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Thermoresponsive microgels are soft colloids that find widespread use as model systems for soft
matter physics. Their complex internal architecture, made of a disordered and heterogenous poly-
mer network, has been so far a major challenge for computer simulations. In this work we introduce
an advanced coarse-grained model of microgels whose structural properties are in quantitative agree-
ment with results obtained with small-angle X-ray scattering experiments across a wide range of
temperatures, encompassing the volume phase transition. These results bridge the gap between ex-
periments and simulations of individual microgel particles, paving the way to theoretically address
open questions about their bulk properties with unprecedented microscopic resolution.

As many fields of physics, colloidal science has pro-
foundly benefited from the interplay between experi-
ments and computer simulations. In the last decades,
the epitome of colloids in suspension was represented by
Poly(methyl methacrylate) (PMMA) particles in exper-
iments [1] and by their numerical analogous, the hard
sphere model [2]. However, in more recent years, col-
loids with internal degrees of freedom and tunable soft-
ness have been progressively replacing hard spheres in
experimental studies [3]. Among these, microgels, i.e.
spherical particles made of a crosslinked polymer net-
work, have become particularly popular among physi-
cists [4] for two main reasons: (i) a relatively easy syn-
thesis protocol yielding quite monodisperse particles and
(ii) the possibility of finely tuning the particle proper-
ties by changing the chemical composition of the con-
stituent polymers. For example, in the case of thermore-
sponsive polymers such as Poly(N-isopropylacrylamide)
(PNIPAM), microgels undergo a so-called Volume Phase
Transition (VPT) at a temperature TV PT ∼ 32◦C across
which they change from a swollen state at low temper-
atures to a compact state at high temperatures. Due
to their high versatility, microgels have been used to ad-
dress numerous open problems in statistical physics, in-
cluding the jamming transition at finite temperature [5],
premelting within crystalline states [6], geometric frus-
tation in colloids [7], depletion effects [8, 9], nucleation
of squeezable particles [10–12] and the glass transition of
soft colloids [13–15].

The downside of using PNIPAM microgels, which are
usually synthesized with radical emulsion or precipita-
tion polymerization, is an incomplete control on the in-
ternal particle topology [16], usually comprising a dense
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core and an outer corona, which is rather heterogenous
and mainly composed of long chains and few crosslink-
ers [4]. One of the most successful descriptions of the in-
ternal topology of microgels is the so-called fuzzy sphere
model, in which a strictly homogeneous core is sur-
rounded by a looser corona [17]. The use of super-
resolution microscopy[18–20] recently allowed the real
space visualization of the internal density profiles of the
microgels, revealing that the core is not really homoge-
neous, being denser in its inner part and progressively
rarifying towards the corona [21, 22].

In order to go beyond simple pair-wise potentials such
as Hertzian or harmonic ones [14, 15, 23], which com-
pletely neglect the internal degrees of freedom of micro-
gels, few attempts to model the polymeric aspects of
individual microgels in simulations have been recently
put forward [24]. While early works were mostly rely-
ing on the use of a polymeric crystalline network [25–
28], a few papers later reported the in silico realization
of disordered crosslinked networks [29–31]. However, all
the methods proposed so far were unable to finely con-
trol the internal density distribution of the network and,
consequently, to reproduce the properties of the experi-
mentally available microgels in a truly quantitative fash-
ion.To this aim, it is also important to assess the role
played by the coarse-grained level of description, and thus
of the system size, on the final result.

In this Letter, we put forward a novel numerical
methodology where microgels with desired internal den-
sity profiles are generated. Building on the assembly pro-
tocol proposed in Ref. [30], we introduce a designing force
on the crosslinkers that is able to tune the core-corona
relative extent independently of the system size. By care-
fully adjusting the force field and intensity, we obtain in-
dividual microgel particles that quantitatively reproduce
the experimentally measured form factors and swelling
behavior across the VPT. We also quantify the effect of
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the coarse-graining on the structure of the in silico mi-
crogels by performing our investigation as a function of
simulated system size. Our results close the gap between
numerical and experimental investigation of microgels,
paving the way to a deeper theoretical understanding of
these soft colloids.

