
Infertility is a growing global health issue with consider
able psychological, social, and economic implications, 
affecting >50 million couples worldwide1–3. The global 
trend of rising infertility is motivation for urgent atten
tion to infertility issues, and highlights the funda mental 
challenges of making both diagnosis and treatment 
affordable and accessible (FIG. 1 and Supplementary 
information S1 (table)). The deterioration in fertility 
requires immediate attention from the research commu
nity, industry, and policy makers globally4,5. Specifically, 
the total fertility rates in many areas, including the USA 
(1.9), Canada (1.6), and the European Union (1.5) are far 
below the required rate of 2.1 to sustain their populations 
at current levels (FIG. 1c). In particular, ~30% of infertility 
cases are caused solely by male factor infertility, whereas 
~50% of infertility cases include a combination of male 
and female factor infertility 6,7. Beyond indi vidual 
patients, geographical and demographical trends are 
emerging, showing reduced semen quality in both fer
tile and infertile men8–11. For example, in France, semen 
quality declined ~1.5% per year between 1988 and 
2007 (REF. 11). Sperm concentration has also declined 
by 1.5% per year in the USA, and by 3% per year in 
Europe and Australia4,10. This alarming decline is attri
buted to several environmental and genetic factors in the 
modern lifestyle including obesity, smoking, exposure 
to pollu tants, and sexually transmitted infections4,12–15.  

Despite rising infertility rates worldwide and increasing 
knowledge of the causes of infertility, advances in male 
infertility diagnosis and treatment have been infrequent, 
with very few technologies transitioning from research 
laboratories to clinics16.

Semen analysis to quantify sperm deficiencies (such 
as count, vitality, motility, morphology, and DNA integ
rity) is the cornerstone of male infertility diagnosis17–20. 
Clinical methods21–23 have been developed to evaluate 
semen parameters and quantify male fertility potential 
according to reference values for semen characteristics 
from the WHO17,24. Generally, these parameters include 
semen volume, sperm count, motility, and morph
ology. Conventional clinical methods for semen ana
lysis include counting chambers, computerassisted 
sperm analysis (CASA)22,25, viability assays (such as dye 
exclusion or hypotonic swelling)17,23, and DNA integrity 
assays (such as the Comet assay and sperm chromatin 
structure assay (SCSA))26,27. However, these methods are 
costly, timeconsuming, require skillful clinicians, and 
lack standardized procedures28,29. In addition, despite 
strong qualitative evidence suggesting sperm quality 
is a predictor of male fertility potential, correlations 
between sperm characteristics and pregnancy outcome 
remain unclear. For example, an absence of sperm 
with normal morphology is generally being used as a 
strict criterion in fertility clinics to proceed directly to 
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Abstract | Infertility is a growing global health issue with far-reaching socioeconomic 
implications. A downward trend in male fertility highlights the acute need for affordable and 
accessible diagnosis and treatment. Assisted reproductive technologies are effective in treating 
male infertility, but their success rate has plateaued at ~33% per cycle. Many emerging 
opportunities exist for microfluidics — a mature technology in other biomedical areas —  
in male infertility diagnosis and treatment, and promising microfluidic approaches are under 
investigation for addressing male infertility. Microfluidic approaches can improve our 
fundamental understanding of sperm motion, and developments in microfluidic devices that 
use microfabrication and sperm behaviour can aid semen analysis and sperm selection.  
Many burgeoning possibilities exist for engineers, biologists, and clinicians to improve current 
practices for infertility diagnosis and treatment. The most promising avenues have the potential 
to improve medical practice, moving innovations from research laboratories to clinics and 
patients in the near future.
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assisted reproduction; however, a 2016 study indicated 
29.2% of partners of men with a complete absence of 
normal sperm morphology conceived via natural con
ception and 75% did not require in vitro fertilization to 
achieve pregnancy — high rates compared with 55.6% 
and 76.7%, respectively, in a control group of men with 
>4% normal sperm morphology30. Tests to obtain more 
detailed information about sperm characteristics than 
is traditionally collected have not been widely used. In 
the instance of DNA integrity testing, clinical adoption 
has been particularly slow, mainly owing to a lack of 
access to instrumentation, standardized methods, and 
reference values for clinical interpretation29. Obtaining 
the semen specimen is another issue, owing to the poor 
compliance of men. Specifically, psychological barriers 
have a role in preventing wide adoption of semen ana
lysis methods: embarrassment of providing samples at 
clinics31,32 and anxiety regarding the results of the test33 
have been suggested to be inhibitory factors, hindering 
effective diagnosis, highlighting the need for athome 
male fertility testing.

Assisted reproductive technologies (ARTs) have 
been developed over the past 40 years to treat infertility 
(BOX 1), and are particularly helpful in male infertility34. 
In spite of 40 years of work to improve ART, the suc
cess rate of ART has plateaued at ~33% per cycle35–38, 
requiring most couples to undergo multiple fertilization 
cycles in order to conceive36,39, with associated emotional 
and financial burdens. The estimated number of ART 
cycles performed globally increased by ~9% per year 
between 2001 and 2010 (Supplementary information S2 
(table)), with over 1 million cycles performed in 2010 
alone40. However, the proportion of live births deliv
ered per cycle has stagnated at ~26% (FIG. 1d). Crucial to  
ART success is sperm quality, which influences the treat
ment success rate and offspring health41–43. Unfortunately, 
the currently used clinical methods for semen analysis  
and sperm selection are insufficient to diagnose the 
aetiology and prognosis of male infertility, costly,  
time consuming, and prone to operator error28,33.

Currently, the techniques used to select sperm for 
ART require several sperm washing steps to separate the 
viable sperm. Most protocols rely on separating sperm 
based on their density (density gradient centrifugation) 
and/or sperm motility (sperm swimup) to separate 
motile sperm. The most considerable concern regarding 
the current clinical approaches is that they bypass almost 
all natural barriers that sperm encounter in vivo6,44,45. 
Emerging evidence suggests the importance of the selec
tion process in ART on the reproductive health of the off
spring45,46. The method by which selecting sperm moves 
forward to a manner closer to the natural selection mech
anism is an important issue. The funda mental challenge 
of sperm selection is dictated by biology: sample volume, 
sperm concentration, and lifetime in vitro. In contrast to 
the in vivo environment, which is optimal for sperm stor
age, sperm only have a limited lifetime in vitro. Sperm 
incubated in vitro for >2 hours have impaired motility, 
decreased viability, and low DNA integrity47–49. The funda
mental sorting rate dictated by biology is ~150,000 cell/s 
(~150 kHz), given values for sample volume (1 ml), sperm 
concentration (100 M/ml), and time for the selection por
tion of the process (10 min) — considerably higher than 
any available cell sorting technologies. These require
ments highlight the need for selection methods capable 
of handling a large number of sperm, in a manner and at 
a scale relevant to the natural selection mechanism within 
the female tract.

Microfluidics is the science of manipulating small 
amounts of fluids with volumes ranging from microlitres 
to picolitres at the submillimetre scale50,51. Microfluidics 
and labonachip methods are becoming standard in a 
wide range of biomedical applications, owing to the high 
degree of environmental control, rapid diffusion, and 
opportunities for highthroughput and parallel sample 
processing50,52. When fully leveraged, these attributes 
enable a high quantity and quality of data to be gathered 
at a speed and price unmatched by previous approaches. 
These attributes, as well as excellent visualization, are par
ticularly valuable for the study and quantification of cells 
for which high numbers of wellcontrolled experiments 
are required for significant results51,53,54. In the context of 
fertility, microfluidics can be used to mimic the geometry 
of microconfined regions within the female reproductive 
tract, presenting opportunities for biomimicrybased 
selection approaches that reflect the in vivo process, 
provided they meet other physiologically relevant crit
eria, such as temperature and the chemical environment. 
Additionally, the ability to resolve the spatio temporal 
dynamics of sperm interactions with precisely controlled 
physicochemical environments through timeresolved 
microscopy provides opportunities to enhance our under
standing of fertilization, with potential to devise new 
thera peutic methods. Furthermore, paperbased micro
fluidic technologies — simple, lowcost, and rapid diag
nostic platforms — are emerging as attractive alternatives 
for current diagnostic technologies, for both pointofcare 
and clinical applications53,54. However, despite impressive 
advances in this field in the past 10 years, translation of 
these microfluidic technologies into medical practice is 
only just beginning.

Key points

• Sperm swim using periodic but time-irreversible and unidirectional flagellar motion. 
When sperm swim near a boundary, hydrodynamic sperm−wall interactions result in 
surface accumulation and boundary-following behaviour

• Microfluidic techniques paired with high-speed imaging have resolved the full 3D 
swimming patterns of sperm in bulk fluid and revealed a 2D slither swimming mode 
for sperm near surfaces

• Microfluidics show promise in studying sperm rheotaxis and chemotaxis.  
Future research needs to focus on developing high-throughput platforms with  
single-cell-analysis capabilities to study human sperm chemotaxis

• Microfluidic technologies are emerging as rapid and low-cost diagnostic alternatives 
for at-home and clinical male fertility testing, and technologies for additional, 
automated morphological analysis of sperm are needed

• Microfluidic platforms enable selection of high-quality sperm by mimicking the in vivo 
process. These technologies show promise for near-term advances in both 
understanding male infertility and clinical implementation

• Translation of microfluidic technologies for male infertility into the consumer market 
and clinical practices has been slow. A combination of multidisciplinary collaborations 
and market opportunity will speed up this process
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This Review describes advances in microfluidics 
for the study, analysis, and selection of sperm for male 
infertility diagnosis and treatment, building on previous 
reports55–57. We focus on how our fundamental under
standing of sperm motion is inspiring new methods of 
selection, and on emerging technologies that show the 
most promise for nearterm medical advances in male 
fertility and clinical implementation. We highlight the 
challenges in translating these methods into clinical 
practice and commercial products. We highlight micro
fluidic approaches that are improving our fundamental 

understanding of sperm motion. We mainly focus on 
work related to human sperm, but investigations in other 
species that could potentially affect our understanding 
of human sperm motility and male infertility are also 
included. These findings are revealing the navigational 
strategies of sperm and informing device design. We 
describe advances in microfluidicsbased semen analysis 
and sperm selection that use microscale properties, and 
emerging knowledge of sperm behaviour. Throughout 
this Review, we suggest opportunities for engineers, biol
ogists, and clinicians to improve current practices for 

Figure 1 | Male infertility and assisted reproduction globally. a | Map of the prevalence of male factor infertility in the 
world. The prevalence of male infertility was calculated as the product of prevalence of infertility and the percentage  
of male factor infertility (Supplementary information S1 (table)). b | Trends in sperm concentration and motility, and overall 
male and female factor infertility rates in the USA between 2003 and 2013 (REF. 238). The increase in the infertility curves 
between 2010 and 2011 are in part attributed to the updated reference limits for semen quality from the WHO.  
c | Total fertility rate between 1995 and 2014 for different regions and globally. The dashed line represents the fertility rate 
required to preserve the current world population239. d | Increasing number of assisted reproductive technology (ART) 
cycles and plateaued success rate of ART per cycle (quantified as a percentage of live-birth delivered per cycle) in the 
world between 2000 and 2010 (Supplementary information S2 (table)).
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infertility treatment using microfluidic technologies, use 
advances in the field, and transfer microfluidic technol
ogies from research laboratories to clinics and patients 
in the nearterm.

