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Abstract 

Active microfluidics for the applications to cellular deformability measurements is an emerging research field ranging 
from engineering to medicine. Here, we review conventional and microfluidic methods, and introduce an on-chip cell 
manipulation system with the design principle of fast and fine cell manipulation inside a microchannel. In the latter 
part of the review, we focus on the results of red blood cell (RBC) deformability measurements as one of the most 
frequently studied non-adherent cells by on-chip methods. The relationship between mechanical properties and 
biological structures/features, as well as medical/diagnostic applications, are also discussed.
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Introduction
Applications of the biological mechanics to the engi-
neering issues has been one of the frontier topics in the 
research fields of mechatronics and robotics. Living 
organisms are flexible in shapes and accurately function-
alized in association with the sophisticated structures 
and metabolic energies generated by consuming adeno-
sine triphosphate (ATP). The minimum, microscopic 
component of the living organisms is a single cell. Even in 
the single-cell level, cells exhibit typical functions such as 
energy transductions, motility in response to the stimuli, 
adaptation of the shapes and internal states to the sur-
rounding environment, and replication of themselves [1]. 
Considering that typical cells are under a microscopic 
aqueous environment, it is surprising that they precisely 
control these functions using tiny molecular machineries 
against thermal fluctuations.

Cellular deformability is essentially important to real-
ize the various cellular functions. In the viewpoint of 
the mechanical properties, the cells exhibit both elas-
ticity and viscosity, which exert restoring forces to their 
original undeformed shapes and frictional forces against 

the shape changes, respectively. The typical elasticity 
(Young’s modulus) of a cell is on the orders of Pa–kPa, 
and the corresponding typical force range for cellular 
deformation is on the order of piconewton [2]. Owing to 
the deformability, the mechanical aspects of the cells can 
be classified into “soft materials”.

Typical assays for the analyses and evaluations of 
biological materials are performed in a petri dish or a 
microwell plate under a microscope. According to the 
developments of the experimental techniques to treat 
such small and soft objects, various methods have been 
invented to quantify the mechanical properties of a 
single cell. Conventional methods for measuring the 
cell mechanics are, for example, atomic force micros-
copy (AFM) [3–6], optical tweezers [7, 8], magnetic 
forces [9–11], fluctuating spectrum analysis (flicker 
spectroscopy) [12–14], and particle-tracking microrhe-
ology [15–18], which will be explained later in detail. 
During the last two decades, microfluidic devices and 
the related experimental techniques have also been 
intensively developed along with the maturation of 
nanoscopic and microscopic fabrication technologies. 
Recently, the microfluidic techniques have been uti-
lized as fundamental experimental tools to treat small 
amount of fluids, molecules, particles, and cells in the 
vast research topics in robotics, mechatronics, sci-
ence, pharmacy, and medicine. All of above-mentioned 
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measurement methods have both advantages and dis-
advantages, e.g., AFM provides rich viscoelastic infor-
mation based on nanoscopic probe deflection but takes 
much long time to perform the measurements. In con-
trast, the microfluidic devices enable high-throughput 
measurements but provide less information such as the 
aspect ratio of the deformed shape, which has no infor-
mation with physical units. In a similar manner, each 
method is developed under the trade-off relationship 
between the throughput and information content [19].

In this review, we describe recent developments 
of microfluidic technology for measuring cellular 
mechanics, and also recent efforts for overcoming the 
trade-off between the throughput and information con-
tent. In the following, we first review the conventional 
methods for the measurements of cellular mechani-
cal properties. Next, the microfluidic techniques are 
reviewed from the viewpoint of the methods with pas-
sive flow and with actively controlled flow. In particular, 
we explain the details of the active control techniques, 
where we can impose controlled mechanical stress 
to a single cell through the integration of an actuator 
and a high-speed vision into the microfluidic platform, 
called an on-chip manipulation system. We describe 
the design principles for the fast and fine cell manipula-
tion inside a microchip, and show how such interdisci-
plinary collaboration between mechanical engineering 
and biological materials reveals novel aspects of cell 
mechanics. In addition, we discuss the relationship 
between the obtained mechanical characteristics and 
the biological structures. Finally, toward medical appli-
cations, we remark potential diagnoses of diseased cells 
with case examples.