We perform two different kinds of simulations. Ini-
tially, we generate microgels with crosslinker concentra-
tion c = 5% through the self-assembly of patchy par-
ticles [30] confined within a spherical cavity. Particles
with two and four patches, representing monomers and
crosslinkers respectively, interact via the sum of a Weeks-
Chandler-Andersen (WCA) repulsion [32] and an attrac-
tive patchy potential [33]. We perform simulations with
N = 5000, 42000, 336000 beads of unit mass m in cavi-
ties respectively of diameter Z = 25, 50, 100 in units of
bead size σ in order to maintain the final number density
of the microgel roughly constant. In order to accelerate
the network formation, we employ a bond-swapping algo-
rithm [34]. With the aim of controlling the final density
distribution and the width of the corona, we introduce a
designing force which pulls crosslinkers towards the cav-
ity centre. This force is made of two contributions: (i) an
elastic force of spring constant k acting from the center
of the cavity up to a distance Z

2 and (ii) a gravity-like

force of strength g being at work between Z
2 and Z. An

illustration of the resulting microgel and of the design-
ing force is reported in Fig. 1, while detailed information
about the choice of the form and intensity of the force is
provided in the SI. We perform NVT molecular dynam-
ics simulations with an Andersen thermostat at temper-
ature T ∗ = kBT

ε = 0.03, where ε is the energy unit of
the WCA potential (see SI), until at least & 99.9% of the
particles are connected into a single network. Thereafter,
we replace the patchy potential with a bead-spring inter-
action [35], where the repulsive WCA potential is com-
plemented by a spring-like Finitely Extensible Nonlinear
Elastic (FENE) potential between connected monomers.
This model correctly implements the connectivity prop-
erties of polymers and preserves the topology of the net-
work throughout the rest of the simulations. Finally,
we discard the particles that are not connected to the
main cluster and obtain the assembled microgel configu-
rations. This procedure is repeated for ten independent
configurations for each investigated system size, in order
to averaging over different network realizations.

Once the network is built, we perform Nose-Hoover
molecular dynamics runs with the LAMMPS package [36]
at fixed temperature T ∗ = 1 with a time step δt = 0.002.
The microgel is at first equilibrated for 1×106 time steps
until its radius of gyration Rg reaches a constant value.
After equilibration, a production run is performed for up
to 1× 107 time steps, saving configurations every 5× 105

steps. From these, we calculate the form factor of the
microgel, defined as

P (q) =
1

N

∑

ij

〈exp(−i~q · ~rij)〉, (1)

FIG. 1. Snapshot of a N ≈ 336000 microgel slice of width
20σ. Monomers are represented in grey, while crosslinkers
(magnified in size with respect to monomers to improve vi-
sualization) are coloured from red in the center to blue in
the corona, following the shape of the designing force of mag-
nitude f , which is illustrated in the top right corner. The
use of the force correctly imposes an inhomogeneous profile
to the microgel, with a larger concentration of crosslinkers in
the core region. At the microgel boundary, few chains are
disconnected since in this representation parts of the corona
are outside the field of view.

where the angular brackets indicate an average over the
equilibrium configurations, q is the wave vector and rij is
the distance between monomers i and j. We also evaluate
the radial density profile ρ(r) as a function of the distance
r from the center of mass of the microgel. The two ob-
servables ρ(r) and P (q) allow to compare the structure of
the in silico microgels with experiments both in real and
in reciprocal space. To mimic the thermoresponsive na-
ture of microgels, we introduce an additional attractive
potential between monomers, Vα [30, 37, 38], that takes
into account the monomer-solvent interactions in an im-
plicit way. The attraction strength between monomers is
controlled by the solvophobic parameter α, which plays
the role of an effective temperature. Further details on
the model can be found in the SI.

Experiments were performed on microgels with c = 5%
synthesized by precipitation polymerization as described
in previous studies [14, 23]. Small angle X-ray scattering
(SAXS) measurements of the microgel form factors were
carried out at the Swiss Light Source (SLS, Paul Scherrer
Institute) and their swelling behavior was characterized
by dynamic light scattering (DLS). Further details on the
experimental methods are provided in the SI.

