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Abstract: We use a soft-glass mechanical (SGM) model to reproduce the experimental force
relaxation curves of red blood cells (RBC) measured by laser optical tweezers (LOT). The relaxation
experiments consist in applying a deformation step jump and observe how the force, after reaching a
maximum, decreases with time. The SGM model has been already successful to reproduce the LOT
experimental pulling cycles of erythrocytes. We extend our model to reproduce the experimental
relaxation curves if nicely predicts the stationary force of the relaxation in terms of the maximum
force achieved immediately after the extension step-jump.

I. INTRODUCTION

Red blood cells (RBC) or erythrocytes are the most
common type of blood cell and vertebrate’s principal
mean of delivering oxygen to the body tissues via the
circulatory system. In humans, 2.4 million RBC are pro-
duced per second. RBC are flexible and oval biconcave
disks that lack of nucleus and organelles. In this way
RBC maximize the room for hemoglobin which resides
in the cytosol. RBC have a bipidic layer composed by
carbohydrates and proteins, mainly spectrin and actin.

In their path through the human body, RBC suffer
all kinds of deformation, even entering on the capillary
network. Capillars have a smaller radius than the cell
itself (3um vs 6um). When a external force is applied to
a material, the internal forces of the body act in opposite
direction to the applied force. Due to mechanical stress,
the body is deformed, changing it’s shape. After the
deformation, RBC recover the original shape, but it is
uncertain if the internal properties remain constant.It is
reasonable to expect that the RBC is damaged in some
way, leading to it’s aging, and further replacement by
new RBCs with mechanical properties intact.

For this reason, it is very important to study the dy-
namics of the RBC’s mechanical properties, in other
words, how they evolve in time. In order to do so, very
different techniques have been used, from high output
setups as magnetic tweezers [1] or Acoustic Force Spec-
troscopy [2], to single cell devices as LOT [3, 4].

In this work, we use a two state model, successfully
used to reproduce DNA condensation in the presence of
dendrimers [5] and RBC pulling experiments Fig. 1 [6],
in order to simulate the experimental force-relaxations
curves of RBC obtained by optical tweezers.

II. RELAXATION EXPERIMENTS

One of the most useful techniques to study molecular
and cellular systems, such as RBC, are LOT. Our exper-
imental setup consists of two counterpropagating lasers

FIG. 1: Experimental pulling cycle compared with the two
state model simulation. A pulling cycle consists in stretching
(dark green) the RBC from a minimum force (0 pN) to a max-
imum force (20 pN) at constant velocity. When the system
reaches the maximum force, the RBC is pushed (light green)
backwards with the same velocity value until the minimum
force is reached.

beams that are focused on a spot, to form the optical
trap. Both lasers create an electrical field gradient, be-
ing stronger in the middle of the beam and weaker on
the sides. The dielectric particles, such as polyesterine
beads, are trapped in the highest electric field region [7].
Once an object is optically trapped, forces and displace-
ments can be exerted by moving the optical trap in both
horizontal and vertical axis.

The optical trap is given by the harmonic potential as

V (xb) =
1

2
kbx

2
b (1)

where kb is the trap stiffness and xb is the distance of
the trapped bead and the center of the trap.

Once kb is calibrated, we convert the measured force,
f , into the bead position, xb,

f(xb) = kbxb (2)

The experimental configuration to exert force to a RBC
in the vertical direction is shown in Fig. 2 (a). Two beads
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are symmetrically attached to the opposites sides of the
RBC. The lower bead is fixed by air suction to the tip of
a micropippette, and the upper one is optically trapped.

(a) (b)

FIG. 2: a) Schematics of the system and its characteristic
distances. The radius of the beads (yellow spheres) are ex-
pressed as r1 and r2, x is the RBC extension, xb is the optical
trap extension and λ is the distance between the center of
the lower bead and the center of the optical trap (represented
with red lines). b) Schematics of the RBC modelling as an
unidemensional chain formed by formed (orange spheres) and
disrupted blobs (empty ellipses).

The relaxation experiments consist in applying a step
function to trap position, λ. This is given by

λ = r1 + r2 + x+ xb (3)

where r1 and r2 are the radius of the upper and lower
beads respectively (notice that r1 = r2 = r) and x is the
cell extension.

