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Abstract
Microfluidic systems with the ability to mimic the female reproductive tract (FRT) and sperm features have emerged as 
promising methods to separate sperm with higher quality for the assistant reproductive technology. Thereby, we designed and 
fabricated a microfluidic system based on FRT features with a focus on rheotaxis and thigmotaxis for passive sperm separa-
tion. In this regard, four various geometries (linear, square, zigzag, and sinusoidal) were designed, and the effect of rheotaxis 
and thigmotaxis were investigated. Although separated sperm in all microchannels were 100% motile, non-linear geometries 
were more effective than linear geometry in the term of separating the progressive sperm with high quality. In the presence 
of upstream flow, periodical changes in the slope of walls (in non-linear geometries) give rise to the periodical facing sperm 
with a high flow rate in the middle of microchannels, which was a reason for the high quality of separated sperm. However, 
because of sharp corners in the square and zigzag microchannels that create dead zones with a lack of upstream flow, which 
is noticeable via simulation results, these geometries have obstacles against sperm swimming toward the outlet, which 
was proved by image analysis. The sinusoidal geometry showed the highest enhancement level of the designed geometries 
compared to the linear geometry. Separated sperm exhibited 34.7% normal morphology, 100% motility, and 100% viability 
in the sinusoidal geometry. Therefore, the periodic change in the position of sperm from one wall to another wall can be a 
strategy for separating sperm with high quality.

Graphical abstract
In the present study, we used a microfluidic system for studying the combined effects of thigmotaxis and rheotaxis for sperm 
separation process to achieve the successful Assisted reproductive technology (ART). The designed PDMS-based microfluidic 
system had four various geometries, including linear, square, zigzag, and sinusoidal. The functionality of separated sperm 
was evaluated by sperm tracking (ImageJ), motility assay (CASA software), and morphology assay (Papanicolaou ultrafast 
staining). Probing various geometries revealed 100% motility. In non-linear geometries, sperm’s periodic detachment from 
the walls gave rise to the periodic interaction with the high flow velocity in the center of the channel, resulting in the separa-
tion of high-quality sperm with progressive motility. The collected data proved the influence of thigmotaxis on the quality 
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of separated sperm. Morphologically improvement in separated sperm from the sinusoidal geometry was significant than 
others, which means the sinusoidal structure would be the best candidate for the sperm separation process.

Keywords Microfluidic system · Sperm separation · Rheotaxis · Thigmotaxis · Female reproductive tract

1 Introduction

The rising infertility trend globally highlights the urgent 
need to improve the assistant reproductive technology (ART) 
related challenges. Worldwide, more than 50 million couples 
struggle with infertility [1], 20–70% of which approximately 
originate from malefactors [2]. For the couples with mal-
efactor infertility issues, intracytoplasmic sperm injection 
(ICSI) is an ART method used prevalently [3, 4]. It is imper-
ative to choose functional sperm with normal morphology 
and motility for ICSI to be successful [1, 5]. However, stud-
ies have shown that conventional sperm separation meth-
ods, density gradient centrifuges (DGCs) and swim-ups, are 
less effective for sperm selection. Several factors contribute 
to this, including bypassing the natural process of sperm 
separation in the female reproductive tract (FRT), damaging 
sperm DNA by increasing reactive oxygen species (ROS), 
reducing yields, and requiring a long processing time [6–9]. 
To address these defects, researchers have been motivated 
to develop alternate methods, including non-microfluidic 
(zeta potential [10, 11], annexin V affinity-based separa-
tion [12, 13], hyaluronic acid binding [14, 15] and etc.) and 

microfluidic systems [16–18]. New non-microfluidic sperm 
separation methods still face challenges due to causing DNA 
damage, low yields, human errors, high costs, and bypassing 
natural barriers despite their promising results [19].