Microfluidics for sperm research
A sperm must swim thousands of its body lengths 
through the complex environment of the female repro
ductive tract to achieve fertilization, but the details of 
how sperm migrate through the female tract are largely 
unknown58–60. Microfluidics is well suited to resolve the 
interaction mechanisms of sperm with the different 
geometrical, fluidic, and chemical environments of the 
female reproductive tract by recreating the natural in vivo 
environment. Microfluidics and dynamic imaging have 
provided new insights into how sperm motility is affected 
by these environmental cues — an important step towards 
improving the diagnosis and treatment of infertility.

Sperm locomotion. The biophysics of sperm motion is 
dominated by low Reynolds number fluid dynamics at the 
microscale. The dimensionless Reynolds number defines 
the ratio of inertial to viscous forces. A 70 µm sperm that 
swims at a speed of ~70 µm/s in an aqueous environment 
results in a flow with a Reynolds number of ~4.9 × 10−3. 
For a microswimmer with such a small Reynolds number, 
locomotion is dominated by dragbased locomotion in 
which viscous forces dominate and inertia is negligible61 
— the opposite experience to swimming at the macro
scale. Sperm generate propulsion in this microscale 
world by periodic but timeirreversible changes in the 
shape of their body (scallop theorem)61,62 and, as inertia is  
negligible, the resulting locomotion speed is linearly  
proportional to the rate of deformations63,64.

Sperm consist of a head, which contains the  
nucleus, and a tail or flagellum, which contains mito
chondria and drives locomotion (FIG. 2a). The flagellum 

consists of two parts: a midpiece and a beating principal 
piece. The mitochondria, contained in the midpiece of 
the flagellum, provide the force for the principal piece 
to beat65. The flagellar waveform in mammalian sperm 
is generated by the 9 + 2 structure of the axoneme at 
the central core of the flagellum (FIG. 2b), in which nine 
pairs of microtubule doublets surround a central pair of 
microtubules66–68. The source of the flagellar wave form
ation is sequential sliding of the nine outer microtubule 
doublets via ATPactivated dynein arms over the neigh
bouring doublet69,70. The flagellar wave is a result of the 
balance between the active force of the dynein motor,  
the passive force generated by the structure of the  
flagellum, and the hydrodynamic drag force71. The fla
gellar wave travels unidirectionally, from the midpiece 
towards the end of the tail, and the amplitude of the wave 
increases72. Interaction of this wave with the surround
ing medium results in a drag force that acts along the 
flag ellum (BOX 2). Owing to drag anisotropy for slender 
bodies, the ratio of normal to tangent drag is higher than 
the ratio of normal to tangent velocity (FIG. 2c), result
ing in a propulsive force in the direction normal to the 
motion of the filament62,63. Unidirectional movement of 
the flag ellar wave translates sperm in the opposite direc
tion of the flagellar wave. The structure of the axoneme 
and change in the extracellular or intracellular conditions 
alter the dominant waveform between helical or planar 
configurations73,74. Chemical and physical stimuli, such 
as ion flux change75,76 and regulation of the active shear 
rate77,78, can also regulate the dynein motor mechanisms 
to switch between the helical and planar waveforms.

Traditional optical microscopes equipped with high
speed cameras have been used to resolve the swimming 
trajectory of sperm79–82. However, the high optical and 
temporal resolution required to resolve the sperm head 
(~5–10 μm) and capture sperm motion (sperm swim 
rapidly, at ~40–100 μm/s) have substantially limited 

Box 1 | Assisted reproductive technologies (ARTs)

ARTs include intrauterine insemination (IUI), in vitro fertilization (IVF), and intracytoplasmic sperm injection (ICSI). In IUI,  
an aliquot of ~1 ml of washed sperm is injected inside the uterus near the uterotubal junction at the time of ovulation (see 
the figure part a)232. In IVF, an aliquot of ~5,000 selected sperm are incubated with an egg (see the figure part b)233. In ICSI, 
which is the leading and the most invasive treatment for infertility, a single sperm is manually selected and directly injected 
into an egg (see the figure part c)234. IVF is largely ineffective to treat infertility, owing to male factor infertility with poor 
quality sperm, whereas ICSI is used in these situations to achieve good fertilization rates16. In practice, the method of 
choice for assisted reproduction is dictated by the quality of the semen sample to achieve the highest fertilization rate per 
cycle, going from IUI to ICSI as the semen quality declines235.
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both the field of view and the volume used for obser
vation using this approach. Thus, this method enables 
only limited 2D trajectories of sperm over relatively 
short durations to be recorded. Microfluidics paired 
with dynamic, highspeed imaging has enabled precise 
observation and quantification of the dynamics of sperm 
movement in a controlled setting representative of their 
natural environ ment by simultaneously visualizing the 
processes at small lengthscales and fast timescales.

Advances in onchip digital imaging approaches83–86 
within microfluidic systems have provided oppor tunities 
for highthroughput and labelfree 3D imaging of sperm. 
These methods employ a digital optoelectronic sensor, 
such as a complementary metaloxide semi conductor 
(CMOS) chip, to digitally reconstruct the volume of the 
cell in 3D space by recording the interference pattern 
between a reference lightwave and a lightwave scat
tered by the specimen84,87. The imaging resolution and 
field of view in these methods are decoupled and deter
mined by the respective pixel size and active area of the 
image sensor86, enabling simultaneous improvement in 
resolution, field of view, and depth of field.

Holographic microscopy has also been used to 
retrieve quantitative information related to the 3D 
swimming trajectory of sperm and sperm morphology 
in microfluidic devices. Su and colleagues88,89 devel
oped a lensfree holographic imaging approach to 
track 3D trajec tories of >1,500 human sperm, across 
a large volume (~8 mm3) and over several hours. This 
highthroughput technique used the shadows of sperm 
created by vertical red and oblique blue illumination 
over a CMOS sensor to reconstruct the 3D trajecto
ries of sperm with submicron accuracy. This imaging 
approach has led to novel findings: sperm exhibit a suite 
of swimming patterns (typical, helical, hyperactivated, 
hyper helical, and chiral ribbons); the typical swimming 
pattern (forward progress with lateral displacement) is 
90% preva lent, whereas only ~5% of sperm swim along 
helical trajectories (forward progress with a stable revo
lution); sperm switch between swimming patterns within  
a ~10 s transition window; and ~2% of sperm exhibit a 
chiral ribbon swimming pattern (forward progress with 
planar oscillation of the sperm head on a swing plane 
in the form of a helical or twisted ribbon) in the form 
of a twisted ribbon with zero mean curvature. Notably, 
these observations regard the swimming trajectory of 
the head, and do not include or consider the rotation  
of the head about the swimming axis, or the motion of 
the tail. Merola et al.90 developed a simple and quick 
method based on onchip holographic microscopy to 
quantify the volume of sperm cells. The authors used the 
unique capabilities of optical tweezers (which involves 
using a focused laser beam to generate an attractive 
force) to trap and rotate the asymmetric sperm cell by 
regulating the laser power, while recording its holo
grams. Using 2D information from all recorded angles, 
the 3D shape and volume of a bovine sperm head was 
measured. In another study using holographic onchip 
microscopy91, 3D images of bovine sperm with detailed 
topographical information demonstrated a protuberance 
on the postacrosomal region of the sperm head.

Collectively, these microfluidic imaging techniques 
have revealed valuable information related to the full 
3D swimming patterns of sperm and the timeframe of 
transition to switch between them as a function of the 
rheology of the swimming media and sperm morph
ology. These promising new microfluidic methods have 
yielded new insights into sperm motion and characteris
tics of sperm morphology, but their functionality is still 
substantially limited by the sample density, as a highly 
concentrated sample distorts the background light and 
the reference light86,87. Additionally, improvement in 
other areas, such as sensor chips and signal process
ing approaches, are preferable for achieving enhanced 

Figure 2 | Sperm locomotion. a | The structure of human 
sperm consisting of a head and a flagellum. b | Schematic 
diagram of a 9 + 2 axoneme structure. The axoneme 
consists of a ring of nine pairs of equally spaced 
microtubule doublets connected to a central pair by radial 
spokes. c | Drag-based sperm locomotion mechanism in 
bulk media. Part a is adapted from Eisenbach and Goijalas. 
Nat. Rev. Mol. Cell Biol. 7, 276–285 (2006)129and part c is 
reproduced from Nosrati et al. Nat. Commun. http://dx.doi.
org/10.1038/ncomms9703 (2015)110.

R E V I E W S

NATURE REVIEWS | UROLOGY  VOLUME 14 | DECEMBER 2017 | 711

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

http://dx.doi.org/10.1038/ncomms9703
http://dx.doi.org/10.1038/ncomms9703


resolution (current limit ~250 nm) and numerical aper
ture (current limit ~0.9)85,87. These improvements are 
particularly important for extracting information related 
to the details of the sperm flagellar movement in 3D, 
rather than solely tracking the sperm head in 3D.

Sperm motion near surfaces. Sperm is a ‘pusher micro
organism’ that pushes the fluid away at the front and 
back, and pulls in the fluid from the sides92. Interactions 
of this hydrodynamic flow field with surfaces or the 
flow field from other sperm influence sperm motion 
(FIG. 3). For example, surface confinement affects the 
distri bution and swimming characteristics of sperm. 
In 1963, Rothschild93 was the first to observe a prefer
ential accumulation of bull sperm at the surface in the 
200 μm gap of a haemocytometer chamber. This behav
iour, known as surface accumulation, originates from 
the combi nation of hydrodynamic forces and steric 
repulsion94–97. Close to a single boundary, the vector of 
timeaveraged thrust is tilted toward the surface, owing 
to the asym metric hydrodynamic flow field caused by 
the wall, resulting in surface accumulation (FIG. 3a)96–98. 
Furthermore, for sperm with a 3D rolling flagellar wave, 
such as human sperm, the interaction between the coni
cal shape of the flagellar envelope and the surface aligns 
the side of the tail cone with the surface, and directs the 
swimming trajectory toward the wall (FIG. 3b)97,99. Surface 
accumulation was shown to be affected by geometrical 
and hydrodynamic constraints100,101, flagellar wave
form96,97,99,102, and head morphology98,103,104. The rolling 
direction of the flagellar wave and asymmetric beating 
cause sperm cells to follow circular trajectories with a 
nonzero curvature near surfaces97,105. The range of 
hydrodynamic interaction decays with the distance of 
the sperm from the surface63,106, which is well approxi
mated by a force dipole model (both head and flagellum 
push the fluid away from the sperm cell)95. Far from the 
surface (where length scales are much larger than the 
sperm length), the leadingorder flow is a force dipole 
and hydrodynamic interaction decays with increas
ing distance d from the surface as 1/d2 (REFS 92,106). 
However, as sperm swim closer to the surface, high
erorder flow singularities become more important, and 
hydrodynamic interaction decays faster at rates of 1/d3 

or 1/d4 near the surface95,107. Orientation of sperm with 
respect to the surface also influences the hydrodynamic 
interaction63,106. For orientations of sperm nearly parallel 
to the surface, the hydrodynamic interaction is attrac
tive, but it is repulsive for orientations approximately 
perpendicular to the surface92,106.