For a positive ∆λ , the force immediately increases to
a maximum value and then decreases until it reaches a
stationary force Fig. 3. The force relaxation is measured
during 150s after the deformation step jump. Notice that
as r1 and r2 are constants, the variation of λ will only
depend on xb and x.

∆λ = ∆x+ ∆xb (4)

III. TWO STATE MODEL FOR RBC
RELAXATION CURVES

In order to reproduce the force relaxation curve, we
model the RBC as an unidimensional chain formed by

FIG. 3: ∆λ and force respect to time for an experimental
relaxation curve. While the controlled parameter λ performed
a step function, the force respond reaching a maximum at
t=0s and decreasing its value until a stationary state after
150s.

N blobs where each blob can be in two different states:
formed if σ = 0 or disrupted if σ = 1. The free energy
landscape that represents the two state model that char-
acterized each blob is shown in Fig. 4. In order to pass
from one state to the other, the blob has to overcome
an energetic barrier bi which is placed at a distance xi
from the closed state. The two states, represented by two
wells, have an energy difference of ∆gi and are separated
by a distance of xm.

Both characteristic energies ∆gi and bi depend on the
force applied to the system as follows,

bi(f) = bi0 − fxi (5)

∆gi(f) = ∆gi0 − fxm (6)

The kinetic rates, that characterize the transition be-
tween the closed(0) and opened(1) states, can be ex-
pressed as,

k0→1 = kme
−bi(f)/kBT (7)

k1→0 = kme
(−bi(f)+∆gi(f))/kBT (8)

In order to simulate the experimental data Fig. 3, we
impose that all the blobs are at σ = 0 at t = 0s and apply
∆λ = 1000nm. Initially, ∆λ leads to an irreversible jump
∆xb0, so the force will be f0 = kb∆xb0. Subsequently af-
ter, ∆λ remains constant but will be distributed between
∆xb and ∆x as shown in Eq. (4). From f0, the initial
energy distributions f(bi0) and f(∆gi0) will be modified
according to Eq. (5,6).

At every time step (dt = 0.01s), we sequentially and
randomly select N=1000 blobs of the blob chain. To up-
date each blob according to Eq. (7,8) we compare the
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FIG. 4: Qualitative free energy landscape of the two state
model. It presents two minima corresponding to the opened
and closed states and a unstable one between them character-
ized by a barrier bi. The red line is the free energy landscape
at a maximum force, Fmax, the moment immediately after
the ∆λ jump, the green line represents the landscape at an
intermediate force, Fmedium during the force decay and the
blue line represents the minimum force, Fsta, when the system
reaches the stationary state after 150s relaxation. As force de-
creases (red-green-blue), both bi and ∆gi increase their values
according to Eq. (5,6).

probability, obtained by multiplying the appropiate ki-
netic rate by the time step dt, to a random number that
is uniformly distributed between 0 and 1. If the proba-
bility is larger than the random number, the transition
to the other state will be accepted. If the selected blob
is at σ = 0, we will use the kinetic rate shown in Eq. (7),
while if the blob is at σ = 1 we will use the kinetic rate of
Eq. (8). This is a type of Monte Carlo (MC) simulation
and to map the simulation time with the real time one
must compare the real time unit dt with one MC sweep.
The latter is equal to N random sequentially MC steps,
with one step being the updating of one individual blob.

It is interesting to analyze some cases. If the temper-
ature increases, the thermal energy represented by kBT
also does, and the kinetic rates decrease. Consequently,
both probabilities will increase their value making eas-
ier to overcome the barrier bi from both states. On the
other hand, an increase of bi, leads to a decrease of both
probabilities. An increase of ∆gi0 compensates such a
decrease but only on the closing probability (1→0).

Every time a blob goes from the closed state to the
opened one, it releases a certain amount of extension xm
to the total length of the RBC, represented by Lc, the
counter length. On the reverse process, when a blob is
opened and a transition to the closed state is accepted,
Lc will decrease by xm.