The comparison between simulation and experimental
results is represented in Fig. 2(a) that shows the form fac-
tors P (q) measured by SAXS at different temperatures
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FIG. 2. (a) Comparison between experimental (empty symbols) and numerical (Eq. (1), full lines) form factors for N ≈ 336000.
The x-axis is rescaled by γ = q∗exp/q

∗
sim = 0.2326, where q∗ is the position of the first peak of P (q). Different colors correspond

to different temperatures T and solvophobic parameters α, increasing from bottom to top: T = 15.6, 20.1, 21.6, 25.4, 31.0,
35.4, 40.4 °C in experiments and α = 0.00, 0.05, 0.10, 0.30, 0.56, 0.74, 0.80 in simulations. Data at different T, α are arbitrarily
rescaled on the y-axis to help visualization; (b) mapping between T and α. The two snapshots show microgels with N ≈ 336000
in swollen (top left) and collapsed (bottom right) conditions with monomers in blue and crosslinkers in red; (c) comparison
between numerical (full symbols) and experimental (full lines) density profiles ρ(r), where the latter are obtained by fitting the
form factors to the generalized fuzzy sphere model (Eq. (2)). The numerical x-axis is rescaled by γ−1, while data are normalized
to 1 at the center of the microgel and shifted vertically by 0.5 at different T to improve readability.

and those calculated in the simulations. Up to the third
peak, the agreement between experiments and simula-
tions is remarkably good at all T . Both the positions and
the shapes of the peaks are reproduced by the numerical
data. At high T , where the microgel collapses and be-
comes more homogeneous, the agreement improves even
further, with the numerical data being able to capture
the positions and heights of all measured peaks. We no-
tice that the deviations occurring at large q are entirely
attributable to the smaller size of the numerical microgels
as compared to the laboratory ones, leading to a differ-
ent short lengthscale structure and scaling behaviour, as
discussed in the following.

The comparison in Fig. 2(a) is performed by scaling
the first peak position q∗sim of the numerical P (q) onto
that of the experiments q∗exp at the lowest available tem-
perature (T = 15.6°C), which we set as the maximally
swollen case in our model (α = 0). This procedure de-
fines a single scaling factor γ = q∗exp/q

∗
sim that allows to

convert numerical units into real ones and that is kept
constant, regardless of the temperature. We next adjust
the value of the solvophobic interaction strength α in or-
der to capture the T -variation of P (q). The resulting
relationship between α and T is illustrated in Fig. 2(b).
We find that a purely linear dependence holds at inter-
mediate temperatures, showing some deviations at low
and high T . While the former may be due to the arbi-
trary choice of the α = 0 value with the lowest available
T , the latter is more likely related to the implicit nature
of the solvent employed in the simulations. We note in
passing that this is the first direct test of the Vα potential
against experiments across the VPT.

In order to directly visualize the internal structure of
the system, we move to real space. To obtain the exper-
imental radial density distributions from the scattering
data, we need to fit the measured form factors. Building

on the evidence from recent super-resolution microscopy
experiments [21], we employ an extended fuzzy sphere
model (detailed in the SI), which includes the possibility
of a linear dependence of the density profile within the
core. In real space, this can be written as:

ρ(r) ∝ Erfc

[
r −R′√
2σsurf

]
(1− sr), (2)

where R′ corresponds to the radius at which the profile
has decreased to half the core density, σsurf quantifies
the width of the corona and s is the slope of the lin-
ear decay inside the core. Values of the latter parameter
are found to be always rather small, s < 5× 10−4nm−1.
We also calculate ρ(r) directly from simulations, which
are mapped back to real units by rescaling the x-axis by
1/γ. The comparison between numerical and experimen-
tal data is reported in Fig. 2(c) for all studied temper-
atures. The agreement is again found to be very good
throughout the whole T range for both the core and the
corona regions. We stress that the use of the standard
fuzzy sphere model with a homogeneous core to fit the ex-
perimental P (q) not only is at odds with super-resolution
data [21], but it also yields density profiles that are in
worse agreement with numerical data, as discussed in the
SI. Interestingly, we find small but finite values of σsurf
also above the VPT, which is consistent with the fact
that, even in the collapsed state, the microgels still con-
tain a large amount of water [39]. This is confirmed by
the snapshots shown in Fig. 2(b), where many dangling
ends are clearly visible in the swollen state, giving rise to
a rough profile of the microgel also in the collapsed state.