Human and bull sperm typically accumulate within 
10–30 μm of a wall93,104,108,109. Nosrati et al.110 discov
ered that sperm exhibit a 2D swimming mode when 
almost in contact with a boundary. Specifically, human 
and bull sperm exhibit a distinct 2D slither swimming 
mode within 1 μm of a surface in which the full sperm 
body (50–80 μm) is aligned parallel to the surface and 
the flagellum beats in a 2D plane. This mode is distinct 
from previously established bulk and nearwall swim
ming modes (FIG. 3c), in which the flagellum beats with 
a 3D rolling helical wave and the sperm body counter 
rotates. Human sperm swim 50% faster in the slither 
mode than in 3D bulk swimming modes, suggesting 
a strategy that is well suited to the highly viscous and 
confined regions of the reproductive tract111. In 2017, 
Ishimoto et al.112 studied the flow field around human 
sperm by using boundary element simulation and digital 
imaging microscopy to analyse the flagellar beat. Using 
principal component analysis to convert observed varia
bles into uncorrelated principal modes of variation, their 
simulation predicted finescale sperm dynamics at the 
quantitative level and captured characteristics of sperm 

Box 2 | Drag-based locomotion

The biophysics of drag-based sperm locomotion is described using resistive-force 
theory for a slender body236. According to this theory, the normal and tangent drag per 
unit length of the flagellum (ƒ┴ and ƒ||) are
ƒ┴ = C┴u┴         

     (1a)
ƒ|| = C||u||         

     (1b)
where u┴ and u┴ are local velocities normal and tangent to the flagellum, and C┴ and C|| 

are drag coefficients normal and tangent to the flagellum, respectively (FIG. 2c). Owing 
to drag anisotropy (C┴/C|| ≈ 2)106,236, the ratio of normal to tangent drag (ƒ┴/ƒ||) is higher 
than the same ratio of normal to tangent velocity (u┴/u||), resulting in a propulsive force 
(ƒprop) in the direction normal to the motion of the filament63,237. Unidirectional 
movement of the flagellar wave (time irreversible motion) causes a non-zero averaged 
propulsive force that translates sperm in the opposite direction of the flagellar wave.

Figure 3 | Sperm motion near surfaces. a | The vector of 
time-averaged thrust, Fthrust, is oriented toward the surface, 
resulting in surface accumulation. b | The conical envelope 
of the flagellar wave is aligned with the surface, resulting in 
surface-directed motion. c | In the slither mode, both the 
sperm head and the flagellum oscillate in a 2D plane 
parallel to the surface. d | The short-range interaction of 
bull sperm flagellum with a corner-shaped boundary 
(cyan-coloured line) results in surface scattering.  
e | Flagella-induced scattering in ratchet geometries 
causes directed swimming of pusher and puller 
microswimmers. f | Sperm swim along the top and bottom 
corners, whereas cell–cell collisions result in departure 
from the wall. The space outside the microchannel is 
shaded in grey. g | Confocal imaging of microchannels 
head-on to quantify corner swimming. h | A representative 
bright-field image of a rectangular microchannel 
cross-section overlaid with a fluorescence image of corner 
versus wall versus bulk swimmer sperm. Scale bars in part d 
and h are 20 µm and 30 µm, respectively. Part a is 
reproduced from Biophys. J. 99, Elgeti et al. Hydrodynamics 
of sperm cells near surfaces, 1018–1026, with permission 
from Elsevier (2010)96. Part b is adapted with permission 
from Cambridge University Press. J. Fluid Mech. 621, 289 
(2009)99. Part c is reproduced from Nosrati et al. Nat. 
Commun. http://dx.doi.org/10.1038/ncomms9703 
(2015)110. Parts d and e are reproduced from Kantsler et al. 
Ciliary contact interactions dominate surface scattering of 
swimming eukaryotes. Proc. Natl Acad. Sci. USA 110, 
1187–1192 (2013)121. Part f is reproduced from Denissenko 
et al. Human spermatozoa migration in microchannels 
reveals boundary-following navigation. Proc. Natl Acad.  
Sci. USA 109, 8007–8010 (2012)120. Parts g and h are from 
Nosrati et al. Predominance of sperm motion in corners.  
Sci. Rep. http://dx.doi.org/10.1038/srep26669 (2016)123.
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yawing near a boundary. The presence of a nearby wall 
(~15 µm away) increased the swimming speed of sperm 
with 2D flagellar movement, owing to the hydrodynamic 
influence of the noslip boundary112.

In addition to influencing a single sperm, a boundary 
can influence the collective motion of sperm. Increased 
concentrations of sperm in the nearwall region facilitate 
attraction and synchronization of sperm, by encourag
ing interaction of the flow fields around their beating 
flagella110,113–115. This hydrodynamic coupling causes 

synchronized motion in human and bull sperm110,114. 
Synchronization reduces energy dissipation and increases 
swimming velocity114–116. Specifically, in a viscoelastic 
fluid, such as mucus, the interaction between the hydro
dynamic flow fields of two closely swimming sperm 
modifies the fluid forces and subsequently the flagellar 
shape. The change in flagellar waveforms of two neigh
bouring sperm facilitates an inphase synchronized 
beating that dissipates the least amount of energy for pro
pulsion117,118. The energy dissipated by the fluid between 
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the two sperm is influenced by the flagellar waveform 
and the bending stiffness of the flagellum. The energy 
saving results in increased swimming velocity of sperm 
by increasing their wave speed114,115. Riedel et al.119 indi
cated that hydrodynamic interactions near surfaces cause 
sea urchin sperm to selforganize into an array of rotat
ing waves. A selforganized vortex array was observed 
for sperm above a critical density of ~2,500 cell mm−2. 
Hydrodynamic coupling of sperm within vortices 
resulted in the formation of rotating waves, owing to the 
synchronization of the beats of closely swimming sperm. 
This hydrodynamic coupling indicates that the hydro
dynamic interaction force between sperm is large enough 
to regulate the largescale coordination of sperm in the 
absence of chemical signals.

Sperm migration in microconfined environments is 
considerably influenced by geometry and can be per
turbed by nonplanar surfaces, as sperm mostly migrate 
along the boundaries120. This boundary following 
behaviour can be perturbed when a surface has an 
abrupt change in direction, either related to a change 
in the microchannel direction or size. Kantsler et al.121 
demonstrated that surface scattering of bull sperm is 
influenced by direct contact of their flagella with sur
faces (FIG. 3d). In bull sperm, the increased amplitude 
of the flagellar wave compared with the size of sperm 
cells results in a negative scattering angle toward the 
turning surface, which tends to trap sperm at flat or 
weakly curved surfaces. This behaviour is relevant to the 
navi gation of sperm in the highly confined and folded 
regions of the fallopian tube. The authors showed that 
flagellainduced scattering can be exploited in the design 
of microscaled structures, such as ratchets, for selection 
and rectification of microswimmers (FIG. 3e). Moreover, 
Denissenko et al.120 demonstrated that sperm follow the 
boundary of gentle turns and departed from the wall at 
sharp turns with curvatures <150 μm. This boundary 
following behaviour highlights the importance of the 
confined and complex geometry of the fallopian tube 
on sperm guidance and provides opportunities for selec
tion of motile sperm in microconfined pathways with 
curvatures <150 μm.

Sperm motion near a single flat surface has been 
the focus of previous studies, but the complex confined 
geometries in vivo are far more intricate than a single flat 
surface. The fallopian tube is folded with confined lumen 
narrowing towards the egg. Resolving sperm motion in a 
representative microenvironment, mimicking that of the 
in vivo environment, is crucial to understanding the jour
ney of sperm cells to the egg. Studying the cross sectional 
distribution of sperm in a microchannel is an important 
step towards understanding the behaviour of sperm in a 
physiologically relevant geometry. By observing sperm 
migration in microchannels with sizes typical of that 
in vivo, Denissenko et al.120 indicated that sperm migra
tion in a microchannel considerably depends on the 
channel geometry as sperm navigate chiefly along the cor
ners (FIG. 3f). Corner accumulation was compu tationally 
modelled for singly flagellated micro swimmers, such as 
bacteria and sperm, suggesting that corner accumulation 
is more than the superposition of the influence of two 

walls122. Specifically, the nearcorner swimmers oscillate 
on one surface, with motion influenced from the other 
surface. By imaging microchannels confocally headon, 
Nosrati et al.123 quantitatively distinguished corner swim
mer sperm from wall and bulk swimmers (FIGS 3g,h). 
Corner swimming dominated in micro channels, with 
local areal concentrations as much as 200fold higher 
than the bulk concentration. The corner accumulation 
effect was more than the superposition of the influence 
of two walls, and over fivefold higher than the concen
tration at a single wall. By study ing sperm migration 
through microchannels of circular shape, Magdanz 
et al.124 demonstrated that sperm swim in a straighter 
and longer path in microchannels 20–40 μm in dia meter 
than sperm swimming in larger channels. These data 
indicate that the topography of the mucosal folds lining 
the ampulla and isthmus in the fallo pian tube can poten
tially guide sperm towards the egg, and highlight the  
importance of confinement geometry in sperm guidance 
more generally.

Collectively, these swimming characteristics 
are informing bioinspired microtechnologies and 
nanotechnologies for sperm selection. Tremendous 
opportunities remain for targeted research to fully 
understand the effect of geometrical complexity within 
the female reproductive tract on sperm migration, and  
explore the role of boundaryfollowing behaviour. 
Particularly, the influence of surface roughness, cilia, 
grooves, and the heterogeneous architecture of the epi
thelium surfaces on sperm motion is largely un  explored. 
The female reproductive tract is known to facilitate mig
ration, eliminate pathogens, provide storage sites for 
sperm before fertilization, and cue the sperm to fertilize 
an egg125. The most confined portion of the tract is the 
isthmus, where sperm bind to oviductal epi thelium while 
awaiting the egg125,126. Once the egg is ready to be ferti
lized, the sperm must detach from the isthmus — leave 
a boundary — to fertilize the egg. These observations 
suggest that boundaries might guide sperm not only to 
the egg but also to the isthmus to await ovu lation. The 
sperm must depart the isthmus at the time of fertili zation, 
so investigating the hydrodynamics associated with 
departing such complex structures will yield additional  
physiological insights into sperm swimming behaviour.

