac h gai t typ ica l l y invo l ves a
different mode of actuation in the mot i lity app aratus.
This type of description h a s been famou sl y app lied to
th e m ovem ents of E. coli , which can be categorized
into two st ates—per iods of straight swimming when
th e flage lla are bun d le d together are ca l le d “runs,” in-
t er sper sed with active reor ient at ions ca l le d “t um bles”
that occ ur w h en flage lla unbun dle ( Berg an d Brown
1972 ; Wadhwa and Berg 2022 ). Other mot i lity st rate-
g ies describe d using th e be havioral sta tes a pproach in-
c lude “run-rever se-flic k” in the bacterium V. al gino lyti-
cus ( Son et a l. 2013 ; Wad hwa and Berg 2022 ), a eukary-
otic version of “run-and-t um ble” in C. r einhar dtii ( Polin
et al. 2009 ; Bentley et al . 2022 ), “run-st op-s h ock” in the
micro a lga P. oct op us ( Wa n a nd G oldstein 2018 ; Bentle y
et al. 2022 ), “h e lical-spinning-po l ygonal” swimming
in Euglen a gra cilis ( Tsang et a l. 2018 ), “ro aming-and-
dw ellin g” in the ciliate Te trahym en a ( Jordan et al. 2013 ),
an d th e “droplet-con e-trum pet” sta tes in the ciliate
St ent o r co erul eus ( Echigoya et al. 2022 ). 

Behavioral states are typica l ly classifie d using t raj e c-
tory pa ra meters such as spe e d, accelerat ion, t rack cur-
vature, o r o rgani sm sh ape. Thi s genera l ly re quires the
r esear c her t o fir s t as ses th e m ovem ent c haract eristics
of the p art icu lar spe cies and identify a subset of char-
acterist ic gaits. Sett ing thres h olds for re leva nt pa ra me-
t er s is often a suitable base lin e approach to cl assify ing
stat es. Alt ernati vel y, c lust er ing and ot her dimensional-
i ty red uctio n t ec hniques (see section below on Dimen-
s io nal ity red uction and cl usteri n g tech n i qu e s ) hav e also
be en use d to ident ify behaviora l states ( E chigoya et a l.
2022 ; Larson et al. 2022 ), which minimizes any potent ia l
r esear cher b ias. Wi th advances in machine le ar ning, it
may so on b e p ossi ble to fin d m o re unsu pervised meth-
ods for identifying a discrete number of states from tra-
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 e cto ries o f any given o rganism, wi thou t th e n e e d to cre-
t e cust o m algo ri thms ( Cho i et al. 2021 ). 

B y analyzin g mot i lity t hrough t h e lens of be havioral
 tates, we o btain a low-dimensional descri ptio n that can
e useful in comparing the differen t stra tegies micro-
cop ic o r ganism s employ to effe ct i vel y navigate their
urroun dings. On ce a t raj e ctory is de compose d into a
er ies of st ates, a s well a s ch aracter izing t he properties
f the different states, we can use the discrete time se-
ies to specify a n etwor k, an alogou s to a chemical re-
ctio n netwo rk, wi t h st ate p robab ili ties, expect ed stat e
 uratio ns, a nd tra nsi tio n rates between the different
tates ( Fig. 2 B.i). Thi s di scret e stat e r epr esen ta t ion a l-
ows us to quantify how su b-ce l lu l ar dy n amics ch an g e
ver time or in response to environmental cues ( Wan
nd G oldstein 2018 ; Bentle y et a l. 2022 ; E chigoya et a l.
2022 ). 

imensionality reduction and clustering techniques 
he high-spe e d and long-term imag ing re quire d to
 apture dy namic mot i lit y behav io rs o ften p rod uces
o mplex high-dimensio nal dat a sets, where as loco-
ot or strat egies are oft en highly st ereotyped and

ow-dimension al. Thi s i s a re cog nize d cha l len g e in
 euroeth olog ica l studies of animal be havior, an d re-
ent advances in quan tita ti ve anal ysis fram ewor ks
n d machin e le ar nin g ena ble low-dimen sio nal descri p-
io ns o f o rgani sm beh avior to be achieved ( Berman
018 ; D att a et al. 2019 ). Approaches used in an-
m al beh avior r esear ch can be usefu l l y app lied to
tudy mot i li ty in microscop ic o r ganism s, since in
ot h cases, t he raw dat a of ten co nsists o f move-
en t tra jecto ries o r videos o f th e in div idu al’s b o dy