Microfluidic systems have unique features that make them 
ideal for separating sperm. Microfluidic systems are able to 
separate intact normal sperm for patients with a low count of 
sperm, which is less likely by conventional methods [20, 21]. 
They separate immotile sperm from microdissection testicu-
lar sperm extraction and blood based on sample components 
size[18, 22, 23]. Additional advantages of these systems are 
small scale, low amount of waste and required sample, and 
precise control over the system [7, 24, 25].

In addition, another important feature of microfluidic 
systems is being able to mimic elements of the natural pro-
cess of sperm separation. Briefly, in the FRT, sperm faces 
numerous obstacles and features during its journey toward 
the oocyte. For instance: fluid properties of different parts of 
FRT, inclusive of viscous and viscoelastic [26], presence of 
a thermal difference between beginning and end of the fallo-
pian tube [27, 28], secretion chemoattractant for sperm guid-
ance toward the oocyte [29], structural features of FRT such 
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as diffuser type in two sides of the cervix and microgrooves 
on the surface [30, 31], and creation upstream flow by cilia 
beating and muscle contraction and expansion of FRT [32]. 
Consequently, researchers are trying to enhance the quality 
of separated sperm for ART by replicating those barriers 
individually or in combination [1, 8, 33]. In recent years, 
high throughput techniques, such as omics approaches, have 
been widely used to identify and quantify the biological mol-
ecules contributing to the cell’s structure and function [34, 
35]. These studies have also been used to comprehensively 
understand the biological factors affecting sperm quality 
[36].

As upstream flow is the dominant feature all over the 
FRT, giving rise to sperm’s rheotaxis behaviour [37–39], 
recently, some microfluidic systems have been designed to 
work based on the this feature of sperm [40–43]. The range 
of velocity to emerge rheotaxis feature of sperm is confined 
between 22 to 102 µm/s [30, 32]. In order to study sperm 
rheotaxis behaviour, different structures (microgrooves, dif-
fuser channel, coral system) [30, 44–47], various fluid prop-
erties (pH, hyperactivated spermatozoa, viscous and viscoe-
lastic) [26, 48, 49], and sperm flagellar beating patterns [50] 
have been investigated by microfluidic systems. The results 
of mentioned studies suggested that rheotaxis response of 
sperm is an effective factor in sperm behaviour and can be 
a promising method for sperm separation. A study by Mar-
tin et al. showed that separated sperm based on rheotaxis 
exhibited better morphology and chromatin maturity [51]. 
Another study developed microfluidic devices using the 
oval-shaped microstructures of the female fallopian tube to 
form micropocket geometries. According to their results, 
separated sperm are highly viable and motile (100% effi-
ciency) [52]. In another study, Nagata et al. used hydro-
static pressure to produce upstream flow; as a result, they 
separated normal bovine sperm, including acrosome-intact 
and high mitochondrial activity that consequently increased 
fertility rate [53]. Sharma et al. showed that separated sperm 
based on the rheotaxis response of sperm exhibited almost 
100% motility, a higher normal morphology, and less DNA 
fragmentation compared to raw and separated sperm in the 
device without flow [54].

Thigmotaxis, known as sperm response to the mechani-
cal stimulus (interaction between sperm and boundary 
walls), was investigated broadly by microfluidic systems 
[19, 55]. Denissenko et al. designed various geometries to 
probe sperm’s behaviour. They showed that sperm tend to 
swim near the boundary walls while in the presence of sharp 
channels turn, they leave the boundary wall that they were 
swimming and continue swimming at the opposite side [56]. 
Another study found that normal sperm could swim 5 to 20 
times faster than abnormal sperm in microfluidic systems 
with micropillars. A further finding on the mentioned device 
suggested that thigmotaxis significantly affects the quality 

of separated sperm (52% normal in morphology and 44% 
nuclear mature) [16]. In light of the results of the mentioned 
studies, thigmotaxis plays a vital role in sperm separation.