It is now important to comment on the robustness of
our results with respect to system size. Of course, the
use of a large number of monomers provides a remark-
able improvement in the quantitative comparison with
experiments, at the cost of a huge increase of the required
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FIG. 3. Experimental (black circles) and simulation (full
lines) form factors P (q) in the swollen state. Numerical re-
sults comprise three system sizes obtained with the same
designing force: N ≈ 336000 (blue line), N ≈ 42000 (red
line), N ≈ 5000 (green line). We employ the rescale factors
γ42000 = 0.1245 and γ5000 = 0.05798. Inset: hydrodynamic
radius RH from experiments (black circles) and simulations
(see text for its definition) for N ≈ 336000 (blue squares),
N ≈ 42000 (red diamonds), N ≈ 5000 (green triangles), re-
spectively. Numerical data are rescaled to match experiments
at low T .

computational resources. This is evident in Fig. 3, where
P (q) in the swollen state is calculated for three different
system sizes and compared to experiments. In all cases,
the first peaks of the numerical P (q) have been rescaled
to the experimental result, re-defining the unit length of
the simulations. We observe that the first peak of the
smallest system (N ≈ 5000) is just barely visible. The
peak becomes more well-defined by increasing the mi-
crogel radius by a factor of ∼ 2 (N ≈ 42000), with the
simultaneous appearance of a second peak. Finally the
largest system (N ≈ 336000), corresponding to a further
increase by a factor of ∼ 2 in radius, reproduces quite
well three out of the four peaks observed in the experi-
mental curve. For all sizes, the relative distance of the
peaks is maintained, but upon increasing N the high-q
decay of P (q) shifts down, in closer agreement to exper-
iments. Thus, size effects alone can explain the high-
q deviations observed in Fig. 2(a) between experiments
and simulations. Importantly, we find that the relation-
ship between T and α, shown in Fig. 2(b) is unaffected
by size effects (see also SI). Interestingly, the numerical
form factors at large wave-vectors can be well-described
by an inverse power law, P (q) ≈ q−n, with n ∼ 1 for
all investigated cases. The fact that n does not vary
with system size confirms that microgels with different
N possess the same topological structure, at least on a
mesoscopic scale. Consequently, the system size becomes
a parameter that can be optimised in order to reproduce
the properties of interest while, at the same time, reduc-
ing the computational effort.

However, size effects may still play a role in the abil-

ity of simulations to reproduce the experimental swelling
ratio. This is the most used observable to quantify the
VPT of microgels, because it can be readily obtained by
DLS. The measured hydrodynamic radius RH is reported
in the inset of Fig. 3 and compared to the numerical anal-
ogous quantity, that is defined as the distance at which
ρ(RH) = 10−3[30]. While both experimental and nu-
merical RH display a sharp size change with increasing
temperature, we find that in simulations the collapse is
less pronounced when the system size is reduced. This
may be due to steric effects of the bead size in the col-
lapsed state, which are more important for small micro-
gels. However, we infer from the present study that in
order to reach a realistic value of the PNIPAM monomer
size σ ∼ 1nm, we should increase the number of beads
up to N ≈ 2× 107, which is unfeasible with present day
computational techniques. We further notice that charge
effects, which become relevant above the VPT tempera-
ture [40], should be taken into account for a more faithful
representation of the behavior of the numerical RH at
high T .

In conclusion, in this work we have shown how com-
puter simulations can realistically model thermorespon-
sive microgels by adopting a designing force during the
network assembly which can be tuned to quantitatively
reproduce experimental form factors for a wide range of
temperatures across the VPT. Even if the protocol itself
is far from realistic and does not reproduce the experi-
mental conditions of the synthesis, it is able to generate
networks with arbitrary topologies that can closely match
experimental data. We have shown that the protocol is
robust to system size and reproduces very well the ex-
perimental form factors, including high-order peaks for
very large microgels. It is worthwhile noting that the
comparison is good even for microgels composed by a
few thousands monomers, which can be routinely stud-
ied in simulations. This allows us to establish a re-
lationship between the solvophobic strength α used in
simulations and the experimental temperature T , find-
ing that they are linearly related across the VPT, as
expected. Our results reconcile experimental and nu-
merical investigations, opening the possibility to address
numerous questions about microgels, both at the funda-
mental and applicative level. The next step will be to
make use of the knowledge gained at the single-particle
level to develop models able to describe bulk suspen-
sions of microgels [33]. Additionally, the protocol de-
veloped here is very general, making it possible to use
it to tackle the investigation of the structure and be-
haviour of microgels with different density profiles, in-
cluding homogeneous[41], hollow [42, 43] and ultrasoft
ones [44–46], nowadays synthesized in experiments.
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I. DETAILS ON MICROGEL SYNTHESIS AND
CHARACTERIZATION

