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Deformation-induced actuation of cells in asymmetric periodic flow fields
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Analyzing and sorting particles and/or biological cells in microfluidic devices is a
topical problem in soft-matter and biomedical physics. An easy and rapid screening of the
deformation of individual cells in constricted microfluidic channels allows, for example,
the identification of sick or aberrant cells with altered mechanical properties, even in vast
cell ensembles. The subsequently desired softness-specific segregation of cells is, however,
still a major challenge. Moreover, aiming at an intrinsic and unsupervised approach raises a
very general question: How can one achieve a softness-dependent net migration of particles
in a microfluidic channel? Here, we show in a proof-of-principle experiment that this is
possible by exploiting a deformation-induced actuation of soft cells in asymmetric periodic
flow fields in which rigid beads show a vanishing net drift.
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The advent of microfluidic devices has fueled a multitude of experiments and applications, both
in academia and industry [1–4]. In the biomedical context, high-throughput analyses of microfluidic
droplets (“microreactors”) or individual cells have gained particular interest [3,5–7], not least as first
steps towards future diagnostic usage. In this context, microfluidic devices for a rapid screening of
individual cell stiffness [8,9] are supposedly among the most prominent applications with a great
potential for analyzing blood and biopsy samples: Exposing cells in narrow channel segments to
strong Poiseuille flows, the resulting deformations can be evaluated by rapid imaging of the cells’
contour lines as they pass the constriction one by one within a few milliseconds [8]. Using this
approach, cells with aberrant mechanical properties, e.g., due to malignancy, sickle-cell disease, or
malaria infections, can be detected even in complex cell mixtures such as whole-blood samples [10].

Going beyond mere screening, the key to further applications is a segregation of cells according
to their mechanical properties. Using data from rapid imaging as an input for a downstream surface
acoustic wave, cells have been shifted, for instance, into different arms of a y-shaped channel
branching [11]. Yet, the need for high-speed (fluorescence) imaging with a sufficient quality,
combined with an elaborate and sensitive feedback to address the acoustic wave, puts up the question
whether a segregation and sorting of cells is also possible without any imaging by just exploiting
the individual cell stiffness. This idea immediately raises a much more general and fundamental
question: How can one achieve a softness-dependent net migration to differentiate particles with
varying mechanical properties in a microfluidic channel?

Inspired by the principle of microscale ratchets that rely on spatially asymmetric periodic
structures [12,13], it has recently been hypothesized that exploiting the deformation of soft particles
in temporally asymmetric periodic Poiseuille flows can induce a softness-dependent net migration
[14]: Driving particles in a microfluidic channel at a forward flow rate Q1 for a time interval τ1, then
(instantaneously) reverting the flow and reducing the flow rate to Q2 for a time τ2 > τ1 leads to a
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restoration of the initial state of all fluid elements after a period T = τ1 + τ2 if Q1τ1 = Q2τ2. Since
both the flow rate and the slip velocity of a rigid sphere are proportional to the flow curvature, any
residual drift due to Faxen’s law averages to zero over a period [15], i.e., nondeformable particles
show no net drift after integer multiples of the period T . Soft particles, however, are deformed
stronger during the first phase (0 < t < τ1) since Q1 > Q2, i.e., their effective extension perpen-
dicular to the flow direction is reduced and hence they attain a higher effective drift velocity than
rigid particles. In the restoration phase (τ1 < t < T ) the deformation is less and the motion hence
becomes more similar to rigid particles, eventually resulting in a net displacement �x per period
T . Formulating this qualitative argument more thoroughly, the existence of such a softness-induced
actuation was indeed confirmed for idealized situations via analytical calculations and computer
simulations [14]. Yet, an experimental verification that soft cells can indeed ratchet forward with
each period, leaving stiff particles behind, has been lacking so far. Given that real-world applications
are naturally plagued, for example, by finite relaxation times during flow reversal and complex
material properties of individual cells, an experimental observation of the predicted segregation
effect is in fact nontrivial.