ostures. 
Sta nda rd mu lt iva riate a nalyses ca n be power f ul

ools for un derstan ding an d v isu alizing the multi-
imensio nali ty o f lar g e datasets p rod uce d by t rack ana l-
sis. Mapping the data in a low er-dimen siona l sp ace
 hrough pr incip a l com ponen t an alysi s (PCA), t-SNE (t-
ist ribute d st oc h a stic neighbor embedding), or UMAP
Unif orm Ma nif old App roximatio n a nd P roj e ct ion) re-
uces the complexity of datasets and removes the noise
hile preserving im portan t c haract er istics of t he or ig-

na l data. C lust ering t ec hniques suc h as hierarc hical
 lust ering on princip a l com ponen ts (HCPC) and k -
eans c lust ering as ses s the ro bus tnes s of the grou p ing,

he results of which are commonly depicted as a dendro-
ram ( Fig. 2 B.iii). Desp i te the power o f dimensio nali ty
e duct ion te chniques, a pplica t ions in microsca le mot i l-
ty studies are less co mmo n. Examples incl ude identi-
ying the basic waveforms and fluid interactio ns that
rive pro p ulsion in sperm cells ( Ma et al. 2014 ; Werner
t al. 2014 ; Is him oto et al. 2017 ), as ses sing the pos sible
 umber of sta tes/gaits of a movin g or ganism ( Werner et
l. 2014 ; Kimm e l et al. 2018 ), and phenotyping mot i l-
 ty o f a po p u lat ion ( Kimm e l et al . 2018 ; Heryant o et
 l. 2021 ; E chigoya et al. 2022 ; Xin et al. 2022 ). These
tudies hig hlig h t the poten t ia l of this te chnique in un-
erst anding t he complex l andsc ape of mot i lity both at

ndiv idu al- and po p u lat ion-level , whic h is akin to its use
n anim al beh avioral studies ( Berm an 2018 ; D att a et al.
2019 ). 

robability flux 

o f urt h er investigate h ow m ot i lity me ch ani sms
nd st oc h a stic beh aviors are a ssoci ated w ith low-
imension al ch aracteri stics within high-dimensional
a ra m eter spaces, th e con cept of prob abi lity flux from
 tatis tical physics provides a useful measure to account
 or the a rrow of time , c haract erize non-e qui lib ri um
yna mics, a nd reveal hidden patterns in motility be-
aviors. Once a pa ra meter space of interest h a s been

dent ifie d, the prob abi lity flux is a vector field within
his pa ra met er space . The p robab ili ty flux h a s a heading
nd a strength at each posi tio n, an d reveals wh eth er
her e ar e any pr eferr e d p athways through the chosen
a ra met er space . Probab ili ty flux an alysi s wa s first

nt roduce d by Battle et al. ( 2016 ) to study the p erio d
eating dynamics of an isola ted bea ting cilium of C.
 einhar dtii in a ph a s e space repres enting the cilium
 hapes. Th e approach h a s since been applied to analyze
h e long-tim e t raj e cto ries o f individ ual microswim-

ers in confined physical g eometries, rev ealin g the
mer g ence of self-organized flux loops ( Fig. 2 B.iv)
 Ca mma nn et al. 2021 ; Bentley et al. 2022 ). 

odeling individual microswimmers 
ariou s m athem at ica l descript ion s hav e been inv esti-
ated for a wide ran g e of microswimm ers. On e main
enefit o f u sing a simple m athem at ica l m ode l to de-
cri be a swimm er i s th at it can be used t o t est the be-
avio r and respo nse o f a swimmer to environments
n d con ditions th at m ay be difficult or impossible to
re ate exper iment a l ly. Addit iona l ly, m ode ls give in-
igh t in to th e m ost im portan t fea tures of the organ-
sm’s swimming—if certain aspects of t he re al swim-

er are irrelevant to the model, then that implies
hey are irrelevant to the swimming mech ani sm. Fi-
a l ly, m ode ls a l low comp arison s betw een the swim-
ing o f mul ti ple o r ganism s that can b e describ ed by

 he s ame model . Here , w e con sider tw o m ain cla sses of
 ode l: singul arit y m eth ods, an d squirm er m ode ls ( Fig.