Despite promising results gaining from microfluidic sys-
tems, there are still some areas for progress. Most microflu-
idic systems have not been used upstream flow for human 
sperm separation. It was proved that sperm swimming tra-
jectories are circular in the absence of flow due to the asym-
metrical flagellar beating, making the fortuitous movement 
of sperm in different directions. This behaviour causes the 
loss of some normal sperm and a decrease in the number 
of separated sperm [1, 45]. However, upstream flow stimu-
lates sperm’s orientations against the upstream flow and 
eliminates sperm accidental movements [45]. It may also 
be possible to improve microfluidic efficiency by using sev-
eral features simultaneously instead of one feature at a time.

In this study, we investigated the effect of thigmotaxis 
along with rheotaxis on selected sperm quality. Based on 
the studies, microchannel geometry has an important impact 
on sperm’s behaviour [56, 57], while it has been neglected 
in most of the studies done on sperm selection based on 
the rheotaxis feature. To this end, four different geometries, 
including linear, square, zigzag, and sinusoidal, were studied 
in which upstream fluid flow velocity was set at maximum 
50 µm/s. Simulating the injection flow rate with the finite 
element method (FEM) was used to determine the injec-
tion rate. In order to reach a comprehensive conclusion, in 
addition to image analysis, motility and morphology of the 
separated sperm were also studied. Our results revealed that 
using non-linear geometries decreased the possibility of 
reaching non-progressive sperm to the outlet; also, they did 
not let sperm with defects in geometries like the big head or 
the bent neck reach the outlet. However, all proposed geom-
etries significantly improved sperm quality in comparison to 
raw semen; this augment of quality in the sinusoidal micro-
channel was more tangible than other ones.

2  Materials and methods

2.1  Materials

All the reagents and chemicals were purchased from Sigma-
Aldrich, except otherwise mentioned. Nutrient Mixture F-10 
Ham with 2% BSA was used as a buffer.

2.2  Microchip design and fabrication

AutoCAD software was used to depict a microfluidic sys-
tem with four different architectures (linear, square, zigzag, 
and sinusoidal) to study the effect of the geometry in the 
presence of upstream flow on sperm locomotion’s behaviour 
and quality in the outlet (Fig. 1a–b). Based on the distance 
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among cilia cells and the average length of sperm, 75 and 
100 µm were used as height and width of microchannels 
(100 μm × 75 μm cross-section) [58]. In addition, micro-
channels (sorting zone) were fabricated with 7.5 mm length 
(distance between sperm inlet and outlet) [58]. Each struc-
ture of microfluidic system was comprised of other parts, 
including the diffuser type structure, the flow zone, and the 
junction area (Fig. 1a). Then the silicon mold was fabri-
cated using the standard photolithography method and the 
SU8 2075 negative photoresist (MicroChem, Newton, MA, 
USA) by MMT-co. (Tehran, Iran). The PDMS microfluidic 
device was fabricated using the standard soft lithography 
method (Fig. 1c). Three reservoirs, including reservoir  (a1) 
(sperm inlet and flow outlet), reservoir  (a2) (sperm outlet and 
flow outlet), and reservoir  (a3) (flow inlet), were used in this 
system. After punching with a biopsy punch, polypropyl-
ene cylindrical reservoirs with 6 mm and 20 mm diameters 
were designed and assembled on the microfluidic system 
for reservoir  (a1) and reservoir  (a2), respectively. This was 
done to prevent flow rate fluctuations in the separation zone 

(Fig. 1a). Finally, the PDMS chip was bounded to glass slide 
by plasma bounding.