Medium viscosity and rheotaxis. Sperm migration 
through the female reproductive tract is influenced by 
viscosity gradients and flow, caused by natural in vivo 
mechanisms such as ciliary beating and secretion across 
epithelial surfaces127,128. Evidence exists of timely ovi
ductal fluid secretion in humans, which potentially 
influences fertilization rates by enabling rheotaxis in 
the oviduct127. Specifically, an increased level of prolactin 
(the hormone responsible for coitusinduced secretion) 
was reported in females for over 1 hour after orgasm. 
Rheotaxis of sperm guided by oviductal secretions was 
directly observed in mice, and prolactin was determined 
to have a major role in this guidance127. Moreover, mice 
defective in prolactin expression had decreased ferti
lization rates127. Viscosity gradients and flow rates are 
suggested to be key longrange guidance mechanisms for 
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sperm in the reproductive tract60,129, in contrast to short
range mechanisms, such as chemical or temperature gra
dients, and are, therefore, important for understanding 
reproduction. Precise control over flow and geometry 
in microfluidics has revealed detailed insights related to 
sperm motility in response to rheological variables that 
are relevant to in vivo conditions (FIG. 4).

Viscosity considerably influences the progressive 
motility of sperm. An increase in viscosity at a fixed 
energy production rate decreases both the frequency 
and the wavelength of the flagellar wave in sperm100. 
Conversely, an increased viscous force experienced by 
the cell at increased viscosity works as a mechanism to 
eliminate the yaw in the swimming trajectory of sperm100. 
The combination of these two competing effects results 
in comparable net progressive velocities of human sperm 
over a remarkable range of viscosities, 1–4,000 mPa s 
(REFS 100,130) (FIGS 4a,b). Additionally, the viscoelastic 
property of the mucus in the reproductive tract (a com
bination of viscous and elastic behaviour) increases the 
swimming velocity of sperm by forming regions of highly 
strained fluid behind the tail131. These highly strained 
regions inhibit the backward stumble of the sperm dur
ing the transition from one flagellar strike to another, 
increasing the efficiency of swimming. This behaviour 
is not present in an infinitely long sheet or cylinder132,133, 
highlighting the importance of the front−aft asymmetry 
of the microswimmer. These insights are relevant to the 
migration of sperm through in vivo fluid in humans, in 
which the varying viscosity of the viscoelastic mucus can 
be as high as ~680 mPa s (REFS 100,134).

Rheotaxis, or directed movement with respect to a 
fluid flow, has been suggested as a key guidance mecha
nism for sperm. Miki and Clapham127 indicated that 
~40% of human and mouse sperm exhibit positive 
rheo taxis by orienting to and swimming against the 
flow (FIG. 4c). Rheotaxis occurs in the presence of a non
uniform flow field, typically caused by a boundary59,135, 
and generally augments surface accumulation and 
encourages boundaryfollowing behaviour. Sperm also 
exhibit rheotactic behaviour in bulk fluid (away from the 
surface), when swimming in a sufficiently weak shear 
flow that allows the cell to overcome the flow field136. 
Rheotaxis is a passive process, fully described by hydro
dynamics137, and is influenced by the frontback asym
metry of the sperm59. In the presence of a shear flow, 
both the higher resistive force experienced by the sperm 
head than the tail and drag forces from the flow over the 
conical envelope of the flagellar wave reorient the sperm 
against the flow, directing movement upstream.

Microfluidics is ideally suited for the study of rheo
taxis by enabling excellent control over geometry and 
fluid flow. Kantsler et al.138 studied rheotaxis within bull 
and human sperm samples in circular crosssection 
microchannels. A combination of increased shear rates 
near a noslip boundary, conical shape of the flagellar 
wave envelope, and chiral flagellar beat pattern, were 
observed to contribute to the upstream navigation of 
sperm with a spiral trajectory component around the 
circular channel circumference. Positive rheotaxis was 
observed for human sperm above the threshold shear 

rate (the rate of change of velocity) of 1.07/s. Bull sperm 
rheotaxis in response to both flow and geometry was 
characterized using a wellcontrolled microfluidic plat
form139. The results showed that >80% of sperm exhib
ited positive rheotaxis in 200 μm × 20 μm rectangular 
microchannels for flow velocities ranging from 33 μm/s 
to 134 μm/s. Sperm exhibited stronger rheotaxis near the 
wall than at the centre of the channel, owing to higher 
shear rates and lower flow velocities near the wall.

By mimicking the microenvironments of the female 
reproductive tract on a microfluidic platform, Tung 
et al.140 demonstrated that 20μmdeep microgrooves on 
a microchannel surface promote rheotaxis of bull sperm 
(FIGS 4d−h). Microgrooves direct the swimming trajec
tory of sperm along the grooves even in the absence of 
flow (FIG. 4f). For flow rates of 3–5 μl/min (flow velo
city of 60–100 μm/s, shear rate <14/s), ~80% of bull 
sperm within the grooves exhibited positive rheotaxis. 
Microgrooves and rheotaxis have been shown to work 
cooperatively as a biophysical mechanism that guides the 
sperm toward the egg, while preventing the invasion of 
pathogens such as Tritrichomonas fetus and Trichomonas 
vaginalis141 (FIGS 4g,h). T. fetus and T. vaginalis exhibit 
neither rheotaxis nor surface accumulation. This work 
provides insights on how microgrooves in vivo can pro
vide low flow rate (<100 µm/s) pathways for sperm to 
exhibit rheotaxis, while avoiding a stronger flow in the 
main canal58.

Microfluidics has also enabled the study of the 
dynamics of sperm rheotaxis, specifically, how a sperm 
reorients itself. The transition time for a change in 
swimming direction of sperm in response to flow 
reversal was observed to be inversely proportional  
to the flow velocity139. In 2015, Bukatin et al.142 resolved 
the turning behaviour of human sperm after flow rever
sal by tracking sperm in microchannels with shear rates 
ranging from 0.52/s to 5.20/s and reconstructing their 
3D flagellar beat patterns (FIG. 4i). The authors found 
that sperm population take a left or right turning path  
(in equal proportions) to switch their swimming direc
tion in response to the flow reversal, with an increased 
curvature of the turning path at increased shear rates. In 
contrast to previous studies, the turning direction was 
shown to be independent of both the chirality of the fla
gellar wave and the rotation of the flagellum. However, 
asymmetry in the midpiece curvature distribution 
(FIGS 4j,k) was shown to cause sperm to take a rightturn
ing path in response to the flow reversal. Taken together, 
microfluidics has resulted in an improved understanding 
of sperm rheotaxis in physiologically relevant environ
ments. Rheotaxisbased sperm separation approaches, 
combined with novel microfluidic surface structures, 
such as grooves, are of great relevance to understand
ing human reproduction in vivo and the development 
of ART.

In conclusion, microfluidic platforms have pro
vided highly controlled environments to study sperm 
rheo taxis. Rheotaxis, in combination with boundary 
following behaviour, has been shown to act as a long
range guidance mechanism for sperm. At physiologically 
relevant flow rates, sperm orient themselves against the 
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flow and swim upstream. This floworientation behav
iour is dependent on flow rate — sperm orient them
selves more rapidly towards the direction of the flow 
at increased flow rates. The ability of sperm to swim 
upstream enables pathogens to be rinsed from the 
female reproductive tract without preventing fertili
zation. These fundamental insights into the hydro
dynamics of sperm rheotaxis highlight the need to study 
the interactive effects between the sperm and the biology 
of the female reproductive tract covered with ciliated 
and secretory cells. Such research could be accomplished 
by engineering microfluidic platforms that are both  
physiologically relevant and optically accessible.

Chemotaxis. Chemotaxis, a directed kinematic 
response to a chemical signal, is a key mechanism that 
guides sperm towards the egg129,143–145. Chemotaxis 
was shown to be the dominant guidance mechanism 
in marine species in which some details of the inter
cellular mechanisms of chemotaxis are established146,147. 
For example, in sea urchin sperm, the resact gradient 
(a rise in the concentration of a chemoattractant pep
tide that is continuously released by the egg and stim
ulates sperm motility147) surrounding the egg induces 
intercellular alkalization and polarization, which  
open the spermspecific Ca2+ channels (CatSper) and 
increase the Ca2+ concen tration inside the cell148,149 
(FIG. 5a). A change in the Ca2+ concentration influences 
the flagellar beat asymmetry, which aligns the swim
ming trajectory with the gradient and turns the sperm 
towards the egg (FIG. 5b). The chemotactic ability of sea 
urchin sperm is predictive of fertilization success150. 

The mechanisms of chemotaxis are well understood 
in marine species, but the role and intercellular mech
anisms of chemotaxis in mammalian sperm remain un 
resolved. Analysis of chemotaxis in mammalian sperm 
has been challenging owing to the low signal:noise ratio 
caused by the low fraction of chemotactically responsive 
cells and suboptimal experimental conditions in tradi
tional macro scale platforms129,143. These factors make 
it impractical to differentiate between the response of 
the sperm cells to chemical signals and other potential 
stimuli. Rapid microfluidic technologies with singlecell
ana lysis capabilities, such as dropletbased microfluidic 
technologies, hold great potential in studying mam
malian sperm chemotaxis by enabling high throughput 
screening of the response of individual sperm to a 
chemical cue in a precisely controlled and isolated 
environment.