 B.v). Co mpu tatio nal fluid dy namics c an be used to im-
lem ent m ore detai le d and rea list ic swimm er m ode ls
 Sc herr et al . 2015 ), but thi s i s beyon d th e scope of this
e vie w. 
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Singula ri ty m eth ods 
In the Re � 1 regime t ypic al of microsw imming , the
Nav ier–Stokes equ ation s g ov ernin g the v eloci ty o f an
inco mp ressible Newto nian fluid red uce to the so-ca l le d
Stokes e quat ions ( Lauga and Power s 2009 ). S ingul arit y
m ode ls ar e appr oximate sol u tio ns o f the Stokes equa-
tions in th e presen ce of a source of dis turbance, s uch as
a microswimmer in a giv en g e omet rica l configurat ion
or un der lying flow. 

Singul arit y m ode ls are a form of mu lt ipole exp an-
sion, an alogou s to those used in e lectromagn etism an d
g ravitat iona l physics to express the force fields at points
dist ant from t heir sources. In t he c ase of microsw im-
m ers, th e source of the fluid velocity field is the swim-
m er, wh ose lon g-ran g e effect on the fluid can be approx-
imated by the sup erp osition of ter ms t hat cor respond
to differen t configura tions of poin t sources. Exam ples
in clude th e fie ld gen era ted by a single poin t-force or
m on opole ca l le d a stokes let, that gen erated by a force
dipole , whic h can be axisymmetric or composed of a
symmet ric (st ress let) an d antisymm etr ic (rot let) part,
o r a quadru pole, and so o n. These sol u tio ns are called
singu larit ies be cause th e ve locity fie ld ten ds to infin-
ity at the exact location of th e source. Wh eth er a term
in t his ser ies is present in a specific m ode l depen ds on
th e symm etries of the microswimmer and the o bs tacles
(e.g., wa l ls, oth er swimm ers) surroun ding it ( Blak e a nd
Chwang 1974 ). Alt hough t he simplest singul arit y solu-
tion to the Stokes e quat ions is the stokes let, m ost mi-
cr oswimmers ar e b est mo deled by sol u tio ns wi th zero
net force , suc h as dipoles ( Pe d ley an d Kess ler 1990 ).
Thi s i s becau se th e swimming m ech ani sm i s t ypic a l ly
due to internal forces, rather than external ones. Most
swimmin g microor ganism s are also n ot su bj e ct t o ext er-
nal t orques, whic h limits t he mat hemat ica l exp ressio n
o f the di pole t erm t o its symmet ric p art—the st resslet.
The flows induced by a swimming bact erium suc h as
E.coli is inde e d wel l describe d by a singul arit y m ode l in-
cl uding o n ly a st resslet term ( Drescher et al. 2011 ). 

The two po int-fo rces co mposing a s tres slet can ei-
ther point toward the interio r o f the swimmer or to-
ward t he sur rounding fluid. In the first case, the mi-
crosw immer is c a l le d a “pu l ler” and swim s by usin g
its appendages or shape to pu l l the fluid in front of it-
self toward its own b o dy and r edir ect it sideways. In
contra st, a “pu s h er” swimm er pus h es th e surroun ding
fluid a wa y fro m i tse lf at th e back, thus swimming b o dy-
first. Typica l pu l lers include Chl amy d o mo nas and many
flagell at ed algae , while t ypic al pus h er s are bact eria suc h
as E. coli . Singul arit y m ode l s h av e been v ery s ucces s-
ful at m ode ling th e flows induced by cells swimming in
a boundless fluid or near o bs tacles ( Berke et al. 2008 ;
Dresc her et al . 2010 ), and also f or understa nding more
co mplex three-dimensio n al beh avior s suc h as super-
h e lic al nav igation and pho to taxis ( Fig. 2 B.ii) ( Cortese
a nd Wa n 2021 ). 