The model used to calibrate the extension of the
RBC, when a certain force is measured, is the worm-like

chain(WLC),

f =
kBT

p
[

1

4(1− x/Lc)2
− 1

4
+

x

Lc
] (9)

where kB is the Boltzmann constant, T is the tempera-
ture, so kBT = 4.11pNnm in our case as the experiments
were performed at room temperature 298K. p is the per-
sistence length, which quantifies of the bending stiffness
of the RBC and Lc is the contour length which is the
maximum extension of the object, in terms of our two
state model. We can express it as,

Lc =

N∑
i=1

σ(i)xm(i) (10)

After 150s (15000 sweeps and 1.5 · 107 steps) the sim-
ulation stops.

IV. RESULTS

First we verify if the initial distance and energy distri-
butions that are able to reproduce successfully the exper-
imental pulling curves of RBC, also reproduce the force
relaxation curves. In order to do so, we compare the
experimental data from Fig. 3 with the output of our
relaxation simulation starting from the initial bi and ∆gi
distributions. The result is the red line shown in Fig. 5
(a,b). Although the red line does not fit properly the ex-
perimental data, it reproduces the general trend of data.

In particular, we want to shift to higher forces the
relaxation using the energy distributions. In the WLC
model the force increases with the ratio x

Lc
Eq. (9).

Therefore, if we want to increase the force we have to re-
duce Lc. As is shown in Eq. (10), Lc can be reduced by
decreasing the system magnetization Σσi or by decreas-
ing the value of xmi. In order to not modify the distances
reported at [6], we will decrease the system magnetiza-
tion reducing the number of disrupted blobs. In energy
terms, this translates in an increasing of bi to decrease
the probability to go from closed to opened state, and
also an increasing of the free energy difference ∆gi in
order to facilitate the opened to closed transition.

The green line presented in Fig. 5(a,b) is the result
of increasing the initial energies bi and ∆gi as shown in
Fig. 5(c,d). The rest of the parameters as distances xi,
xm and p remain unchanged.

In Fig. 5(a), in blue lines, we present an experimental
force relaxation trace with its characteristic forces. The
maximum force Fmax is the ∆f value that corresponds
to the displacement ∆λ, and the stationary force, Fsta,
is the force that the system reaches after 150s relaxation.

Experimentally, it has been observed a linear relation
between Fmax and Fsta (blue dots and line of Fig. 5(e)
characterized by,

Fsta,exp = (0.56± 0.02)Fmax,exp (11)
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FIG. 5: a) Experimental force relaxation curve (blue) compared with simulation starting from initial energy distributions that
reproduce pulling experiments (red line and red histogram at Fig. 5(c,d). Simulation fits the experimental data by changing
the initial energy distributions (green line and green histogram at Fig. 5(c,d). Fmax represents the maximum force reached
after ∆λ and Fsta the stationary force reached after 150s. b) Experimental force relaxation curve compared with simulations
in normal-log scale in order to appreciate the behaviour at short times. c) Normalized histograms of the initial bi0 exponential
distribution used for pulling experiments (red) and force relaxation curves (green). d) Normalized histograms of initial ∆gi0
exponential distributions used for pulling experiments (red) and force relaxation curves (green) e) Stationary force plotted versus
the maximum force. Experimental data and corresponding linear regression in blue, and simulated data with corresponding
pulling energies in red and its linear regression in red, and simulated data with corresponding relaxation energies in green and
its linear regression in green.

For that reason, we will perform simulations for dif-
ferent ∆λ in order to verify if our model also reproduces
this experimental result. In our model, each ∆λ yields
a different relaxation curve with a pair of values Fmax

and Fsta. The simulation results for 15 different ∆λ are
shown in Fig. 5(e) (green dots), and also presents a linear
relation between Fmax and Fsta expressed as,

Fsta,sim1 = (0.55± 0.01)Fmax,sim1 (12)

If we repeat this process for the energies used for
pulling experiments, we obtain the following linear re-
lation,

Fsta,sim2 = (0.53± 0.01)Fmax,sim2 (13)

V. CONCLUSIONS

• We have shown that the two state model is a valid
method to reproduce experimental force relaxation
curves using optical tweezers.

• The worm-like chain (WLC) is an accurate model
for the force generated by the RBC and therefore
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to describe the stress decay on the system after a
strain deformation.

• Exponential distributions for bi and ∆gi properly
reproduce the experimental data. However, small
deviations of these distributions can substantially
change the relaxation curves.

• The linear relation between the simulated pair of
values Fsta and Fmax is in very good agreement
with the experimental results for both pulling and

relaxation energy distributions.
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