2.3  Flow simulation in designed microchips

Four microfluidic systems including linear, square, zig-
zag, and sinusoidal were modelled using COMSOL MUL-
TIPHYSICS (version 5.2). We used a 2D and stationary 
laminar fluid module with no-slip boundary conditions at 
the boundary walls to solve Navier–Stokes (Eq. 1) and con-
servation of mass (Eq. 2). The simulation was conducted at 
an inlet flow rate of 0.7μl s−1.

where v represents the velocity field, ρ is sperm buffer den-
sity, p is pressure, and μ is the dynamic viscosity of sperm 

(1)�(v ⋅ ∇v) = −∇p + ∇ ⋅ �

(

∇v + (∇v)T
)

,

(2)∇ ⋅ v = 0,

Fig. 1  Schematic and photograph representation of the microflu-
idic device. a The schematic indicates the linear microchannel as a 
sperm separation device, including reservoir  (a1) (diameter of 6 mm) 
and reservoir  (a2) (diameter of 20 mm) and reservoir  (a3) (diameter of 

1.5 mm). b Various geometries of microchannels inclusive of linear, 
square, sinusoidal, and zigzag. c Photograph of a microfluidic device 
on the microscope stage to do the experiment
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buffer. In this experiment ρ and μ were consider equal to 
water at 37 °C.

2.4  Semen sample preparation

The samples used in this study were waste part of fresh 
semen samples obtained from healthy men who were 
referred to the Avicenna fertility center (Tehran, Iran) 
after taking informed consent. This study was approved 
by the Institutional Review Board (IRB) of the Biomedical 
Research Ethics Committee of Academic Center for Edu-
cation, Culture and Research (ACECR, Tehran, Iran) (ID 
Number: IR.ACECR.AVICENNA.REC.1398.028). The 
semen samples were kept in an incubator at 37 °C before 
injection.

2.5  Experimental procedure

Before starting experiments, all the microchannels and 
reservoirs were filled with the buffer then vacuum pres-
sure (200 mbar) was applied for about 30 min to remove 
all the air bubbles from the microchannels. In the next step, 
all the microchannels and reservoirs (reservoir(a1) = 180 µl 
and reservoir(a2) = 630 µl) were re-filled with the buffer 
(37 °C) to create enough hydrostatic pressure, which can 
make the maximum flow rate of ~ 50 µm/s in the separation 
zone during the separation process. The flow rate of 0.7μl s−1 
was conducted to the reservoir  (a3) by the syringe pump 
(SP1000HSM, Fnm co., Iran) to create a steady condition 
into the microdevice, then 20 µl of raw semen from a test 
tube containing 20 million to 40 million sperm per millilitre 
of semen was injected into the reservoir(a1). The movement 
of sperm from the inlet toward the outlet was monitored 
using Labomed™ TCM 400 Inverted Research Microscope, 
and the captured movies were evaluated by ImageJ software 
to track the sperm. 100 µl buffer containing separated sperm 
was collected from the reservoir(a2) after 10 min by pipet 
for conducting assays. Finally, sperm morphology, motil-
ity, and movement track were investigated by Papanicolaou 
ultrafast staining kit (ETCCO), computer-assisted semen 
analysis (CASA) software (ETCCO), and ImageJ software, 
respectively.

2.6  Sperm viability and mobility assay

CASA software was employed for probing sperm motility. 
Based on sperm motility, sperm got divided into three sub-
groups, including immotile, non-progressive, and progres-
sive. More than 200 sperm were analysed at 60 frames per 
second (fps) per specimen [59]. In addition, based on the 
direct relation between viability and motility, sperm viability 
was concluded [8, 60].

2.7  Sperm morphology assay

Separated sperm were collected from the reservoir  (a2) and 
assessed using Papanicolaou ultrafast staining kit. Collected 
sperm were smeared on the glass side and, after air-drying, 
stained by immersing in several buffers. Labomed LX400 
Microscope with 100 × magnification was used for taking 
images [59]. Sperm morphological classifications were 
determined based on Bartoov et al. report [61].