Measurement methods of cellular mechanical 
properties
In this section, we review conventional methods for 
measuring the cellular mechanical properties. Figure  1 
shows the schematics for the typical conventional meth-
ods, while the actual devices and experimental setups 
for these measurements highly depend on the cases. To 
measure the elasticity and/or viscosity of a microscopic 
material, in general, either a sensitive force sensor or 
a sensitive displacement sensor is necessary. Namely, 
we have to apply a precisely controlled small force and 
measure the corresponding small displacement, or have 
to apply a precisely controlled small displacement and 
measure the corresponding small reaction force. From 
the measured dynamic stress-strain relationship, viscoe-
lastic coefficients are obtained. Since different types of 
the measurement methods have different spatial resolu-
tions, time resolutions, throughput, advantages, and dis-
advantages, a variety of studies with various setups and 
equipment have revealed the different aspects of the cel-
lular mechanical properties.

In AFM measurements of a microscopic soft mate-
rials, the small, sensitive probe is a cantilever, whose 
nanoscopic deviation can be detected by laser beam 
deflection. Figure 1a shows a schematic illustration of the 
measurement principle of AFM. Viscoelasticity measure-
ment by AFM is performed by applying a known inden-
tation pattern to the sample and detecting the cantilever 
deflection, which reflects the reaction force. The ampli-
tude of the deflection and the delayed responses pro-
vide the elastic and viscous information, respectively. 
By scanning over the sample surfaces, two-dimensional 
viscoelasticity maps are obtained. Whereas the out-
puts of an AFM measurement contain full information 

Fig. 1 Conventional measurement methods of cellular mechanical properties. a AFM. b Optical tweezers. c Magnetic tweezers. d Passive 
microrheology (left particle) and active (right particle with optical tweezers) microrheology. e Miropipette aspiration
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of viscoelastic coefficients with high spatial resolution 
(~ nm), the typical throughput is low (~ 10−3  Hz) since 
the setup and scanning are time-consuming [2, 19, 20]. 
In addition, only nanoscopic viscoelasticity is accessible 
since the applied deviation by a cantilever is localized in a 
nanoscopic length scale.

In the methods with optical or magnetic tweezers, the 
probe is a small particle attached onto the cell surface. 
Figure 1b, c show schematic illustrations of the manipu-
lation of a particle attached onto the surface of a single 
cell by optical and magnetic tweezers, respectively. In 
the case of optical tweezers, the particles are typically 
made of silica or polystyrene with high refractive index, 
and manipulated by radiation pressure of a focused 
laser beam. From the displacement of the particle from 
the focused center and spring constant of the trap force 
obtained in calibration setup, the particle displacement 
and the restoring force are quantified, resulting in the 
viscoelastic coefficients. The basic concept is the same in 
the methods with magnetic tweezers and other types of 
methods with magnetic fields. In those cases, the mag-
netic particles are used and manipulated by an external 
magnetic field. These methods also provide the viscoelas-
tic coefficients with a good spatial resolution (~ µm), and 
the throughput is better than AFM (~ 10−1–10−2 Hz) [2, 
19, 20]. If the tracer particles are injected into the cytosol 
rather than attached onto the cell surface, these methods 
are often called particle-tracking microrheology.