Squirm er m odel 
Th e squirm er m ode l of L ight hi l l and Bla ke ( L ight hi l l
1952 ; Blake 1971 ) is used to m ode l mu lt ici liate d swim-
mer s, whic h have cilia densely covering a large pro-
po rtio n o f their b o dies. It would b e very co mpu ta-
t iona l l y expensi ve to sim ula te or so l ve a m ode l that
inc ludes suc h a lar g e number o f individ ua l ci lia. As
such, t he squir mer model a pproxima tes the indiv idu al
cilia by a con tin uous, a pproxima tel y sp herical, “enve-
lope” that covers the tips of a l l of the cilia. It is then
more st raight forward to so l ve the fluid e quat ions to
fin d th e flow resu lt ing from th e m ovem ent of this en-
v elope. How ev er, it is im portan t, an d som etim es n ot
triv i al , t o c hoose an ap pro pria te sha p e and sp e e d for
th e cilia enve lope. Thi s i s infor med by t he lengt h and
bea t pa ttern of the indiv idu a l ci lia, and a lso a ny f ea-
tures of their glob a l coordinat ion (se e se ct ion below
on Cili a co ordinati on and met achro nal w av e analysis ).
Th e sph eric al coloni a l a lga Volvox h a s been exten-
si vel y modeled as a spherical squirmer ( Pe d ley 2016 ).
Th e squirm er m ode l h a s al so been u sed to study the
behavio r o f mul tilic ated sw imm ers n ear boun daries
( Is him oto an d Gaffn ey 2013 ), to compare the efficien-
cies of different fo rms o f metachro nal coo rdinatio n
( Blak e 1971 ), a nd h a s be en extende d to n on-sph erical
b o dy shap es ( Theers et al . 2016 ; Zant op an d Star k
2020 ). 

Physical modeling 
Microsw immers c an also b e mo deled u sing m acroscale
physical m ode ls. Th e physics of the low Re regime can
be r ecover ed at this lar g er scale by choosing a fluid
o f sui ta ble den sit y and v iscosit y to g ive an Re comp a-
rable to that of a microswimmer in water. In a simi-
lar way to co mpu tatio nal m ode ls, physical m ode l s u se
a “botto m-u p” app roac h t o s tudy the sys tem, by im-
plem enting th e minimal number o f co mpo n ents n ec-
essary to r epr oduce the basic swimming behavior of
the o rganism. Fo r example, a minima l robophysica l
m ode l of a qu adriflagell ate sw immer ( Fig . 2 B.v i) c an
s ucces sfu l ly r epr oduce the r elatio nshi p between gai t
a nd swimming perf orma nce observed in live micro a l-
gae ( Diaz et al. 2021 ). Artifici al cili a ry a rrays ca n also
be prog rame d to per for m met achronal waves and used
t o investigat e the effect of different wave pa ra met er s
o n various p roperties o f the fluid flow ( Do ng et al.
2020 ). 

Cilia coordination/metachronal wave analysis 
Mu lt ici late d or ganism s ov erwh e lmingl y disp lay some
deg re e of coordination in their ci liary beat ing . To qu an-
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ify and analyze the coo rdinatio n dynamics, i t is nec-
ssary to extract the ph a se of the cilia from the video
at a. When t he cilia are widely sp ace d, the individ-
a l ci lia can be t racke d from vide o data. Such ana l-
sis of Chl amy d o mo nas h a s s h own t hat t he dynam-
cs o f i ts t wo cili a ar e mor e com plex than sim ple syn-
hronous beating ( Wan et al. 2014 ). Ma ny orga nisms,
ro m unicell ul ar cili at es suc h as Pa ra meci u m , the colo-
ia l a lga Volvox , through to la rvae of ma rine inverte-
rat es suc h a s Platynereis , h av e lar g e numbers of cilia,
ist ribute d a l l over their b o dy, or lo ca lize d into ci liary
a nds ( Párducz 1967 ; Brumley et al. 2015 ; Ma rink ovi ́c
t al. 2020 ). Such arrays o f mul ti ple cili a usu ally co-
rdina te in to m etachronal waves, wh ere cilia organize

nt o sync hronously beating rows, with a constant offset
n t he be at ph a se b etween neighb oring ro ws. I n such

u lt ici liate d systems, t he be at ph a se mu st be inferred
rom image intensity fluctu ations w ithin c arefu l ly cho-
en windows, due to the high cilia densi ty. Fo r exam-
le, in a video of a beating cilia ry a r ray, per iodic os-
i l lat io ns o f the intensi ty over t he ar ray give a proxy
or t he be at ph a se at th a t poin t ( Fig . 2 B.v ii) ( Wan et al.
019 ). Wh ere th e imaging resol u tio n is insufficient to
eso l ve the cilia th emse lves, loc al vari ations in the fluid
ow velocity can be used instead as a proxy for the beat
h a s e ( Brumle y et a l. 2015 ; Poon et a l. 2022 ). Video data
an thus be ana lyze d to find paramet er s suc h as wave-
ength, frequency, dire ct io n, and coo rdinatio n length-
n d tim e-scales ( Rin g er s et al . 2023 ). Me asur ing such
a ra met er s in exper iment al systems allows co mpariso n
i th co mpu tatio nal metachro nal wave m ode l s such a s