3  Results and discussions

3.1  Device working, sperm sorting, and simulation

Upstream flow and thigmotaxis are two fundamental features 
of FRT that play an essential role in guiding sperm toward 
oocytes [30]. In this regard, we investigated various geom-
etries (linear, square, zigzag, and sinusoidal) in the presence 
of upstream flow to separate intact, motile, and morphologi-
cally normal sperm. Each structure of microfluidic device 
comprised of four various zones (diffuser zone, separation 
zone, junction area zone, and flow zone) brought a suitable 
opportunity to utilize the effect of the thigmotaxis, motil-
ity, and rheotaxis features together on a selection of sperm 
(Fig. 1). In the first stage, the entrance of sperm into the 
microchannel, a diffuser-type structure was used for increas-
ing the average number of sperm entering the microchannels 
by widening the area resulting in decreasing flow velocity of 
upstream flow. The separation zone was designed with vari-
ous geometries to study the effect of thigmotaxis. The third 
zone was the junction zone, where separated sperm washed 
to the outlet. The last zone was the flow zone that provided 
the upstream flow to the system.

Pump (reservoir  (a3)) and hydrostatic pressure (specific 
design of reservoirs  (a1) and  (a2)) were used together for 
diminishing the plausibility of error in the designed device. 
The presence of reservoirs with different sizes resulting in 
the net capillary forces imbalance and height differences in 
buffers of reservoirs  (a1) and  (a2) helped maintain the steady 
situation's flow rate. Used hydrostatic pressure in two res-
ervoirs made this system more user-friendly by decreasing 
the number of pumps from three to one.

The rationale behind this design is that flow velocity 
near the walls is minimal; therefore, sperm swimming in 
this position encounter less flow velocity. However, sharp 
curves in the pathing way of sperm give rise to detach-
ment of sperm from one boundary wall and reach the 
opposite wall, resulting in their encounter with the high 
upstream velocity in the middle of a microchannel. Given 
explanations, sharp curves can make obstacles against 
non-progressive sperm, leading to a significant increase 
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in separated sperm quality. On average, the microfluidic 
system mentioned above retrieved approximately 1200 
sperm per 10 min.

Furthermore, by utilizing Comsol Multiphysics, we 
were able to predict the flow rate and buffer volume 
required in the reservoirs, ultimately eliminating the 
need for two additional pumps. Therefore, sperm would 
show a rheotaxis response in the separation zone (Fig. 
S1). Assuming that the boundary walls were not slippery, 
momentum and mass conservation equations could be 
solved, enabling flow velocity to be calculated in a micro-
fluidic system. According to Fig. S2, the flow velocity 
in the junction zone and area before the junction zone 
is significantly higher than that in the separation zone, 
which supports the observed phenomenon of washing the 
sperm into the outlet. Fig. S1 and S3. show flow veloc-
ity expressed in color and measured using cut lines in 
the separation zone. Based on the results, the maximum 
flow velocity for the injection rate flow rate of 0.7μl s−1 
was ∼50 μm⋅s−1, which is in the rheotaxis response zone 
of sperm ((Buffer volume in reservoirs  (a1) = 180 µl and 
reservoir(a2) = 630 µl). Flow velocity near the boundary 
walls was zero; however, it was maximum in the middle 
of the channel (∼50 μm⋅s−1). For the corners (zigzag and 
square), the flow velocity is zero, meaning sperm cannot 
demonstrate rheotaxis, as shown in Fig. S1. As a result, 
the above explanation supports sperm confusion at cor-
ners, discussed later. It is noteworthy that the simulation 
predictions proved accurate, as we were able to elicit a 
rheotaxis response from sperm during the experiment by 
utilizing the calculated flow velocity and required buffer 
volume in the reservoirs. Furthermore, the simulation data 
provided an explanation for some observed phenomena, 
including sperm confusion in the corners due to dead 

zones, emphasizing the significance of upstream flow in 
redirecting sperm towards the outlet.