For the measurement of cytosolic viscoelastic proper-
ties, particle-tracking passive microrheology is another 
typical class, which utilizes the thermal fluctuation as a 
force probe. Figure  1d shows the representative image 
for the particle-tracking microrheology. By measur-
ing the thermal deviation of a tracer particle under 
constant temperature condition, the viscosity of the 
surrounding medium can be estimated through fluctu-
ation-dissipation theorem [21]. In the similar principle, 
shape-fluctuation analysis, conventionally termed as 
flicker spectroscopy, has been also developed since 1975 
[12] to evaluate the membrane bending rigidity, surface 
tension, and viscosity [13]. Since the typical thermal 
energy under room temperature is small as ~ 4 × 10−21 J, 
this method is applicable only to extremely soft objects 
such as red blood cell (RBC) with Young’s modulus of the 
order of tens of Pa [7, 22]. The remarkable advantage of 
the shape-fluctuation analysis is non-invasiveness; all we 
need in the experiment is to observe the thermal fluctua-
tion under a resting state. The spatial resolution is in the 
optical limitation (~ µm) and the throughput is interme-
diate (~ 10−1–10−2 Hz), which are comparable to the par-
ticle-tracking methods.

In the last part of this section, we mention the micro-
manipulation techniques such as micropipette aspiration 

[22–24] or object handlings by microneedles [25], micro-
knives [26], and microhands [27–30]. For more details 
of the nano/microrobots for the single cell analyses, 
see a comprehensive review [31]. Figure  1e shows the 
schematic image of the micropipette aspiration. The 
micromanipulation techniques are usually adopted for 
microinjection experiments, where a single cell is held 
by capillary suction and reagents are injected into the 
cytosolic part through another capillary. In the micro-
manipulation, the cells are directly contacted by a probe, 
a microneedle, a microknife, or a microcapillary, under 
a microscope. The probe is controlled by a macroscopic 
actuator called a micromanipulator. Micropipette aspira-
tion has been intensively used for evaluation of cellular 
surface tension through the measurement of the nega-
tive pressure to keep the suction length. While the spa-
tial resolution is in the size of a single cell, i.e., 1–10 µm, 
information content is relatively less compared to AFM 
[2, 19, 20]. The throughput is at the similar level to that 
of AFM, because the micromanipulation also needs the 
careful handling of a cell one by one under a microscope. 
Recent studies have developed the micropipette aspira-
tion toward automation [32]. Recent developments of 
microhands are also remarkable; microhands and/or 
microfingers that are realized by actuating several nee-
dles simultaneously by piezo electric devices are being 
developed [27–30].

Passive flow in microfluidics
Along with the improvements in nano/microfabrication 
and developments of the research field of Micro Electro 
Mechanical Systems (MEMS), microfluidic techniques 
have been utilized to measure the cellular mechanical 
properties. The microfluidic approaches greatly increase 
the throughput compared to the conventional ones [19]. 
A typical microfluidic method for the measurement of 
single-cell mechanics is to evaluate the shape deforma-
tion under a shear flow in a microchannel. This strategy 
is advantageous to the throughput (typically  103–104 cells 
per second), the reduction of sample volumes (typically 
less than 1 mL), as well as integration of other processes 
such as size sorting. RBCs are one of the most success-
ful and intensively studied subjects in the history of this 
field, as their physiological situation, flowing in a narrow 
blood vessel [33, 34], can be mimicked as the flow in a 
microfluidic channel. In the same reason, other types of 
non-adherent cells such as other blood cells [35, 36] and 
other eukaryotic cells such as circulating tumor cells 
(CTCs) [37, 38] are also suitable for the microfluidic 
experiments.

For the applications to the measurement of RBC 
mechanics, Brody et  al. reported the deformabil-
ity test performed in a microchannel fabricated by 
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the semiconductor processing techniques [39]. They 
observed the characteristic folded shape (like “hot-dog 
bun”) of a deformed RBC when it passed through the 
4  µm width channel, and measured the passing speeds 
for various channel widths. The large dispersion of the 
data was interpreted to the heterogeneity among the 
individual RBCs. From the second half of 2000, many 
groups have started to report the microfluidic measure-
ments of single-RBC mechanics. Most popular strategy 
was the quantification of the passage through a narrow 
channel under a constant pressure difference between the 
inlet and the outlet as shown in Fig. 2 [40–45]. Note that 
the widths of the narrow channels used here were com-
parable or less than the size of a single cell to confine the 
degree of freedom of the cell motion to one-dimensional 
line for the simple and defined experimental situations. 
In this context, various biological and mechanical aspects 
have been quantified: ATP-release under wall shear stress 
[46], passing velocity through the narrow part [43] and 
the channel-width dependence [45], aspect ratio [47], 
circularity [48, 49], elastic constants [49–51], and viscoe-
lastic recovery time [52]. In those studies, RBCs exhibit 
stiffness (shear modulus) of the order of  10−6 N/m, time 
constant of the order of 0.1  s for shape recovery, and 
large dispersions of the measured values as their typi-
cal mechanical responses. As the nonlinear responses, 
the stiffness is increased with higher strain rate [50] or 
with a longer storage period [51], and the shape recov-
ery time is typically reduced under ATP depletion [52]. 
Since different stress conditions induce different types 
of deformation, the various studies have revealed differ-
ent aspects of the cellular deformability, e.g., two differ-
ent orders of shape recovery time have been observed for 
combined twisting and folding deformation [52]. While 