Here, we close this gap and confirm the prediction of a deformation-induced actuation of soft
particles in a proof-of-principle experiment. In particular, we have quantified the migration of
rigid plastic beads and soft red blood cells (RBCs) in a microfluidic channel design with an
optimized hydraulic resistance to facilitate a rapid relaxation upon switching/inverting flow rates
(see Materials and Methods in the Supplemental Material [16] with additional references [17–21] for
experimental details). As a result, we observed that beads did not show a significant net transport
for integer multiples of the driving period T when applying symmetric or asymmetric periodic
forward-backward flow profiles, whereas RBCs showed a marked actuation for an asymmetric
driving. Our experiments therefore confirm the theoretically predicted possibility of a softness-
induced segregation of particles. Based on our results, we discuss a future utilization of this effect
in cell-sorting microfluidic devices.

As a first step of our experimental approach, we analyzed the shape of RBCs when subjecting
them to different flow rates Q in a microfluidic channel (width 10 μm, height 100 μm). Repre-
sentative bright-field images of RBCs at flow rates Q = 800 μl/h and Q = 200 μl/h are shown
in Figs. 1(a) and 1(b). In line with previous observations [22,23], RBCs assumed a parachutelike
shape that was enhanced at higher flow rates. Extracting the contour lines of RBCs [16] allowed us to
determine their projected area A and perimeter �, with which we quantified the overall deformation
via the deviation of the circularity from unity,

δ = 1 −
√

4πA

�2
. (1)

This measure has also been used before for quantifying cell deformations in high-throughput
experiments at very high flow velocities [8]. Confirming the visual impression, δ was significantly
higher for Q = 800 μl/h than for Q = 200 μl/h [Fig. 2(c)]. Hence, switching flow rates induces
different shapes of RBCs, as required as an ingredient for the described ratcheting process. As
a next step, we probed whether rigid beads show a net drift over several cycles when imposing an
asymmetrically oscillating forward-backward flow field. Here, we concentrated on a forward flow of
Q1 = 1600 μl/h for τ1 = 10 s and a backward flow of Q2 = 400 μl/h for τ2 = 40 s [see Fig. 2(a)],
yielding a period of T = 50 s after which the initial state should be restored. The microscope’s
field of view allowed for imaging 50–100 beads in every frame, situated at varying distances from
the channel wall. Imaging and tracking these sets of beads at a frame rate of 140 Hz [16] allowed
us to extract the beads’ average velocity 〈v(t )〉 (averaged over the parabolic flow profile sampled
by the beads’ positions) as a function of time. Due to the finite number and length of tracks for
each set of beads, the instantaneous average velocity showed some fluctuations, yet the temporal
evolution of 〈v(t )〉 was clearly discernible [see Fig. 2(a) for a representative case]. As expected
for a channel with finite hydraulic resistance, every flow reversal required a finite relaxation time

L082201-2



DEFORMATION-INDUCED ACTUATION OF CELLS IN …

δ =0.0040

δ =0.0133

50 55 60 65 70 A [μm2]

δ

0.00

0.01

0.02

(a) (b)

(c)

FIG. 1. Representative bright-field images of RBCs in a microfluidic channel (width 10 μm, height
100 μm) with flow rates (a) Q1 = 800 μl/h and (b) Q2 = 200 μl/h pointing to the right and left, respectively.
Stronger deformations at higher flow rates are clearly visible; scale bar: 2 μm. (c) Quantifying the cell
deformation δ [Eq. (1)] confirms this visual impression: Deviations of individual RBCs from a circular shape
(for which δ = 0) were significantly larger for Q1 (red squares) than for Q2 (black circles). Solid lines and
shaded regions indicate the respective mean and standard deviation.