3.2  Image analysis

Upstream flow rate gives rise to sperm navigation toward 
the opposite direction of flow, which can help sperm avoid 
distraction and bewilderment. Add to this; sperm tend to 
swim near the wall due to their structure. As it is evident in 
Fig. 2a, in the linear microchannel, sperm preferred to swim 
along the wall and scarcely were seen in the middle of the 
microchannel. Since most sperm swim near the wall without 
detachment, the possibility of sperm interplay with high flow 
velocity in the center of the microchannel gets low. Thereby, 
non-progressive sperm have an opportunity to reach the out-
let, which can allude to one of the most significant defects of 
previous studies to utilize a straight microchannel. However, 
in the three other microchannels, due to the periodic changes 
in wall slope, sperm keep their way with the previous slope, 
in which they have to detach from the boundary wall and 
reach the opposite side (Fig. 2b, c and d). It is obvious that 
periodic detachments lead to periodic interactions of sperm 
with high flow velocity in the center of the microchannels. 
Among these sperm entering the microchannels, only some 
of them have the ability to swim against the flow and reach 
the outlet. On the other hand, some of them are wiped out to 
the inlet after several interplays with the high flow velocity 
in the center of the microchannels, which can be associated 
with the fact that intact sperm have more ability to naviga-
tion than the abnormal sperm (Movie S1). Therefore, by 
proceeding from the inlet toward the outlet, the number of 
sperm decrease significantly.

Movies S2 and S3 indicate that one of the primary 
defects of square and zigzag microchannels was dead zones 

Fig. 2  Human sperm behaviour under the upstream flow. The image analysis of sperm tracking in various geometries. a linear. b sinusoidal. c 
square. d zigzag
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in sperm swimming way. Some of the sperm were trapped 
and assembled into dead zones, making obstruction against 
sperm movement. Moreover, due to the absence of flow in 
dead zones, some sperm got confused and started to swim 
in the same direction of upstream flow until reaching the 
first change of slop, where they sensed the flow and again 
began to swim against the flow. Dead zones in the square 
microchannel were much more than the zigzag microchan-
nel; therefore, the more dead zones, the more effect on sperm 
congregation and confusion. Due to the absence of dead 
zones in sinusoidal (Movie S1), this effect was not reported 
in this geometry.

3.3  Viability and sperm motility assay

Sperm motility plays a pivotal role in sperm quality such 
that the more progressive sperm in the outlet, the more high-
quality sperm are in the outlet. Based on the WHO, sperm 
motility is one of the important agents in infertility [59]. 
Moreover, sperm motility can be attested to sperm viability 
[8, 58]. In this regard, sperm motility before and after the 
selection was investigated with CASA software. As pre-
sented in Fig. 3, separated sperm from different geometries 
had 100% motility (100% viability). In more detail, signifi-
cant improvement in sperm motility was proved by almost 
43% change (70% in the raw semen to 100% in separated 
one) in all structures. However, they were distinguished from 
each other in the quantity of progressive sperm, which were 
(80.8 ± 2.6%), (90 ± 3.5%), (92 ± 1.9%), and (92.4 ± 1.8%) 

for linear, square, zigzag and sinusoidal microchannels, 
respectively. It is noteworthy to mention that the quantity of 
progressive and non-progressive sperm in raw semen were 
50 ± 5% and 20 ± 4.5%, and the rest of it belonged to immo-
tile sperm. Based on the mentioned information, the linear 
microchannel showed a high percentage of non-progressive 
sperm in a proportion of other ones (19.2 ± 2.6%), while 
this feature in the best condition was 7.6 ± 1.8% belonging 
to the sinusoidal microchannel (Fig. 3). It was reported that 
the number of progressive sperm directly correlates with 
the viability of sperm, which means progressive sperm are 
viable for a longer time compared to non-progressive sperm 
[58]. As a result, the low percentage of the non-progressive 
sperm in the non -linear geometries is a sign of thigmotaxis’s 
effect on the quality of sorted sperm, which was in agree-
ment with image analysis results.