hose of Meng et al. (2021) and Solovev and Fr iedr ich
2022) , a nd ca n inf orm sim ula tio ns o f t he cilia-dr iven
wimming of or ganism s ( B lake 1971 ; It o et al . 2019 ).
ina l ly, metachrona l coordinat ion is not limited to cili-
t ed swimmer s and is observed in a broad ran g e o f o r-
a nisms, f or exa mple , in the ct enes of ctenophores and
he pleop o ds (“swimming legs”) o f shrimp ( Byro n et al.
021 ). 

ilia tracking, waveform analysis, and modeling 
u l l appendage t racking prov ides d ata fo r co mpariso n
it h t he oret ica l m ode l s, h aving been u sed to study the

egu lat io n o f dyn ein m oto r actuatio n in cilia ( Sartori et
 l. 2016 ). The ext racte d wav eform s can al so be u sed di-
 ectly to pr edict the swimming behavio r o f a sim ula ted
icroorganism ( Ga l lagh er an d Smith 2018 ). 
Beyond c haract er izing t h e dynamics of appen dages,

av eform trackin g c an be used to elucid ate the force
enerated by these appendages ( Fig. 2 B.viii). This is rel-
va nt f or simple m ode ls of h ow locom ot ion is achieve d
n sin gle-cell or ganism s a nd provides a n approxima-
io n fo r the forces expe cte d fro m botto m-u p m ode ls of
iliary or flage llar m ole cu lar pro p ulsion ( Johnson and
rokaw 1979 ). 
The simplest the oret ica l framework with which to

eter mine t he force produced by an actuated filament
t a low Re number is that of local drag theory or re-
istive force theory (RFT) ( Gray and Hancock 1955 ). In
 his approach, t h e filam ent can be m ode led as a series
f straight rods that experience a uniform force per unit

engt h when dr iven by some ext ernal force , whic h in the
 ase of microsw immers w i l l be the pro p ul sive m achin-
ry of the cili a, flagell a, or archaell a. Based on this ap-
 roximatio n, the fluid flow d ue to a defo rming filament

s replaced by that of a line of stokeslets (the fluid flow
ue to a point force) of ap pro pr iate strengt hs. Using t his
p proach, we can ob tain an ana lyt ica l fo rm fo r the force
 rod uced by a mov ing fil ament in terms of the motion
f the indiv idu al rods into which th e filam ent is sepa-
at ed . This formu lat ion is t hen ide a l ly suite d to ana lyze
 t racke d a ppendage tha t is a lready sep arate d into dis-
rete e lem ents by th e tracking. As such, RFT is regu-
arly used as a m eth od by which to evaluate the pro p ul-
ive forces generated by flagell ated and ciliated microor-
anism s ( G ray an d Han cock 1955 ; Fr iedr ich et al. 2010 ;
e lh o Rodrigues et al. 2021 ). 
RFT does, how ev er, hav e sev era l crit ica l limitat ions.

h e th eory does n o t acco unt fo r lo n g-ran g e hy drody-
a mic interactions, end effects at the filament ti p, o r the

nteract ion betwe en th e ce ll b o dy an d th e filam ent wh en
sed to predict the swimming dynamics of microorgan-

sms. To account for these, an a lternat ive the ory was de-
elope d ca l le d s len der b o dy th eory ( Han cock 1953 ). 

Slender b o dy theo ry (S BT) differs fro m RFT by tak-
ng in to accoun t the (dec ay ing) effect on the flow at a
iven point along the filament from poin ts a t increas-
n g distances alon g th e filam ent. SBT h a s re ceive d mu l-
i ple rigo rou s m athem at ica l t reat ments [se e r efer ences
n Lauga and Powers (2009) ] but a more physica l ly in-
ui tive descri ptio n was given by L ight hill ( 1976 ). His de-
cri ptio n o f S BT invo l ves m ode ling th e flow a t a poin t,
 0 , on the filament as a sup erp osition of the flow from
h e “inn er” an d “ou ter” p roblems. In th e inn er problem,
h e filam ent in th e region n ear s 0 is m ode led as a com-
 inatio n o f stok eslets a nd source dipoles. In the outer
roblem, th e filam ent f urt her fr om s 0 is tr eated again as
 line of stokeslets, because the dipole flow field decays
p at ia l ly much faster than that of a stokeslet. This m ode l
aptures th e essen ce o f S BT a nd mak es it clea r that it
nco rpo rates mo re fu l ly the impact o f interactio ns be-
ween different parts of a filament. 