the passive microfluidics has been highly successful in 
these two decades, it has suffered from less information 
content in the output of the experiment compared to the 
those in the conventional methods. The disadvantages 
in passive microfluidics mainly come from the trade-off 
accuracy against high throughput. Also, the small and 
closed space in a microfluidic channel has limited the 
evaluation methods, typically only to the shape visualiza-
tion by a high-speed camera. For the precise evaluation 
of the detailed mechanical properties, active control of 
the experimental parameters is necessary. In this context, 
researchers have developed on-chip manipulation sys-
tems shown in the following section.

Active control in microfluidics
The protocols for the active control of the experimental 
parameters, namely, precise applications of a specified 
stress or deviation to a single cell in a microchannel, have 
been recently developed. In this review, we call this tech-
nique “on-chip cell manipulation”. To realize the on-chip 
cell manipulation, the two mechatronics components 
should be equipped: an actuator to drive the cell motion 
and a sensor for tracking the cell position or state.

As for the actuator equipped on a microchannel, both 
microscopic and macroscopic actuators have been used. 
Here, the terms microscopic and macroscopic mean the 
length scales for a single cell and a macroscopic tube or 
syringe, respectively. Microactuators and macroactuators 
have both advantages and disadvantages from the view-
point of the on-chip cell manipulation. Let us suppose 
the typical situation of a single-line microchannel shown 
in Fig. 3. In the case of a microactuator, the spatial resolu-
tion of the cell motion is the same as that of the actuator, 
which is advantageous for the simple, fine manipulation. 
However, the fabrication cost is high, and the micro-
chip including the microactuator should be discarded 
once the channel clogging happens. In the case of the 

Fig. 2 Typical cellular deformability test in a microfluidic channel

Fig. 3 Two types of actuators for driving microfluidic flow. a 
Microactuator. b Macroactuator. The hatched parts represent the 
actuators
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macroactuator, on the other hand, the microchip itself 
contains no expensive parts, and is cheap and disposable. 
Thus, the clogged microchip is easily replaced by a clean 
one with very low cost. However, the spatial resolution of 
the cell motion is much low due to the huge cross-sec-
tional-area ratio of the actuator to the microchannel. The 
typical ratio is over one million, which results in the loss 
of fine manipulation due to the million-times increase in 
the deviation and the velocity. Sakuma and the coauthors 
discussed the velocity-increase issue and proposed a pos-
sible solution called “virtual reduction gear” as schemati-
cally shown in Fig. 4 [53]. The virtual reduction gear is a 
macroscopic elastic part whose spring constant is repre-
sented by k. For incompressible fluid, the volume conser-
vation and the force balances for the target cell and the 
elastic part are given by

where Ai is the cross-sectional area for the i-th part [i = 1 
(macroactuator), 2 (target cell), and 3 (elastic part)], δi is 
the displacement for the i-th part, and c is the frictional 
coefficient of the flowing target cell. Here, even under 
high pressure, the microfluidic flow is a laminar flow due 
to the large shear stress from the wall, and therefore, the 
pressure is constant during the sampling interval. These 