for approaching the asymptotic velocity associated with the new flow rate. Consequently, 〈v(t )〉
needed a few seconds after each switching of the flow before reaching a plateau value. Therefore,
even when minimizing the hydraulic resistance, the possibility to reduce τ1 and τ2 to small values
remains limited (see also the discussion further below). Integrating 〈v(t )〉 over time yielded the
oscillating average position x(t ) of the beads along the channel in response to the imposed flow
field Q(t ). Results for an asymmetric and also a symmetric driving are shown in Fig. 2(b). In both
cases, the minima in x(t ) did not show a progressive increase over several cycles, in contrast to
what would be expected for an actuated motion. In accordance with this notion, quantifying the
deviation from the initial position, after n periods, �x = x(nT ) − x(0), did not show an increase for
an increasing number of cycles [Fig. 2(c)] albeit a nonzero value was observed due to experimental
imperfections.

Performing the same ensemble-based tracking approach for beads and RBCs in the same system
resulted in a marked difference between these two entities (Fig. 3): The integrated averaged position
x(t ) showed a clear shift of the minima positions for soft RBCs whereas stiff beads returned to
their original position [see magnification in Fig. 3(a)]. Inspecting the associated profiles of the
averaged velocity revealed that RBCs attained higher values for 〈v(t )〉 during the strong forward
flow in the first phase (nT < t < nT + τ1). This discrepancy subsided for the softer backward flow
during the second phase [nT + τ1 < t < (n + 1)T ]. The resulting net shift of an ensemble of RBCs
over several periods of the oscillating flow, quantified via the minima positions xmin after integer
multiples of T , was seen to grow linearly in time [Fig. 3(c)], in marked contrast to the restoring of
bead positions [cf. Fig. 2(c)]. Thus, soft RBCs showed a significant net actuation in asymmetrically
oscillating flows, as expected from theoretical considerations and despite the unavoidable imper-
fections in experiments. The segregation effect therefore can be deemed sufficiently robust to fuel
applications.

So far, our evaluation approach relied on an ensemble average of many RBCs and beads. To
complement these data, we also sought for a possibility to track individual RBCs, hence providing
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FIG. 2. (a) Applying a periodic and asymmetrically switching dichotomous flow rate Q(t ) in the mi-
crofluidic channel (blue line; forward: Q1 = 1600 μl/h for τ1 = 10 s; backward: Q2 = 400 μl/h for τ2 = 40
s) induces average maximum bead velocities that oscillate between plateau values 〈v〉 ≈ +1.4 mm/s and
〈v〉 ≈ −0.4 mm/s (black line). Please note that the periods τ1 and τ2 are sufficiently long to allow for a fair
relaxation of the average velocity 〈v(t )〉 to the stationary value after reverting the flow. (b) Integrating 〈v(t )〉
over time yielded an average oscillatory excursion path x(t ) for this asymmetric periodic flow rate (black
line). For comparison, the path obtained for a symmetrically switching flow rate (Q1 = Q2 = 400 μl/h and
τ1 = τ2 = 10 s) is also shown (red line, multiplied by five for better visibility). In both cases, the minima in
x(t ) do not show signatures of a net drift. (c) In line with this observation, the deviation �x = x(nT ) − x(0)
from the initial position after n cycles is nonzero in both cases due to experimental imperfections, but no
progressive increase (as expected for an actuation) is observed. This is in qualitative and quantitative contrast
to soft RBCs [cf. Fig. 3(c)].