It is worth noting that the improved accuracy of SBT
oes co me wi th a co mpu tatio nal cost. As such, it is nec-
ssary to identify wh eth er RFT remains an ap pro priate
 ode ling ch o ice fo r the p roblem under co nsideratio n,

 ee Johns on and Brokaw (1979) and Wa l ker et a l. (2019 ).
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Modeling ciliary actuation 

D elving f urt her into t he swimming mech ani sms of in-
div idu a l cel ls, con sidera ble a tten tion h a s be en g iven to
un derstan ding th e actuatio n o f cilia. The p ro p ulsive
machin es un der lying cilium m ovem ent are th e hun-
dreds of dynein mot or s w orkin g in concert to bend the
axon em e structure ( Satir 1967 ). How dynein activ it y is
regu late d to set up regu lar beat ing p atterns h a s been the
subj e ct of s e v eral modelin g approaches ( Fig. 2 B.ix) with
no single model gaining a consensus in the field. 

Three main m ode ls focusing on indiv idu al dy nein ac-
tiv it y regul ation have b een prop osed . In eac h m ode l,
the activ it y of the dy neins o n o ne side o f the axo n em e
causes it to deform. This deform ation bend s the ax-
on em e, eventua l ly causing the dyneins to deactivate.
Consequent ly, t h e dyn ein m ot or s on the o p posing side
o f the axo neme activate and re vers e the bend . Eac h of
th ese m ode ls re lies on ch oosing som e pa ra meter that
tr ig gers t his revers al u po n re aching a cr it ica l va lue. In
th e s liding control m ode l ( Murase 1991 ), th ere is an
ela stic resi st ance of t he micro tub ule do ub lets to d ynein-
driv en slidin g and subsequent bending. The eventual
build-u p o f resi stance cau ses th e dyn ein m ot or s t o de-
t ach from t h e n eigh boring microt u bule. Wh ere as, t he
curva ture con trol m ode l ( Machin 1958 ; Brokaw 1972 ;
Sartori et al. 2016 ) relies on the deact ivat io n o f dyneins
at a thres h old val ue o f the curvature o f the axo n em e,
t ypic a l ly under st o o d to tak e effect with some time delay.
Me anwhile, t h e “geom etric cl u tch” m ode l ( Lin demann
1994 ) relies on the as s um ption tha t dyneins are more
like ly to bin d wh en th e interdou blet spacing is be low
a crit ica l distance, cont rol le d by a t ran sv erse force be-
tw een neighborin g doublets. 

Instead of t reat in g ax on em e ben ding as th e resul t o f
a n a nta gonis t ic relat io nshi p between o p posing sets of
dyn eins, m ode l s focu sing on dyn amic in sta b ili ties in
flexi ble filam ents have garn er ed inter est in r ecent years.
In this m ode l, dyn ein activ it y produces a f orce ta n g en-
t ia l to the micro tub ule do ublets. In a static filament,
this wou ld resu l t in i t bucklin g, how ev er, if this force
con tin ually acts along the axis of the filament then the
“f ollower f orce” ca n p rod uce osci l lato ry wavefo rms in
m ode l cili a w i thou t th e n e e d fo r individ ual dynein reg-
u lat ion ( Wo o d hams et a l. 2022 , a nd ref eren ces th erein).

Wher e ar e w e going? 

In this re vie w, w e hav e hig hlig hted t he exper iment al,
ana lyt ica l, an d math emat ica l te chniques that can be
use d to quant itat i vel y c haract erize microsca le mot i lity,
a l lowin g measura ble descri ptio ns o f behavio ral dynam-
ics. Thi s en ables u s to gain insigh ts in to how an organ-
ism per for ms in a dy namic env ironment b y o vercom-
ing or even explo i ting the co nst raints place d o n i t by
the laws of physics ( Wan and Jékely 2021 ). Q uant ita-
t ive ana lysis of behavior is also beneficial when com-
pa ring different orga nisms a nd f or using exper iment al
data t o t est different hypotheses a nd scena rios, f or ex-
ample, wh eth er m ot i lit y is benefici al in a turbulent envi-
ronmen t a t the scale of a cell, or when comparing the ef-
ficiency of different swimming mech ani sms or the func-
tio n o f co mplex cilia ry a rrays (e.g., huma n a irways). 