A1δ1 = A2δ2 + A3δ3,

A2p = cδ̇2,

A3p = kδ3,

equations can be solved under the constant-pressure 
assumption and the initial condition δ2(t = 0) = 0 under 
the step input of the deviation δ1 at t = 0 as

  
If we consider the motion of the target cell at the ini-

tial stage ( t ≈ 0 ), which is within a single sampling step 
�t ≈ 0 , the initial response of the target cell reads

In this regime, the reduction ratio between the 
motions of the actuator and the target cell can be 
defined as δ2/δ1 and thus

is obtained. The positioning resolution is improved if 
the right-hand side is less than 1, and it is the case of 
the macroscopic actuator. For example, a piezo elec-
tric actuator is a commercially available macroactuator, 
whose cross-sectional diameter is on the orders of mm 
and produce a high-frequency characteristic of 10 kHz. If 
the piezo electric actuator is connected to a microchan-
nel with a cross-sectional diameter of 10 µm, the factor of 
(A2/A3)2 becomes  10−10, indicating the drastic reduction 
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Fig. 4 Simple model for a the macroactuator system and b the system with “virtual reduction gear” (The figure is taken from [53] (reproduced 
under CC BY-NC-SA 4.0, see the reference for details))
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effect of the deviation, i.e., the drastic improvement in 
the positioning resolution.

Even though the theoretical evaluation is 1 m without 
the virtual reduction gear, we could confirm a high posi-
tioning resolution of 240 nm in our experimental system 
composed of a piezoelectric actuator driven in Δt of the 
order of ms and a PDMS microchip with a microchannel 
of 10 µm width, where the wide inlet area for tubing plays 
a role of the virtual reduction gear [53]. Note that the 
240 nm is a pixel resolution of the vision system, which 
is the bottle-neck of the positioning resolution worse 
than the theoretical value derived above. Figure 5 shows 
an example of open-loop frequency characteristics of the 
on-chip manipulation system [54], where the gain char-
acteristics shows a typical integral form, and the phase 
characteristics shows 180° delay under the frequency of 
100 Hz. This frequency characteristics confirms the first 
order system under the position-feedback loop. In gen-
eral, while the integral-formed open-loop characteristics 
can keep stable behaviors even in high frequencies, the 
delay in the system can cause the instability in that fre-
quency region. A key remark on the on-chip cell manipu-
lation by using a microfluidic channel is that a fast and 
fine manipulation can be achieved by combining a mac-
roactuator and a reduction system to drive the flow inside 
a microfluidic channel.

Developments of this on-chip manipulation system and 
the evaluations of the characteristic mechanical proper-
ties of RBCs have been performed mainly by the authors’ 
group. Sakuma and the coauthors performed fatigue test, 
where a RBC was manipulated to pass through a narrow 
constriction repeatedly over 1000 times at ~ 1  Hz, and 
the number of passage until the loss of its extensibility 
and recoverability was used for the index of deformability 
[55]. Such long-time loading applied inside a microfluidic 
channel was the first attempt in this field. Ito and coau-
thors have further investigated the effect of long-time 
loading to a RBC and/or an eukaryotic cell, which exhibit 
a nonlinear mechanical response against different loading 
time [56–59]. Here, the combination of the high-speed 
feedback control of the cell position and the geometrical 
constriction worked like a microfluidic hand, and the cell 
shape was kept folded and elongated for a desired time 
period. These techniques enabled the on-chip quantifica-
tion of the cellular viscous information, where the con-
trol of the deformation time is required. This point is 
the qualitative difference from passive microfluidic tech-
niques, where the cells rapidly flow out of the view under 
a constant driving pressure. As a result of the loading-
time dependence, the shape recovery of a RBC after load-
ing became slower with the increase in the loading time 
[57]. Similar behaviors were observed also in a fibroblast 

Fig. 5 Example of frequency characteristics of the on-chip cell manipulation system (The figure is taken from [54] (reproduced under CC BY-NC-SA 
4.0, see the reference for details))
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cell, a kind of eukaryotic cell [59]. Assuming a viscoelas-
ticity composed of linear springs and dampers, the shape 
recovery time does not depend on the loading time in 
theory. In contrast, the experimentally measured val-
ues exhibited strong dependence on the loading time as 
well as the amount of ATP. The discrepancy to the linear 
viscoelasticity theory and the ATP-dependence should 
reflect special internal structures of the cell, which will be 
discussed in the next section.