Microfluidics has shown promise in the study of 
mammalian sperm chemotaxis by enabling the crea
tion of precise chemical gradients in a wellcontrolled 
environ ment, in which the response of individual cells to 
a particular chemical cue can be clearly monitored over 
extended periods of time. Chemotaxisbased micro
fluidic platforms have been developed by a few groups, 
and have been used to investigate mouse sperm chemo
taxis. Koyama et al.151 indicated that about 7% of mouse 
sperm exhibit positive chemotaxis towards ovary extracts 
(dilution of 10−5) across a 600μmwide microchannel 
(FIG. 5c). Xie et al.152 developed a microfluidic device to 
simultaneously study mouse sperm motility and chemo
taxis in a microenvironment that simulates the female 
reproductive tract. The concept was that sperm would 
swim from the inlet to reach the diffusion chamber, 
where they would experience chemical gradients, and 
then swim toward pool A or pool B in response to those 
gradients. The authors showed that ~10% of sperm exhibit 
chemotaxis toward cumulus cells with a 42% improve
ment in sperm motility. This positive chemotaxis was 
attributed to chemoattractants secreted by the cumulus 
cells, with progesterone being a major attracting com
ponent. Later, Chang et al.153 used the wellestablished 
hydrogelbased microfluidic chemotaxis platform154–156 
to quantify the chemotaxis response of mouse sperm  
(a mammalian fertilizer) to progesterone compared with 
the response of sea urchin sperm (a marine fertilizer) to 
resact, as examples of a mammalian system and a marine 
system, respectively (FIG. 5d). In this platform, two source 
and sink streams (with and without the chemoattractant, 
respectively) flowed into the two parallel side micro
channels to form a gradient across the main micro channel 
in agarose gel. A strong chemo taxis response towards 
resact was observed for sea urchin sperm, but no clear 
chemo tactic response to progesterone was observed for 
mouse sperm — in contrast to previous findings152. This 
discrepancy in mouse sperm chemotaxis towards proges
terone indicates that the sperm chemotaxis towards cumu
lus cells observed by Xie et al.152 could have been caused 
by another chemoattractant secreted by these cells rather 
than progesterone. The difference between the generated 
chemical gradients (concentration of chemo attractant 
at the source and the distance between the sperm  

Figure 4 | Sperm motion mediated by viscosity and rheotaxis. Human sperm 
swimming in A | low-viscosity media and B | high-viscosity media with respective nominal 
viscosities of 1 mPa s and 4,000 mPa s. Overlay of flagellar profiles (grey lines) and 
swimming trajectories (green lines) are shown on the right. C | Human and mouse sperm 
exhibit positive rheotaxis by swimming against the flow. D | A microfluidic platform with 
20 μm × 20 μm grooves (Da) model the biophysical environment of the bovine cervix (Db). 
Trajectories of 50 sperm swimming E | on a flat surface and F | within microgrooves in the 
absence of flow, indicating directional persistence of the sperm within the  
microgrooves. G | About 98% of bull sperm swim against the flow upstream whereas  
the same percentage of H | Tritrichomonas foetus are swept away by the flow.  
All swimming trajectories start at (0,0) and end at the black dots. I | Thin lines show 
swimming trajectories of sperm under flow reversal, and thick lines show average 
trajectories for left-turning and right-turning cells. The initial position of each trajectory 
is superimposed at t = 0 s. J | The bending angle of the midpiece, δ, correlates strongly 
with turning behaviour. The probability distribution function (PDF) shows that 
right-turning cells exhibit a non-zero bending angle. K | anticlockwise rolling of the 
flagellar wave causes a left-turning preference (red sperm); however, for a right-turning 
sperm (blue) the rolling effect is counteracted by a stronger torque, owing to the 
hydrofoil effect of a tilted head. Parts A and B are reproduced from Smith et al. Bend 
propagation in the flagella of migrating human sperm, and its modulation by viscosity. 
66, Cell Motil. 220–236 (2009) John Wiley and Sons100. Part C is reproduced from Miki and 
Clapham. Rheotaxis guides mammalian sperm. Curr. Biol. 23, 443–452 (2013)127. Parts 
D−F are reproduced in part from Tung et al. Cooperative roles of biological flow and 
surface topography in guiding sperm migration revealed by a microfluidic model. Lab 
Chip. 14, 1348–1356 (2014) with permission of The Royal Society of Chemistry140. Parts D, 
G, and H are in part reproduced from Tung et al. Microgrooves and fluid flows provide 
preferential passageways for sperm over pathogen Tritrichomonas fetus. Proc. Natl Acad. 
Sci. USA 112, 5431–5436 (2015)141. Parts I−K are reproduced from Bukatin et al. Bimodal 
rheotactic behaviour reflects flagellar beat asymmetry in human sperm cells. Proc. Natl 
Acad. Sci. USA 112, 15904–15909 (2015)142.
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and the source) in the two studies might have also  
contributed to this discrepancy.

Microfluidic studies on the response of mouse 
sperm to progesterone are important advances, but 
report somewhat contradictory findings. Additionally, 
studies on the chemotactic response of human sperm 
— which is substantially different from the chemo tactic 
response of other mammals — have been lacking. For 
example, progesterone has been shown to activate Ca2+ 
signalling in human sperm but not in mouse sperm157. 
A 2015 microfluidic study by Zhang et al.158 indi
cated that progesterone can act as a chemoattractant 
for capacitated human sperm. The authors observed 
human sperm behaviour under two gradients of 
progesterone, and found a significant chemotactic 
response in the 1 mM gradient (P < 0.05), and no sig
nificant response in the 100 pM gradient. The topic of 
human sperm chemotaxis requires many tightly con
trolled experiments — a challenge uniquely well suited 
to microfluidics. Work to date has demonstrated poten
tial, but falls short of the quantity and quality of data 
fundamentally possible with these tools. Microfluidic 
platforms offer precise control over the geometry and 
environment, and this control could be the basis for 
standardization in completing chemotaxis studies,  
enabling straightforward comparison between 
approaches. Analogous potential benefits also exist 
from microfluidic standardization in clinics.

Microfluidics for semen analysis
Semen analysis is crucial to male infertility diagnosis and 
treatment; however, no considerable changes in clinical 
application have occurred since the 1980s, when com
puterassisted semen analysis was first introduced159,160. 
Conventional techniques for semen analysis include 
counting chambers, CASA22,25, viability assays (such 
as dye exclusion or hypotonic swelling)17,23, and DNA 
integrity assays (such as the Comet assay or sperm chro
matin structure assay (SCSA))26,27. These current semen 
analysis techniques have limitations that prevent wide
spread application, including: a lack of standardization, 
high complexity, expensive equipment, timeintensive 
processing, and a dependence on the experience of an 
embryologist. Microfluidic platforms in traditional 
channelbased formats and paperbased formats have 
been developed that provide simple yet functional 
approaches for semen analysis.

Traditional microfluidic formats. Traditional micro
fluidics that use microchannels fabricated in materials 
such as polydimethylsiloxane (PDMS) and glass can 
provide fast and reliable methods to test for sperm qual
ity with increased sensitivity and accuracy, even at the 
singlesperm level. A highthroughput microfluidic 
platform was developed by Frimat et al.161 to mani
pulate sperm for singlesperm motility measurements. 
Islands of fibronectin (an adhesion protein that binds 
to the sperm membrane) were patterned by micro
contact printing over a polystyrene substrate coated with 
Pluronic acid F127 (a sperm repellant reagent). The 
rotation frequency of sperm captured by the adhesive 

Figure 5 | Sperm chemotaxis. a | The signalling pathway in sea urchin sperm.  
Resact stimulation results in intercellular alkalization and polarization, which open the 
sperm-specific Ca2+ channels (CatSper). An increase in intercellular Ca2+ concentration 
influences the flagellar beat asymmetry, aligning the sperm with the gradient.  
b | Deterministic chemotaxis. Sea urchin sperm detect chemical gradients by measuring 
concentration of chemicals in space over time to modulate their swimming path toward 
the egg. c | Schematic of a microfluidic device with hydrostatic flow control to study sperm 
chemotaxis. Three inlet channels containing ovary extract, sperm, and buffer merge into a 
600-μm wide channel to perform the chemotaxis assay (right inset). d | A hydrogel-based 
microfluidic platform to study sperm chemotaxis. Part a is reproduced from Jikeli et al. 
Sperm navigation along helical paths in 3D chemoattractant landscapes. Nat. Commun. 
http://dx.doi.org/10.1038/ncomms8985 (2015)148 Part b is reprinted from Trends Cell Biol. 
24, Alvarez et al., The computational sperm cell. 198–207, Copyright (2014), with 
permission from Elsevier145. Part c is reprinted (adapted) with permission from Koyama et al. 
Chemotaxis assays of mouse sperm on microfluidic devices. Anal Chem. 78, 3354–3359 
(2006). Copyright 2006 American Chemical Society151. Part d is from Chang et al. Different 
Migration Patterns of Sea Urchin and Mouse Sperm Revealed by a Microfluidic Chemotaxis 
Device. PLoS ONE https://doi.org/10.1371/journal.pone.0060587 (2013)153. CNGK, cyclic 
nucleotide-gated K+-selective channel; HCN, hyperpolarization-activated and  
cyclic nucleotide-gated channels; GC, guanylyl cyclase; sNHE, Na+/H+ exchanger. 
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islands was used to assess sperm motility. However, this 
technique still relies on postprocessing using computer 
software to assess sperm motility, a limitation which pre
vents widespread applications of this method in athome 
testing.

Microfluidic approaches based on sperm migra
tion through microchannels have been developed to 
test sperm concentration and motility. Chen et al.162 
measured both total and motile sperm concentrations 
by injecting raw semen into a microchannel, which 
was separated via a permeative phaseguide structure 
from another parallel channel filled with pure buffer. 
Nonmotile sperm and debris remained in the semen 
channel, but motile sperm were able to swim into the 
buffer channel. Sperm populations in two channels were 
spun down into two pellets by centrifugation and the 
area of pellets were used to quantify total and motile 
sperm concentrations. Concentration and motility 
measurements showed a <5% deviation from measure
ments obtained using a conventional counting chamber. 
McCormack et al.163 introduced fluorescently labelled 
human sperm into a sample chamber that connected to a 
6mmlong microchannel. Motile sperm swam through 
the microchannel to reach a target microcuvette, 
which was later analysed. Total and progressive motile 
sperm concentrations from the device showed a strong  
correlation with data from CASA.

Impedancebased sperm detection and analysis 
have also been applied in microfluidic devices. Chen 
et al.164,165 developed a microfluidic approach to quan
tify motile sperm concentration and motility using a 
resistive pulse technique. Motile human sperm swam 
against a laminar flow inside a microchannel to reach 
a junction, from where they were flushed through an 
aperture and counted. Voltage pulses caused by the 
passage of individual sperm through the aperture were 
counted to quantify motile sperm concentration. Motile 
sperm measurements correlated strongly with measure
ments from a conventional sperm quality analyser. The 
amplitude and duration of these voltage pulses were 
correlated with the volume and swimming velocity of 
sperm, respectively. Segerink et al.166 also used onchip 
electrical impedance measurements between two elec
trodes at a single frequency to determine human sperm 
concentration. In 2016, de Wagenaar and colleagues167 
used a similar microfluidic platform for entrapment of 
single sperm and analysis of sperm motility, reporting 
an increased amplitude and decreased frequency of the 
flagellar beat for hyperactivated sperm compared with 
nonhyperactivated sperm. Hyperactivation facilitates 
sperm to migrate to and penetrate the zona pellucida, 
which encloses the egg, and the potential to auto
matically differ entiate and select hyperactivated sperm 
could benefit ICSI treatments.

Microtechnologies have also been developed to 
measure sperm concentration and motility, at times 
by adapting conventional approaches, such as CASA, 
to microfluidic environments. For example, Elsayed 
et al.168 modified the CASA plugin for the freely available 
ImageJ169 software to enable onchip analysis of sperm 
motility parameters. By improving object detection 

and particle tracking, sperm motion was analysed with 
increased accuracy. Furthermore, new features were 
developed that enable the study of sperm rheotaxis 
and wall swimming behaviour. Additionally, micro
fluidic platforms have already shown promise for high 
throughput morphological analysis of cells such as red 
blood cells and tumour cells170–172, and can be used to 
develop automated technologies to assess sperm mor
phology at reduced cost — to the benefit of fertility 
clinics, which currently operate using expensive, man
ual sperm selection. The development of automated 
platforms for morphological analysis of sperm holds  
promise for rapid and lowcost semen analysis.