Technical challenges 
To advance our understanding of microscale mot i lity,
two key t ec hnical c hallen g es remain. First, although
many t racking prog rams are avai l able, they usu a l ly re-
quire time-con sumin g o p t imizat io n and custo mizatio n
st eps t o make them app licab le to the specific organism
of inter est. Curr ent tracking m eth ods are m os t s uited
to ro und ob j e c ts with hig h co ntrast. Au to mate d t rack-
ing is espe cia l ly difficu lt when the obj e ct of interest h a s
a tim e-varying s hape. Th er efor e, we ne e d more gen-
era l seg men ta t ion and t racking a lgo ri thms that are ap-
p licab le to a wide ran g e of m orph ologies an d m ove-
ment c haract erist ics, whi le a lso being simple enough so
t hat t h ey do n ot r equir e exten siv e codin g experience. In
th e fie ld of animal be havior, s e veral machine-le ar ning-
b ase d a lgo ri thm s hav e been developed for tracking an-
ima l posit ion and posture ( Lauer et al. 2022 ; Pereira et
al. 2022 ). It would be beneficial to develop similar plat-
f orms f or tracking th e m ovem ents of microscopic or-
ganism s, includin g chan g es in shape an d appen dage ac-
tuation, which is app licab le to the wide ran g e of mor-
p ho logies and does not rely o n high-co ntra st im aging of
cells at low density. Machine le ar ning is also emer gin g
as a useful approach to extract me aningf ul infor mation
about sp at iotempora l features of cel lu lar mot i lity from
imaging data and its potent ia l use in ph en otyping m ot i l-
it y behav ior is an area that could be developed f urt her
( C hoi et a l. 2021 ). A se cond te chnica l cha l len g e is data
m an agem ent. Wh en acquiring high-mag nificat ion and
high-spe e d vide os often re quire d to re cord microsca le
mot i lit y dy namics, l ar g e v ol umes o f d ata c an be accu-
m ula t ed (e .g., an exper iment al study can generat e t er-
abytes o f data). Therefo re , when planning suc h exper-
iments, it is crucial to carefu l l y p lan the data process-
ing p i pe lin e an d t o invest in c loud st o rage o r hard drive
data m an agement sol u tio ns, which ca n pose fina n-
cia l b ar r iers and r equir e high-per for mance co mpu ting
power. 

Moving beyond model organisms 
Most fun dam ental kn owledg e a bou t o rgani sm al be-
havio r co mes fro m studying m ode l or ganism s (e.g.,
E. coli for bacteria and C. r einhar dti i for micr o a l-
gae), p artly be caus e the y a re a menable to genetic ma-
nipu lat ion, which a l lows test ing of spe cific mot i lity
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 achinery or sign aling processes relat ed t o behav-
or. How ev er, m ode l or ganism s are not represen ta tive
f the ran g e o f behavio rs possible fo r a g iven mot i l-

ty mech ani sm and so genera lizat ions can be inaccu-
at e . There is a ne e d to diversify the ran g e of study
r ganism s, which can giv e new info rmatio n o n how,
 or exa mple, th e m orph olog y or ecolog y of an organ-
sm (i .e ., its nic h e) m o difies b ehaviora l p a tterns. F or

icr oswimmers, a r eposi to ry o f swimming kinemat-
cs exists as a tool for comparin g mov ement charac-
erist ics ( Vel ho Rodrigues et al. 2021 ). How ev er, such
 tool does not exist for surface-b ase d me chanisms
e.g., gliding). Wit h t h e recent deve lopm ent of ge-
etic t ools, suc h as CRISPR t ec hn ology, gen etic mu-

a nts ca n be creat ed , and used t o explore the ques-
ions that are tradi tio nally o nl y possib le by using model
ystem s. B y doin g so, w e can look at a broad ran g e
f relate d spe cies and as ses s t he similar ities ar ising
ro m evol u tio n bu t also th e differen ces specific to that
rganism. 