access to the fluctuating actuation of individual cells. Since individual entities rapidly exit the
microscope’s field of view due to the imposed flow rates, a direct long-term tracking of all visited
positions was not possible. We therefore used an alternative approach: When analyzing the acquired
image series, we measured the time shift �T (n) that was needed in addition to the integer number
of periods nT to position the very same individual RBC into its original locus in the field of
view. Using the average velocity 〈v(t )〉 determined from the collection of beads to approximate
the individual RBC’s average velocity within one period [cf. Figs. 2(a) and 3(b)], this time shift
was then translated into a traveled distance ξ that represents the net shift of this particular RBC
along the channel after n periods. Accumulating the actuation over many periods can therefore
be expected to yield a linear increase of the traveled distance, ξ ∼ �T (n) ∼ nT . Inspecting the
travel distance for individual RBCs (see Fig. 4 for representative examples) confirmed this very
expectation. In favorable agreement with the aforementioned finding of an average net actuation of
an RBC ensemble, also individual cells showed a displacement that grows linearly with the number
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FIG. 3. (a) Comparing the ensemble-averaged position x(t ) of beads (black) and RBCs (red) in the same
experiment reveals a marked progression of the minimum position for RBCs already after a few periods T
(highlighted by the magnification in the blue rectangular region; dashed-dotted lines indicate the minima
positions). (b) During the strong forward flow phase, RBCs attain a higher velocity than beads (red vs black
line), whereas the softer but longer backward flow during the second phase is very similar. Gray dashed lines
indicate the times at which flow rates were reverted. (c) As a result, RBCs show a significant net actuation from
the initial position for progressing periods, as quantified via the minima positions xmin(nT ) while beads remain
basically at the initial position [cf. Fig. 2(c)]. The dashed line is a linear guide to the eye.

of cycles, but decorated with individual fluctuations that reflect the particular cell’s size, stiffness,
deformation profile, local tumbling, etc.

In summary, we have demonstrated here that subjecting soft RBCs to asymmetric oscillatory flow
fields in a microfluidic channel can induce a net actuation that grows linearly with the number of
driving periods, whereas stiff beads essentially show no net transport. This finding is in agreement
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FIG. 4. Tracking individual RBCs (see main text and Supplemental Material [16] for details) reveals a
net actuation ξ that grows linearly with the number of periods, in agreement with the average drift of an
ensemble of RBCs displayed in Fig. 3(c). In addition, fluctuations around the linearly growing average reflect
the individual cell’s response to the deforming flow as RBCs vary in size, stiffness, etc.
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with theoretical predictions for idealized systems [14] and provides a proof-of-principle case how
such an unsupervised mechanism may be used to segregate particles according to their softness.

As a straightforward field of application, one may envisage using the effect in biomedical
applications that require cell sorting according to stiffness. Here, the finite relaxation times after
flow reversal, due to the hydraulic resistance, will certainly hamper a high-throughput scheme for
individual cells, whereas a segregation of large cell ensembles within a reasonable time appears
feasible. We have undertaken preliminary experiments along these lines, i.e., we aimed at separating
a mixture of two populations of trypsinized HeLa culture cells, one of which was left untreated while
the other had been subjected to pharmaceuticals (cytochalasin D and nocodazole) that disrupt all
cytoskeletal structures and hence soften the cells. With our available experimental setup, we were
unfortunately not able to segregate these two populations as the available flows were insufficient
to significantly and differentially deform the cells, irrespective of the treatment. We attribute this
somewhat disappointing observation to the cells’ fairly rigid nuclei that occupy a large fraction of
the volume and whose mechanical properties are hardly altered upon disrupting the cytoskeleton.
Obtaining differential shape changes between the two cell populations therefore requires sufficiently
strong shear stresses that deform the spherical shell of cytoplasm around the (unaltered) nuclei.
While this had been achieved in previously described high-throughput devices with very strong
Poiseuille flows [8,9], our setup and operation protocol with flow reversal did not allow us to
reach this range. Future work will have to reveal, to which extent these technical limitations can
be overcome for applications in the life sciences. Nevertheless, our experiments have demonstrated
that soft capsules without a stiff internal nucleus (RBCs lack nuclei) can be deformed and sorted
well, suggesting that a stiffness-dependent sorting of complex mixtures of simple soft capsules, used
for example in the cosmetics industry, can be achieved with our inexpensive approach.

We thank W. Zimmermann and W. Schmidt for suggesting the experiments. Financial support by
the VolkswagenStiftung (Az. 92738) and by the Elite Network of Bavaria (Study Program Biological
Physics) is gratefully acknowledged.
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