In the on-chip manipulation system, the deformability 
measurement is performed only with photographs taken 
from a high-speed camera, displacement of a piezo elec-
tric actuator, and microstructures in a microchannel; no 
force sensor is equipped. Therefore, the typical output 
is deformability index (aspect ratio) [55] or the ratios 
between mechanical parameters [57]. In other words, 
the physical unit of force “N” lacked in the deformability 
measurement with the on-chip manipulation system. To 
overcome the limitation and obtain the full information 
of elastic and viscous coefficients, many efforts have been 
recently made [60–64]. The basic strategies can be classi-
fied into two concepts: (1) integration of the fluctuation 
analysis or (2) quantification of hydrodynamic force. (1) 
Integration of the fluctuation analysis was achieved by 
utilizing the on-chip cell manipulation, which enables to 
keep the cell position constant inside a microchannel. Ito 
and the coauthors compared the surface tension, bending 
stiffness, and viscosity with the parameter ratios obtained 
in the shape recovery, and found negative/positive cor-
relations between them, indicating how the unit of force 
should be related with the assumed springs and dampers 
[60]. (2) The quantification of a hydrodynamic force was 
challenged with a support of a computational simulation. 
Kirimoto and the coauthors experimentally observed the 
flow profile surrounding a flowing RBC, and estimated 
the viscous stress on the surface of a RBC. Using the on-
chip manipulation, they measured step response [61] and 
dynamic responses of the amplitude and phase to a sinu-
soidal input [62, 63], which provided the effective Young’s 
modulus and viscosity consistent with the other conven-
tional measurements [7, 22].

In the end of the section, we mention the on-chip 
manipulation system with other setups. Guo and the 
coauthors have reported an active pressure control sys-
tem for microchannels, and developed microfluidic 
pipette aspiration techniques for measuring the single-
cell deformability [65, 66]. In their system, the pressure 
attenuator composed of a parallel long fluidic circuit is 
implemented and controlled from a program code. Their 
design demonstrated the  10−2 reduction of the exter-
nally applied pressure, and succeeded in the precise cell 
positioning. Compared to this work, the remarkable 
feature of our on-chip cell manipulation system is the 

high-speed, realtime, and thus spatio-temporally precise 
feedback position control. The high-speed manipulation 
allows the evaluation of the step response and hydrody-
namic shear stress strong enough to deform a cell. On the 
whole, we believe that the next-generation microfluidics 
will develop with these emerging techniques for precise 
control and measurement in a microchannel.

Specific features of cellular mechanics: loading 
effect
In the previous section, we introduced the on-chip 
manipulation system and the results of the deformability 
measurement. For deeper understanding of the mecha-
nism of the nonlinear deformability that depends on the 
loading time and the metabolic energy (amount of ATP), 
we need to see the internal structure of the cell.

The microfluidic platforms are especially suitable for 
non-adherent cells since these cells are suspended in an 
aqueous solution and thus the mechanical properties 
under natural condition can be measured. The most typi-
cal examples of non-adherent cells are blood cells: RBCs, 
white blood cells (WBCs), and platelets. They occupy 
about 40% volume of the whole blood, and flowing inside 
blood vessels. Since the RBCs occupy about 96% volume 
among the blood cells, RBC mechanics and deformability 
have been regarded as the most important factor to char-
acterize the rheology of the blood. Actually, the RBCs 
easily deform during the blood circulation, where they 
are exposed to wall shear stress and spatial confinement 
inside the blood vessels. Since the dimension of a RBC, 
8  µm in diameter and 2  µm in thickness [34], is larger 
than the smallest blood vessels, they experience large 
deformation during the microcirculation. Such deform-
ability is the physiologically essential property of RBCs to 
realize the smooth microcirculation.