In 2017, Kanakasabapathy et al.173 developed an auto
mated smartphonebased semen analyser using micro
fluidics, optical sensing, and advances in consumer 
electronics. A capillarybased tip and a rubber bulb were 
used to load 35 µl of sample into a glasspoly(methyl 
methacrylate) microchip by manually creating a negative 
pressure, enabling powerfree loading. The device was 
then attached to a custom smartphone optical attach
ment to record a video. The video was processed using 
a custom application to quantify sperm concentration 
and motility via image processing and sperm tracking. 
The performance of the device was tested with 350 clin
ical semen specimens. The device processed raw semen 
within 5 s and evaluated the sample quality based on 
WHO guidelines with ~98% accuracy. This technology 
provides a remote and lowcost (~$4.5) alternative to 
conventional clinical methods (>$45 per test) for semen 
analysis in both developed and developing regions in 
which people have access to smartphones.

Traditional channelbased microfluidic technologies 
have enabled simple, accurate, and rapid semen analysis; 
however, this approach has two important challenges. 
First, the throughput of singlechannel devices is low, 
and only hundreds of sperm can be observed compared 
with thousands or even hundreds of thousands of sperm 
in conventional analysis. Intense study of small popu
lations is of interest in research, but averages of larger 
cell populations are desired for clinical diagnostic appli
cations. Second, the cost of fabricating microfluidic chips 
is high. This cost can be justified for specialized inclinic 
applications, but not for broad screening applications. 
In terms of market potential, traditional microfluidic 
semen analysis technologies are experiencing intense 
competition from lower cost, disposable, paperbased 
microfluidic systems.

Paper-based formats. Paperbased microfluidic plat
forms can provide affordable and accessible solutions for 
semen analysis and sperm DNA integrity testing. These 
paperbased technologies operate by passively wicking 
fluids via capillary action through paper that has selec
tively patterned hydrophobic boundaries (FIG. 6). Such 
simple, lowcost, and disposable technologies, when 
paired with emerging mobile health strategies174,175, 
can provide realtime information related to critical 
semen parameters, enable athome screening (similar 
to widely used commercial paperbased diabetes and 
pregnancy tests), reduce anxiety surrounding male 
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fertility testing, and provide an unprecedented quantity 
of male fertility data for researchers and policy makers. 
Individual paperbased tests typically have lower accu
racy than current clinical tests, but the low cost and 
potential for rapid frequent testing offer unprecedented 
resolution over time and over populations. Thus, paper
based male fertility assessment could uniquely meet the 
broad screening needs stemming from growing male 
infertility globally.

A variety of commercial paperbased micro
fluidic devices that test for sperm concentration, 
vitality, and motility are currently on the market. 
Commercially available products, such as SpermCheck 
and FertilMARQ, have been developed for athome 
semen analysis by using paperbased microfluidics in 
lateralflow formats28,176,177 (FIG. 6a). SpermCheck and 
FertilMARQ are immunodiagnostic tests that both use 
colorimetric signals to semiquantitatively show if the 
concentration of sperm in a sample is higher than either 
5 or 20 million sperm/ml, respectively. Another prod
uct, Fertell, uses a nitrocellulose strip to trap progres
sively motile sperm labelled with antiCD59 colloidal 
gold conjugate and indicates whether the concen tration 
of motile sperm is higher than 10 million sperm/ml 
(REFS 178,179). These commercialized hometesting 
technologies are simple and effective, but they rely on 
interpretation by the end user, each only evaluates a sin
gle infertility indicator, and, most importantly, they lack 
sufficient quantification for indepth analysis28.

Other powerful paperbased microfluidic technol
ogies that evaluate sperm motility and concentration 
have been developed, but have yet to be commercialized. 
Matsuura et al.180 developed a paperbased device to esti
mate human sperm concentration and motility using a 
combination of patterned paper and enzymatic reac
tions. The device was capable of predicting sperm con
centration and distinguishing between high (>50%) and 
low (<30%) sperm motility. In 2017, the authors used a 
similar device to study the effects of motility inhibitors 
and enzymatic reaction activity in porcine sperm181. 
Their results suggest that glucose uptake is not a crit
ical process for porcine sperm motility enhancement, 
whereas iodoacetamide and 3bromopyruvic acid inhibit 
sperm motility by blocking glyceraldehyde 3phosphate 
dehydrogenase (GAPDH) catalysis and reducing ATP 
production. The correlation between sperm motility 
and mitochondrial enzymatic activity support the ATP 
transfer mechanism suggested by RuizPesini et al.182 in 
which GAPDH enzyme influences sperm motility by 
acting as a shuttle pathway enzyme to transfer ATP from  
mitochondria to dynein.

Nosrati et al.183 developed a paperbased approach in 
2016 that simultaneously quantifies three critical semen 
parameters in 10 minutes: live and motile sperm con
centrations, and sperm motility (FIG. 6b). The device uses 
the colorimetric change of yellow tetrazolium to purple 
formazan by the diaphorase flavoprotein enzyme pres
ent in metabolically active human sperm to quantify 
semen parameters. Direct reaction between the semen 
sample and dried dye was used to analyse live sperm 
concentration, and motile sperm had to swim through a 

Figure 6 | Microfluidics for semen analysis. a | A commercially available paper-based 
device, SpermCheck, for human sperm concentration analysis. b | Paper-based 
quantification of male fertility potential. c | Motility assay. Motile sperm swim vertically 
through a saturated membrane filter with an 8-μm pore size to generate a colorimetric 
signal for motility. d | Paper-based sperm DNA integrity analysis device. e | Intact 
double-stranded sperm DNA and damaged single-stranded sperm DNA were 
concentrated and separated in 10 min using ion concentration polarization effects in 
paper. Part a is from Coppola, M. A. et al. SpermCheck Fertility, an immunodiagnostic home 
test that detects normozoospermia and severe oligozoospermia. Hum. Reprod. 25, 
853–861 (2010), by permission of Oxford University Press REF. 177. Parts b and c are 
adapted from Reza Nosrati, Max M. Gong, Maria C. San Gabriel, Claudio E. Pedraza, 
Armand Zini, David Sinton. Paper-based quantification of male fertility potential. Clinical 
Chemistry Mar 2016, 62 (3), 458−465; DOI: 10.1373/clinchem.2015.250282 reproduced 
with permission from the American Association for Clinical Chemistry183. Parts d and e are 
adapted with permission from Gong et al. Direct DNA analysis with paper-based ion 
concentration polarization. J. Am. Chem. Soc. 137, 13913–13919 (2015) copyright (2015) 
American Chemical Society185.
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viscose buffer and a membrane filter to generate a motil
ity measurement (FIG. 6c). The performance of the device 
was clinically tested with a range of sample qualities and 
compared with conventional methods of semen analysis, 
providing 100% agreement in terms of clinical outcome 
for patients. This paperbased device could provide a 
practical alternative to conventional laboratory testing 
for athome assessment of male fertility potential184. 
This paperbased semen analysis technology provides 
a lowcost alternative to currently available paperbased 
semen analysis devices. Commercialization efforts are 
underway to combine paperbased diagnostics with a 
cellphonebased reading application to adapt the device 
for mobile health diagnostics.

Paperbased microfluidics has also shown promise 
for sperm DNA integrity testing185,186, in which clini
cal incorporation has been limited by lack of access to 
instrumentation and standardized methods (FIGS 6d,e). 
Gong and coworkers185 and Nosrati and colleagues186 
developed a device in 2016 that leveraged electro
kinetic effects in a paperbased format to evaluate 
sperm chromatin integrity by quantifying both DNA 
fragmentation and packaging. By selectively patterning 
a cation selective nonporous membrane in paper and 
applying a voltage, intact (doublestranded) and dam
aged (singlestranded) sperm DNA were concentrated 
and separated in the device, enabling quantitative assess
ment of DNA integrity. The functionality of the device 
was compared with flowcytometrybased SCSA, the 
gold standard in assessing sperm DNA integrity, show
ing 100% agreement with respect to clinical decision. 
This technology is a scalable alternative to SCSA, with 
a considerable reduction in cost (two orders of magni
tude lower cost), demonstrating a simple and affordable  
diagnostic technology for DNA integrity testing.

Collectively, microfluidic semen analysis devices are 
attractive alternatives to conventional laboratory testing. 
These technologies have shown promise as simple, rapid, 
and disposable solutions for semen analysis with poten
tial for widespread applications as alternatives to clinical 
methods or for athome screening. Several factors moti
vate discrete, athome testing for male fertility poten
tial, including poor compliance among male patients 
to provide samples owing to associated embarrass ment 
and anxiety31,32,165, the opportunity for patients to mon
itor their treatment and perform diagnostic testing at 
their own discretion28, and cost and time savings, at 
the same time as providing realtime information28,162. 
Paperbased microfluidic semen analysis devices are an 
opportunity for lowcost, rapid, easytouse, and quanti
tative athome semen analysis. However, even in the case 
of commercialized technologies, customer acceptance 
and market adoption have been slow. This problem is 
not only caused by the market value of the product, but 
also the lack of clinical validation needed to convince  
the clinicians and end users to rely on the available 
technology. A largescale validation of paperbased 
approaches both in the hands of specialists and patients 
needs to occur, which will have the twofold effects of 
increasing confidence in and increasing awareness of the 
technology and potential.

Microfluidics for sperm selection
The quality of selected sperm is crucial to assisted repro
duction, as it influences the success rate of ARTs35,36, the 
associated risk of birth defects187, and even the fertility 
potential of the conceived male offspring45. Current clin
ical approaches to select sperm typically involve multi
step, manual screening processes, which are prone to 
human error188–191. Additionally, these methods are poor 
substitutes for the natural process in vivo60, in which 
selection is based on sperm migration through the com
plex environment of the female reproductive tract with 
varying physiological properties (such as geometric, 
rheological, and chemical conditions)129,192,193. Promising 
approaches have been developed and advances in micro
fluidic technologies have occurred for noninvasive 
selection of highquality sperm for assisted reproduc
tion. The fundamental goal is to develop an effective 
selection process that is both highthroughput (many 
sperm participate) and highly selective (only a clinically 
useful number are selected). Methods in this area can 
be catego rized in terms of active (using external fields 
such as fluid flow or chemical gradients to impose selec
tion forces) or passive (solely based on sperm motility)  
sorting56,57,194,195 (FIG. 7).