inking different scales 
er haps on e of th e biggest cha l lenges is to connect un-
ers tanding acros s different length scales, that is, from
h e m echanics of m ole cu lar mot or s an d th e locom o-
o r behavio rs o f individ uals to lar g e-scale co mmuni ty
rocesses and bioge ochemica l cycles. This cha l len g e is
 ot entire ly n ew an d h a s be en a preva lent quest ion in
e havioral an d mig rat io n studies o f macro-o r ganism s
e.g., insects, birds, wha les). A re cent fram ewor k that
 ttem pts to bridge thi s di sconnect i s m ovem ent ecol-
gy, which provides a way to link the p hysio log ica l and
ehavio ral p roperties o f individ uals to m ovem en t pa t-
erns across sp at ia l and temporal scales ( Wisn os ki an d
enn on 2022 ). Movem ent e cology is b ase d on four dif-

erent fact or s—th e m ovem ent m ech ani sm, t he inter nal
t ate of t he organism, t h e navigation an d re-or ient ation
ap abi lit ies, an d th e environm en tal con text of the or-
ani sm. Thi s fram ewor k combin es insights from cell bi-
 logy, eco logy, and evo l u tio n, which h a s p ro mising po-
ent ia l to synthesize a more t horough underst anding of
h e causes an d consequen ces o f loco motio n ( Wisn os ki
n d Lenn o n 2022 ). Addi tio nally, quanti tati ve anal ysis of
xper iment al dat a co mb ined wi t h t he oret ica l m ode ling
s a power f ul tool for bridging the gap between scales
nd building a co hesi v e understandin g of behavior. As
i scu ssed thro ugho ut this re vie w, m ode ling a l lows test-

ng/sim ula ting co ndi tio ns that cannot be explored ex-
er iment a l ly and experiments can be used to validate
 ode l s. A n example of this mu lt i-sca le appro ach is

n invest igat ing the dynamics of har mf u l a lga l blooms
y in tegra ting studies on mo lecular bio logy, indi vid-
al and co llecti v e or gani sm al beh av ior (e.g ., gy rotaxis
nd vert ica l mig rat ion), an d th e ph ysical en vironment
e .g., turbulence , n utrien t availab ili ty) through various
 ode ling approach es, in th e h opes o f imp roving p re-

iction and fore cast ing ( Berda let et a l. 2014 ; Fran ks
2018 ). 

ollaborating across disciplines 
o s ucces sfu l ly elucida te differen t aspe cts of microsca le
ot i lity, spe cific ski l l sets and knowledge from var-

ed disciplines ne e d to be co mb ined. Tradi tio nally, the
why” question s of function and evolution might be
iewed as the p remise o f b iologists and e colog ists,
hile physici sts, m athem aticia ns, a n d engin eers as k th e

how” questions of forces an d m echanics. Th e m eth-
ds of invest igat ing behavior can vary between differ-
nt fie lds, h en ce, gen erated kn owledge is specific to the
ca le and desig n of the study. Organi sm al beh avior i s
u lt i-facete d in natur e, ther efor e the in tegra tio n o f dif-

erent t ec hniques an d disciplin es by wor king collabo-
ati vel y can give rise to more thorough insights into
he mu lt i-sca le aspe cts o f behavio r. Al though interdis-
ip linary co l laborat ions a lre ady exist, t he difficulty lies
n the lack of a shared foundation for what is consid-
red co mmo n kn owledge. Thus, th ere is a ne e d to sim-
lify comm unica tion to enhance the flow of informa-
io n. An example o f s uch a cros s-di sciplin ary init iat ive
s the “mot i le act ive matter ro admap” by Gompper et
l . (2020) , whic h brought together r esear c her s from di-
ers e dis ciplines to ass ess the curren t sta te of the art of
he active matter field. 

We hope this re vie w can be a starting point and
oolki t fo r r esear c her s looking t o describ e b ehavior
uan tita ti vel y in new and ex citin g system s. Here, w e
ave hig hlig hted bot h t he limit ations and t he scope of
 hat can ac tua l ly be measured from exper iment al sys-

 ems t o t est m ode l pre dict ions, whi le a lso ident ifying
 he are as where modeling would be pa rticula rly useful.
h e fie ld is ri pe fo r r esear c her s t o co nd uct mo re quanti-

at ive ana lyses, widen the diversity of study or ganism s,
nd collaborate across disciplines to dr ive re a l prog ress
n our un derstan ding of th e mu lt isca le p rocesses o f mi-
rosca le mot i lity. 
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