Compared to eukaryotic cells, the internal structure 
and functions of a RBC are much simpler; it has neither 
nucleus nor organelles, and the cytosol mainly consists 
of dense hemoglobin solution, sometimes regarded as 
just a bag of hemoglobin [39]. The simpler cytosol with 
no large structures is actually advantageous for the large 
deformation of a RBC. In addition to the cytoplasmic 
structure, the cytoskeleton is also different from that of 
typical eukaryotic cells in both the protein component 
and the higher-order network shape; it mainly consists 
of filaments formed by the tetramers of spectrin pro-
teins, which are connected to the cell membrane via 
the short actin chain and various membrane proteins. 
The overall structure of the cytoskeletal filaments in a 
RBC is the hexagonal network pinned underneath the 
cell membrane [67, 68]. The cell membrane of a RBC is 
also an important structure to ensure the bending stiff-
ness and keep almost constant surface area of the cell. It 
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mainly consists of lipid bilayer membrane and embed-
ded additional membrane proteins such as ion chan-
nels, ion pumps, molecular sensors, and linkers to other 
proteins. The typical value of bending stiffness is small 
as  10−19 N m [13], which is similar to that of pure lipid 
bilayer membrane, and thus the large folding deforma-
tion is allowed. On the other hand, the typical value of 
the area expansion modulus is much larger as  10−1 N/m 
[69], which is 6 orders of magnitude larger than the bend-
ing stiffness in the same length-scale deformation. Thus, 
the RBC membrane is easily bent by keeping the surface 
area when it is exposed to the mechanical stresses. For 
the viscosity of the deformation, the membrane viscosity 
with a typical value of  10−6 N s/m is known as the domi-
nant factor [70].

While the above structures represent the static 
mechanical properties of a RBC, the RBC also exhibit 
ATP-dependent mechanical responses, which is the 
characteristic feature of living materials. The meta-
bolic functions in a RBC are known to be attributed to 
the phosphorylation of various proteins such as protein 
4.1 [71], band-3 [72, 73], ankyrin [74], actin [75–77], 
myosin [78], and spectrin [79]. Although the whole cell 
mechanics is complicated and the exact details for the 
ATP-dependent deformability is still unclear [57], future 
experiments with inhibitions of specific protein activities 
or knock out samples will contribute to deeper under-
standing and applications to novel mechanisms investi-
gated in robotics and mechatronics.

Medical applications
Finally, in this section, we remark about the applications 
of the cellular deformability measurements to medical 
and diagnostic fields. Up to here we introduced various 
mechanical properties ranging from the aspect ratio to 
the viscoelastic coefficients such as bending stiffness, 
area expansion modulus, shear modulus, membrane vis-
cosity, cytosolic viscosity, and Young’s modulus. These 
values and their specific dependences on deformation 
amplitude, period, frequency as well as ATP amount, can 
be used as biomarkers for the evaluation of the pathologi-
cal conditions of the cell. For these purposes, a number 
of studies have reported that the mechanical properties 
of a single cell are altered, and often loses the flexible 
deformability, under diseased states. In the following, 
we briefly introduce typical blood diseases related to the 
modifications of RBC deformability and typical examples 
of microfluidic investigations for the diseases.

Sickle cell disease is an example of hereditary disor-
ders of RBCs, in which genetically mutated hemoglobin 
(sickle hemoglobin; HbS) forms abnormally polymerized 
aggregations, and causes disorders in  O2 transport, lead-
ing to anemia. Such RBCs have a sickle shape and exhibit 

more rigid and viscous mechanical property [80]. Thus, 
in addition to the reduced  O2 transport by hemoglobin 
mutation, they also tend to disrupt the smooth microcir-
culations of the blood itself. Microfluidic channels have 
been used for evaluation of the sickle cell disease. For 
example, a microchannel that mimics a physiological vas-
cular network has been used to evaluate the experimental 
parameters such as driving pressure and oxygen concen-
tration for vaso-occlusive events [81].