Active mechanisms. Microfluidic approaches have 
been developed to select highquality sperm by using 
active mechanisms, such as flow196–200, chemical gra
dients201, electrophoresis202–204, and lightinduced 
dielectro phoresis205–207. Selected sperm demonstrated 
substantial improvement in vitality, motility, and/or 
morphology compared with sperm selected using con
ventional clinical practices. By exploiting these micro
fluidic approaches, the multiple wash and centrifugation 
steps in current clinical sperm selection procedures are 
eliminated, considerably reducing the complexity of the 
procedure and avoiding the DNA damage and reactive 
oxygen species (ROS) production that can occur during 
centrifugation. However, these active selection mecha
nisms can be improved in terms of number of sperm 
processed (participation rate) and selectivity of the  
highest quality sperm.

Hydrostatic pressure (the pressure from a column of 
fluid caused by gravity) and capillary forces (fluid flow in 
narrow microchannels) have been used in microfluidic 
devices to select sperm by delicately manipulating the 
flow, without the need for an external pumping system. 
Integrating a passively driven pumping system onto 
simple microfluidic chips enables accurate control of 
the flow without the need for supporting equipment and 
external controls. Cho et al.196 used fluid flow to select 
motile sperm from raw semen samples by exploiting the 
ability of motile sperm to cross streamlines in a laminar 
flow field (FIGS 7a,b). The device selected human sperm 
with significantly improved motility (~98% motile) and 
morphology (~22% normal morphology) (P < 0.05)197. 
Clinical testing of a similar device showed the effec
tive performance of the method to select sperm with 
improved DNA integrity (DNA fragmentation index of 
<1%), outperforming the conventional centrifugation 
and swimup procedure198. Seo et al.199 used rheotaxis to 
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orient and select motile sperm. In this method, motile 
sperm swam against a relatively week flow from an inlet 
reservoir to reach a junction, after which they were car
ried by a fast flow to an outlet reservoir. Bull, mouse, and 
human sperm were sorted using the device, resulting in 
a fourfold increase (from 20% to 80%) in sperm motility 
of the selected fraction compared with the initial sam
ple after 20 min of sorting. In 2017, Wu et al.200 demon
strated a highthroughput sperm sorting system using 
a retarding flow field. The device employed a diverg
ing microchannel to induce the flow field, in which 
human sperm were separated based on their ability to 
swim upstream. The device was able to effectively select 
highly motile sperm with over 80% vitality by accommo
dating up to ~200,000 cells at each batch processing time 
(5–15 min).

Sperm migration towards the egg in the highly 
folded and confined female reproductive tract is par
tially guided by chemotaxis, which is critically impor
tant in the natural process. Sperm chemotaxis towards 
the egg has also been used to select sperm in vitro.  

Figure 7 | Microfluidics for sperm selection. a | Motile 
sperm swim out of an initial stream into a parallel pure 
stream to be collected from another outlet. b | A microscale 
integrated sperm sorter with horizontally oriented fluid 
reservoirs for passive fluid pumping. c | Electrophoretic 
selection of sperm based on the directional movement of 
sperm through a porous membrane by applying an 
electrical field. d | A microfluidic platform for single-sperm 
entrapment. e | A space-constrained microfluidic 
sperm-sorting system. f | A high-throughput microfluidic 
device for sperm selection with a radial array of 500 
microchannels. g | Motile sperm swim from the inlet 
towards the outlet whereas dead cells and debris remain at 
the inlet, resulting in one-step semen purification and high 
DNA integrity sperm selection. h | One-step selection of 
functional human sperm using a microfluidic system 
integrated with a membrane filter with an 8-μm pore size 
(scanning electron microscopy image is shown inset). Parts 
a and b are adapted with permission from Cho et al. 
Passively driven integrated microfluidic system for 
separation of motile sperm. Anal. Chem. 75, 1671–1675, 
(2003) copyright 2003 American Chemical Society196.  
Part c is adapted from Ainsworth, C., Nixon, B. & Aitken, R. J. 
Development of a novel electrophoretic system for the 
isolation of human spermatozoa. Hum. Reprod. 20, 
2261–2270 (2005) by permission of Oxford University Press 
REF. 202. Part d is adapted from Wagenaar et al. 
Microfluidic single sperm entrapment and analysis. Lab 
Chip 15, 1294–1301 (2015) with permission of The Royal 
Society of Chemistry205. Part e is adapted from Tasoglu et al. 
Exhaustion of racing sperm in nature-mimicking 
microfluidic channels during sorting. Small 9, 3374–3384 
(2013). Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 
Reproduced with permission210. Parts f and g are adapted 
from Nosrati et al. Rapid selection of sperm with high DNA 
integrity. Lab Chip 14, 1142–1150 (2014) with permission of 
The Royal Society of Chemistry211. Part h is adapted from 
Asghar et al. Selection of functional human sperm with 
higher DNA integrity and fewer reactive oxygen species. 
Adv. Healthc. Mater. 3, 1671–1679 (2014). Copyright 
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 
permission220.
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A microfluidic device was developed that integrated all 
in vitro fertilization (IVF) steps onchip, including egg 
positioning, sperm selection, fertilization, and embryo 
culture201. Four straight microchannels, leading from 
four inlet semen reservoirs to an egg reservoir, enabled 
motile sperm selection under the influence of sperm 
chemotaxis towards the oocytes. After 15 min incu
bation, sperm motility was increased from 60% at the 
inlets to 96% at the central well, where eggs were located. 
Sperm motility in the device declined over time, but 
their motility was consistently higher than the motil
ity of sperm incubated in a Petri dish. Using mouse as 
a model species, this method indicated the possibility 
of performing IVF on a microfluidic device with an 
embryo growth rate similar to that of conventional IVF.

Electric fields have also been used to probe and 
manipulate sperm. Ainsworth et al.202 used electro
phoresis to select functional human sperm from raw 
semen based on size and charge (FIG. 7c). An applied 
electric field was used to transport high quality sperm 
through a polycarbonate membrane between one cham
ber containing semen sample and another chamber 
containing pure buffer. The polycarbonate membrane 
selectively allowed the transport of sperm but excluded 
larger leukocytes and germ cells. Electrophoretic separ
ation resulted in the isolation of a sperm population 
with significantly improved vitality, motility, morph
ology, and DNA integrity in under 15 min (P < 0.05). 
RosalesCruzaley et al.203 employed dielectrophoresis 
in a microchannel with insulating structures to separate 
mature sperm from spermatogenic cells extracted from 
the testis of Wistar rats. Mature sperm exhibited stronger 
repulsive dielectrophoretic effects than spermato genic 
cells and were concentrated further behind in the chan
nel, owing to differences in cell size and shape. In 2016, 
de Wagenaar et al.204 developed a noninvasive micro
fluidic platform for labelfree detection and sorting 
of morphologically normal sperm. The authors used 
impedance measurement to detect the presence of cyto
plasmic droplets on a sperm flagellum as an indicator of 
morphological defects, and to sort the cells with normal 
morphology based on the area under the corresponding 
impedance peaks. As proof of concept, they separated 
plastic beads from sperm.

In contrast to populationbased sperm selection tech
nologies, a few reports have been focused on the manip
ulation and isolation of sperm at the singlecell level. de 
Wagenaar et al.205 presented a microfluidic platform for 
entrapment and selection of a single sperm, featuring 
two main microchannels and an array of connecting 
side channels (FIG. 7d). A lower flow rate in one of the 
main channels that contained sperm than the other one 
induced a pressuredriven flow in the side channels, 
which dragged and entrapped individual sperm in each 
side channel. The platform was used for onchip ana
lysis of viability, chromosome content, and acrosome 
state at the singlesperm level. Lightinduced dielectro
phoresis has also been used in optoelectronic tweezers to 
select individual live and nonmotile human sperm206,207. 
Patterned light projected on a photosensitive layer was 
used to create regions of high electrical fields, controlled 

by the optical pattern. The electric field gradients 
induced considerably different dielectrophoretic forces 
on live and dead sperm suspended in a relatively low 
conductivity solution. Live cells were polarized by the 
field and attracted toward regions of high electric field, 
whereas dead cells with permeable membranes exhib
ited a weakly repulsive or neutral response to the elec
tric field. Optoelectronic tweezers were shown to attract 
viable sperm (motile and nonmotile) with a maximum 
velocity of ~9 μm/s and without inducing DNA fragmen
tation, but to repel nonviable cells, at 105 Hz operation 
frequency. These microfluidic singlesperm selection 
approaches are potential alternatives to conventional 
methods for sperm selection in intracytoplasmic sperm 
injection (ICSI), which typically involves human inter
vention to manually select sperm — a timeintensive 
process prone to operator errors. A precedent exists 
for microfluidicbased selection of rare cells from com
plex samples in other areas208. Particularly in instances 
of severe male infertility, in which sperm count is low 
and motility is low or absent, microfluidic singlesperm 
selection platforms provide opportunities for automated 
and rapid screening of a large sample volume to select 
a highquality live sperm for ICSI. However, clinical 
adoption of these methods is slow owing to associated 
challenges for mass production, clinical validation, and 
cost. A combination of these methods with emerging 
microrobot technologies209 for controlled transport 
of the selected sperm, means an automated platform 
for infertility treatment for men and women could be 
available in the future. A fully automated, standard
ized system from retrieval to implantation could offer 
reproduc ibility at scale, and an opportunity to optimize 
for health outcomes.

Passive mechanisms. Microfluidic devices have been 
developed to passively select sperm by effectively rac
ing the cells in microconfined geometries filled with 
viscous media — a bioinspired approach that mimics 
the sperm path in vivo and the natural selection pro
cess. To accurately mimic the in vivo selection process, 
devices would need to better match both the tempera
ture and biochemical environment than they currently 
do. The female reproductive tract as a whole is macro 
scale, but selection typically occurs at the cervix and 
along the uterotubal junction, which is characterized 
by heavily folded regions — akin to microfluidic sys
tems125,126,192. These approaches present opportunities for 
highthroughput selection of sperm with substantially 
improved sperm quality (in terms of vitality, motil
ity, morphology, and DNA integrity), outperforming  
current best clinical practices.

Surface accumulation and boundaryfollowing navi
gation of sperm have been used in microfluidics to guide 
and ultimately select sperm. A spaceconstrained plat
form with four parallel microchannels was presented by 
Tasoglu et al.210 as a simple and lowcost approach for 
sperm selection (FIG. 7e). Both human and mouse sperm 
were sorted by the device, based on the tendency of 
sperm to swim along the microchannels (7−20 mm in 
length) during the incubation time (5−60 min). The best 
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performance of the device was for 15 mm microchannels 
and over 30 min incubation, resulting in the selection 
of sperm with 1.9fold and 1.3fold increase in velocity 
and motility compared with the initial sample, respec
tively. Sidebyside clinical testing of the device against 
the conventional swimup technique showed a signifi
cantly higher linearity and motility of sorted sperm from 
the device than of those from the swimup technique 
(P < 0.05). Additionally, by using a coarsegrained model 
for sperm motility in microchannels, the authors discov
ered that the exhaustion time is 30 min for mouse sperm 
and, over 60 min for human sperm.