3.4  Morphology assay

Sperm morphology is one of the leading agents showing 
sperm quality. The method of sperm selection after initial 
separation in ICSI is based on their morphology [16, 62, 
63]. In this experiment, raw semen and separated sperm 
morphologies were studied by Papanicolaou ultrafast stain-
ing. As it is obvious in the Fig. 4, there were significant 
morphologically differences among raw semen and sepa-
rated sperm (raw: 10.2 ± 1%—linear: 24.3 ± 2.8%—square: 
26 ± 2%—zigzag: 31.4 ± 1.7%—sinusoidal: 34.7 ± 1.5%). In 
spite of the remarkable improvement in sperm morphology, 
this feature in the sinusoidal microchannel was slightly bet-
ter than other non-linear geometries. The absence of sperm 
with a large head and bent neck added great weight to the 

Fig. 3  Sperm motility assay (based on the CASA software) for raw 
semen and separated sperm with four various geometries. There was 
no immotile sperm in all geometries, and non-progressive sperm 
in the sinusoidal geometry was lower than others. Data shown are 
mean ± SD for replicates of 3 (n > 200 sperm per replicate). P-value 
was calculated by two-way ANOVA. All of the geometries had a 
P < 0.0001 in comparison to the raw semen. (**P ≤ 0.01, * P ≤ 0.05, 
ns P > 0.05)

Fig. 4  Assessment of sperm morphology based on Papanicolaou 
ultrafast staining kit. a) Morphology analysis of raw semen and sepa-
rated sperm with four various geometries the result is mean ± SD for 
replicates of 3 (n > 100 sperm per replicate). P-value was calculated 
by two-way ANOVA. All of the geometries had a P < 0.0001 in com-
parison to the raw semen. (***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05, ns 
P > 0.05). b) Photographs of separated and raw sperm. Arrows show 
sperm with different defects in raw sample
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quality of separated sperm. It is worth mentioning that mor-
phologically improvement in the sinusoidal microchannel 
(24 ± 1.5%) was meaningful in comparison to other systems; 
in more detail, this parameter in multiple channels [64, 65], 
single-channel [66], and filter-based [67] was 12%, 15%, and 
10%, respectively.

4  Conclusions

In this study, we have designed a microfluidic system to 
investigate the synergic effect of rheotaxis and thigmotaxis 
on separated sperm quality. This novel microfluidic device 
is a user-friendly and one-step procedure that separates 
highly morphologically normal and 100% motile sperm 
in 10 min. Periodic sperm interactions with the highest 
upstream velocity in the non-linear microchannels’ center, 
obviously seen by sperm tracing, give rise to sweeping non-
progressive sperm toward the sperm inlet. This justifies why 
various parameters related to healthy sperm, including the 
number of progressive sperm and morphologically intact 
sperm in the non-linear microchannels, are much higher 
than the linear microchannel based on reported results. 
The sinusoidal geometry has been distinguished from other 
non-linear microchannels (zigzag and square) by the lack 
of sperm congregation in the dead zones, proved by image 
analysis and simulation. Morphologically improvement up to 
34.7 ± 1.5% in the sinusoidal microchannel originates from 
the mentioned conditions, which is highly significant. Also, 
any sperm with a bent neck and large head has not been 
found into the separated sperm by non-linear microchannels. 
Finally, based on the results, this device is more promising 
to use instead of conventional methods in the clinic and can 
be utilized for patients with a low count of normal sperm.

However, microfluidic systems showed promising 
results in sperm separation, but they are not suitable for 
high-throughput analysis of sperm. In spite of this limita-
tion, the importance of the limitation may vary depending 
on how the system will be used. For example, for patients 
with low sperm counts, microfluidic systems remain a strong 
candidate for sperm separation. This limitation may also be 
addressed through the implementation of modifications. 
For example, increasing the number of microchannels for 
separation or extending the separation time could increase 
the number of separated sperm and improve the system’s 
throughput capabilities.
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