Infection to malaria species such as Plasmodium vivax 
and Plasmodium falciparum is also a widely known dis-
ease for RBCs. As the infected malaria parasite in a host 
RBC matures in a 48-h cycle from ring forms to tropho-
zoites and schizonts, the healthy biconcave cell shape is 
modified and the flexibility is decreased [82, 83]. These 
changes also depend on the four species of malaria [84]. 
Using microfluidics, Handayani and the coauthors stud-
ied the passage ability of Plasmodium vivax-infected 
RBCs through a microfluidic channel with 2  µm width, 
and found that the successful transit rate decreased 
according to the maturation of malaria-infection states 
[83]. For Plasmodium falciparum, Bow and the coauthors 
demonstrated the high-throughput screening and diag-
nosis of a small population of ring-stage infected RBCs 
by measuring the passing velocity of blood cells through 
a microfluidic constriction [85].

Sepsis is known as one of blood-related diseases that 
cause systematic inflammatory responses [86]. The sep-
tic shock is induced by the lipopolysaccharides (LPSs) 
released from the outer membrane of Gram-negative 
bacteria [87]. Many reports have suggested that LPSs 
cause the stiffening of RBCs, and disturb the smooth 
microcirculation [88–90]. Ito and the coauthors per-
formed the measurements of the alteration of mechani-
cal properties using microfluidic platforms, where they 
found the shear modulus of RBCs exposed to LPSs 
became larger, and RBCs exhibited shorter recovery time 
compared to that in healthy RBCs [57].

The patients need correct, accurate and fast decision-
making and treatments as much as possible. When 
microfluidic devices are used for medical and diagnostic 
purposes, both the information content and throughput 
of the assays are critically important. In this sense, the 
developments of next-generation microfluidic techniques 
that achieve both better readouts and higher throughput 
are expected in this fields. In addition, more improve-
ments in the user interface of microfluidic devices and 
software are also important requirements for the usage 
in the clinical situations by clinical doctors, not only by 
engineers in laboratories. In this paradigm, automation 
of both the hardware and software is another important 
topic to be addressed, and has been intensively investi-
gated [91–95]. For the on-chip cell manipulation, we are 
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also developing the automation of the gain-tuning toward 
clinical usages [96]. Although these requirements seem 
to be mature in macroscopic robotics such as in robot-
assisted treatments by the da Vinci surgical robotic sys-
tem (Intuitive Inc.) and robot-assisted biological assays 
by Mahoro (Robotic Biology Institute Inc.), microflu-
idic tools for biological materials are still in an emerging 
stage.

Conclusions
In this review, we summarize the experimental tech-
niques for the measurements of cellular deformability, 
especially focusing on microfluidic techniques of RBC 
deformability evaluations. While passive microfluid-
ics that drives the channel flow at a constant flow rate 
has been widely used for the deformability test in vari-
ous research fields, active microfluidics that controls 
the flow and the suspended object in a realtime way has 
been recently developed, by combining robotics and 
mechatronics with the microscopic biological materials.

The desired control of the positioning of a target object 
is a universal requirement for various processes to treat a 
single cell. In this context, the research scope of the on-
chip cell manipulation techniques in actively controlled 
microfluidics is still expanding. Not only to improve the 
performance but also to overcome the existing qualitative 
limitations, the technological aspect is being developed 
by incorporating modern technologies such as artificial 
intelligence (AI) and automation. If such programmable 
or automated on-chip manipulation is integrated, for 
example, into the organ-on-chip systems, it might realize 
the “on-chip printing” of organ structures by distinguish-
ing the deformability of individual stem cells, which has a 
great impact on the fields of biotechnology and medicine. 
In the interdisciplinary research fields ranging from engi-
neering, science to medicine, we believe that robotics and 
mechatronics play key roles to develop novel measuring 
tools and overcome the conventional limitations. In this 
sense, the microfluidic measurements of cellular deform-
ability are the frontier where biological materials and 
robotics/mechatronics meet and integrate each other.
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