Nosrati et al.211 also developed a highthroughput 
microfluidic device for onestep semen purification and 
selection of sperm with high DNA integrity, by onchip 
processing of 1 ml of raw semen in <20 min (FIGS 7f,g). 
The device selected sperm by racing the boundary 
following sperm in a radial array of 500 microchannels, 
prefilled with a viscoelastic medium resembling that of 
the female reproductive tract212. Previously established 
ratchet geometries213–216 were used in the device to pre
vent selected sperm from reentering the microchannels. 
The performance of the device was tested for both bull 
and human sperm, resulting in a >89% improvement in 
sperm vitality. Clinical testing of the device with human 
semen samples showed >80% improvement in selected 
sperm DNA integrity, which considerably outperforms 
the best practices in current use. In 2016, Eamer et al.217 
revealed that boundaryfollowing sperm that turn 
microchannel corners on the lefthand or righthand 
sides have 51% higher DNA integrity than straight 
swimmers using a similar device. This study showed 
a strong correlation between high DNA integrity and 
the tendency of sperm to follow boundaries, but the 
reason for this correlation remains unknown. However, 
the design freedom enabled by planar microfabrication 
methods clearly presents an opportunity for engineering 
bioinspired environments (labyrinths) to maximize both 
throughput (participation rate) and selectivity.

Results of studies using mouse models suggest that 
sperm motility in humans is potentially linked with 
gene integrity, as sperm with gene defects exhibit poor 
motility16. Specifically, dysplasia of the fibrous sheet that 
surrounds the flagellar axoneme inhibits sperm motil
ity, whereas gene deletions of A kinase anchor protein 
4 (AKAP4) and AKAP3 are also observed in individu
als with this structural defect. The choice of the device 
material has been shown to influence the tendency of 
the boundaryfollowing sperm to turn corners217, as 
a higher proportion of bull sperm was found to swim 
near a glass than a PDMS surface, and subsequently to 
turn right with the glass surface on the bottom. For other 
microswimmers, such as E. coli218, similar influences of 
surface material on swimming preference has been attrib
uted to hydrodynamic rather than chemical effects. The 
influence of surface material chemistry on sperm motion 
has not been comprehensively studied to date but clearly 
presents an additional tool for sperm selection. 

Digital optoelectronic sensors and microporous 
membranes have been integrated with micro fluidic 
platforms to select motile sperm. Zhang et  al.219 

developed a device to sort motile sperm by integrating 
a chargecoupled device (CCD) with a 50μmdeep 
microchannel. Using this lensfree method, a large num
ber of sperm were tracked within a wide field of view 
(4.0 mm × 5.3 mm). The shadow of the sperm path on 
the CCD was used to quantify mouse sperm motility, 
and highly motile sperm that reached the microchannel 
outlet were collected from the device at the end of the 
process. Asghar et al.220 developed a microfluidic sperm
sorter chip that selected sperm based on sperm migra
tion through the pores of a polycarbonate membrane 
(FIG. 7h). The performance of the device was character
ized for membrane pore sizes between 3 μm and 8 μm, 
with optimal performance observed for 8 μm pores. The 
device was capable of effectively sorting human sperm 
with >85% motility and >30% normal morphology from 
raw semen. Sidebyside testing indicated significantly 
lower ROS concentration and higher DNA integrity 
for sperm sorted using the device than those sorted 
using the conventional swimup and washing methods 
(P < 0.05).

Altogether, microfluidics, inspired and informed 
by the natural environment and selection processes 
in vivo, can enable simple, rapid, and lowcost selection 
of highquality sperm. Microfluidic selection methods 
benefit from fast and centrifugationfree protocols that 
can protect the DNA integrity of the selected sperm 
population by preventing DNA fragmentation and 
formation of ROS. In addition to sample level micro
fluidic selection methods, singlesperm selection 
methods are of great potential benefit to ART, par
ticularly in ICSI, in which selecting a live and morpho
logically normal sperm can substantially improve the 
success rate of the treatment and the health of off
spring. Motility has been the key selection criteria in 
most microfluidicbased sperm selection methods, but 
selection based on other metrics, such as morphol
ogy, hold promise in improving fertilization rates. For 
example, for patients with azoospermia, nonmotile 
sperm extracted from testis resulted in higher ferti
lization rates than ejaculated sperm, which exhibit a 
higher motility221,222. Currently, ARTs require human 
intervention to manually select sperm with normal 
morphology, making the selection process expensive, 
and prone to operator error. Microfluidic technol
ogies are uniquely positioned to select cells based 
on morphology, but routes to developing automated 
microfluidic approaches for selecting sperm solely 
based on their morphological characteristics remain 
unexplored. Motilitybased microfluidic approaches 
for sperm selection have enabled highthroughput 
selection of motile sperm that also have improved 
morphology. However, motilitybased methods are 
not applicable in instances of male infertility in which 
motility is low or absent.

In the context of clinical implementation, distri
bution of microfluidic products into the consumer 
market has been slow for several reasons, including 
the use of materials incompatible with existing tech
nologies, a focus on proofofconcept experiments 
without commercial followup analysis, and a lack of 
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demonstrated reproducibility and standardization223. 
For example, PDMS is an ideal material for rapid 
proto typing in microfluidics, but more expensive and 
less biocompatible than industrystandard materials 
such as polystyrene and glass224. Additionally, research 
communities have shown interest in application of 
microfluidics for male infertility, but these efforts 
mostly originated from engineering groups replicat
ing current practices, without necessarily considering 
the commercial application of the final product. For 
example, some microfluidic methods result in selec
tion of sperm with quality that outperforms current 
practices, but in many cases throughputs are too low to 
fit directly into current clinical practices. Additionally, 
methods still lack comprehensive validation by large
scale clinical trials. For example, effects on pregnancy 
rate and embryo health are generally unknown.  
We envision that egg fertilization using highquality 
sperm selected by microfluidics approaches, followed 
by embryo screening, would make a compelling case 
to motivate largescale clinical trials to evaluate the 
commercial potential of these technologies. More gen
erally, a need exists for closer collaboration between 
engineering tool developers and clinical experts — 
from both urology and clinical fertility communi
ties — to fully leverage the microfluidic toolbox and 
address the multifaceted challenge of infertility.

Future perspectives
Many fruitful areas of the field remain unexplored. 
Current selection and analysis technologies are mainly 
focused on providing alternatives to conventional clin
ical and manual methods with improved function
ality, but lack the ambition to exceed current clinical 
practices. Notably, microfluidics has already shown 
promise for highthroughput morphological analysis 
of cells such as red blood cells and tumour cells170–172, 
but routes to developing automated microfluidic 
approaches for selecting sperm solely based on their 
morphological characteristics remain unexplored. 
Ignoring morphology as a sperm quality metric is 
unfortunate, as it is heavily reliedupon in the current 
clinical application of ART. Microfluidics for male fer
tility can benefit from a vast literature in cell sorting 
based on geometry and/or carefully designed obstacle 
courses to develop morphologysensitive selection 
methods. In short, the field will benefit from adopt
ing the fluid handling of microfluidics, while aiming 
to surpass current clinical standards.

Organotypic microfluidic platforms could also pro
vide unique insight into, for instance, the cooperative 
role of sperm motion and ciliated epithelium of the 
fallo pian tube on fertilization — a realtime observation 
that has not been possible to date. In 2017, microfluidic 
culture models of a fallopian tube have been shown to 
produce the human 28day menstrual cycle hormone 
profile225 and improve the embryo production rate in 
bovines226, while preventing polyspermic fertilization 
and parthenogenic activation, which are common in 
ART. Such an organotypic microfluidic platform could 
reveal the physics and biology of sperm, cilia, and egg 

interactions at the time of fertilization, providing new 
insights into the many remaining unknown causes 
of infertility. Producing accurate in vitro models of 
the female reproductive tract will be essential for this 
research direction to advance beyond proof of concept. 
To realize commercial potential, subsequent hurdles 
include reducing costs associated with fabrication, 
increasing robustness, and obtaining safety and pre
market approvals from the relevant governing bodies, 
such as the FDA in the USA — which are veritable chal
lenges, but challenges shared with all organonachip 
approaches.

Male reproductive system disorders (such as male 
infertility, prostatitis, and prostate and testicular can
cers) have considerable effects on male genital health. 
However, early diagnosis and treatment are hindered 
by the absence of accurate and accessible diagnostic 
methods. Molecular biomarkers have shown promise 
for noninvasive diagnosis of male reproductive system 
disorders and infertility227–230. These biomarkers, such 
as PSA (a marker of prostate cancer231), are present at 
higher concentrations in seminal plasma than in blood 
serum or urine229. These molecular biomarkers in semi
nal plasma can be used in microfluidics to develop reli
able and accessible immunoassays for rapid diagnosis 
of male reproductive system disorders and infertility, 
analogous to home pregnancy tests.

Conclusions
Providing simple yet functional solutions to semen 
analysis and highquality sperm selection is a major 
challenge in assisted reproduction. The full suite of 
microfluidic tools presents several promising avenues 
to address both male infertility diagnosis and treatment. 
However, beyond device development and preliminary 
clinical testing, the challenge is to translate these meth
ods into clinical practice and commercial products. 
Limited access to clinical samples, particularly patient 
samples of poorquality semen, has been the main 
barrier for practical evaluation and clinical implemen
tation of developed technologies. Other hurdles to 
commercializing practical microfluidic semen analysis 
and sperm selection techniques are to provide robust 
and userfriendly sample collection and quantification 
approaches, increase throughput, transition to more 
biocompatible materials than rapid prototyping mate
rials (like PDMS), such as polystyrene and glass, and 
establish reliable and robust testing protocols to ena
ble standardization. Several microfluidic approaches, 
as highlighted in this Review, have the potential to 
clear these hurdles in the near future and address the  
everincreasing global need.

Taken together, microfluidics provides useful capa
bilities, such as scalability, increased automation, and 
reduced turnaround times, for male infertility diagnosis 
and treatment. Most research efforts to date originated 
from engineering groups, replicating current practices 
in simple platforms with similar or improved function
alities. The results of these advances present a compel
ling case for microfluidic technologies in addressing 
fertility challenges, but fall short of widespread 
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commercial application. Alongside the many techno
logical opportunities noted, we suggest a much closer 
integration of engineering and clinical experts to fully 
realize the potential of these opportunities and speed 
commercial deployment and ultimately clinical uptake. 
The engineering community needs to include the end 
user throughout device design and development, and 
to target comprehensive solutions for major chal
lenges in clinical or athome testing, which are other
wise unsolvable. An engaged clinical community can 

guide this development and also consider changing 
protocols to accommodate the new realities and new 
technologies under test. Together, proofof concept 
experiments must be followed by clinical trials in 
conjunction with volume manufacturing consider
ations to establish both performance and commercial 
success. Tremendous opportunities are present at this 
exciting time in the application and development of 
micro fluidic technologies to address various fertility  
challenges emerging worldwide.
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