A. Synthesis

PNIPAM microgels were synthesized by surfactant
free radical polymerization as described in former
studies [1, 2]. NIPAM (2 g) as monomers, N,N’-
methylenebisacrylamide (BIS, 0.136 g) as cross-linker,
and methacryloxyethyl thiocarbomoyl rhodamine B
(2 mg dissolved in 87.8 mL of water) as the dye were
polymerized by precipitation polymerization. The reac-
tion was initiated by dropwised addition of sodium do-
decylpersulfate initiator (0.01 g in 10 mL of water) at
80 ◦C and run for 4 h under constant stirring at 300 rpm
and nitrogen purging. The reaction mixture was passed
through glass wool in order to remove particulate mat-
ter. The dispersions was purified by repeated centrifu-
gation/redispersion cycles against an aqueous 10−3 M
potassium chloride (KCl) solution. The different suspen-
sions were further obtained by dilution of the stock sus-
pension with the aqueous KCl solution.

B. Small angle X-ray scattering (SAXS)

Experiments were performed at the Swiss Light Source
(SLS, Paul Scherrer Institute) at the cSAXS instrument.
A X-ray beam with an energy of 11.2 keV was used, corre-
sponding to a wavelength λ = 0.111 nm. The q-scale was
calibrated by a measurement of silver behenate. No abso-
lute calibration was done for the X-ray data. The sample
consists of a 1 wt% microgel dispersion containing 103 M
KCl enclosed in a 1 mm diameter sealed quartz capillar-
ies (Hilgenberg GmbH, Malsfeld, Germany) placed in a
homemade thermostated aluminum sample holder ensur-
ing a temperature control with an accuracy of 0.2 ◦C. At
least 30 2D images were taken, azimuthally integrated,

transmission and background corrected, and averaged ac-
cording to established procedures provided by PSI.

C. Dynamic light scattering (DLS)

Experiments were carried out using a light scattering
goniometer instrument from LS Instruments equipped
with a HeNe laser light source with a wavelength λ =
632.8nm and a maximum power of 35 mW. The sample
is filled into cylindrical NMR tube of a diameter of 5 mm
and placed in the temperature controlled index match-
ing bath (±0.1 ◦C). The scattered light is detected by
two APD detectors and processed by a Flex correlator in
cross-correlation configuration. A modulation unit was
employed as recently described by Block et al. [3] All the
measurements were performed on a aqueous 0.01 wt%
suspension containing 10−3 M KCl. The scattering angle
θ was varied from 30◦ to 50◦ every 5◦. The initial de-
cay rate Γ0 was derived from a first cumulant analysis of
the normalized field autocorrelation function. The diffu-
sion coefficient D0 was estimated from the q2-dependence
Γ0 = D0q

2, and the hydrodynamic radius RH obtained
via the Stokes-Einstein relation D0 = kBT/(6πηsRH),
where kB , ηs, and T are the Boltzmann constant, sol-
vent viscosity, and absolute temperature, respectively.

II. THE CHOICE OF THE DESIGNING FORCE

One of the main aim of this study is to set up a proto-
col being able to finely control the radial density distri-
bution of the microgel. In the following, we discuss how
to implement this feature using a designing force dur-
ing the self-assembly of the patchy particles mimicking
monomers (bivalent) and crosslinkers (tetravalent) in a
spherical cavity.

a crassous@pc.rwth-aachen.de
b emanuela.zaccarelli@cnr.it

Here we specifically target to reproduce the topology
of PNIPAM microgels synthesized using free radical pre-
cipitation polymerization. For these particles, the core
slowly rarefies from the center towards the corona, result-
ing in a linearly decreasing density profiles, as observed
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FIG. S1. Forces acting on crosslinkers (top panel) and corresponding density profiles for all particles (symbols) and for
crosslinkers only (dashed lines). (a) no force is applied on crosslinkers (b)-(e) different inward forces are considered. The
integral of ρ(r) is normalized to a constant value

∫
ρ(r)dr = c with c = 10, 5 respectively for all particles and crosslinkers to

improve visualisation. Data are averaged over four independent realizations. Case (e) is the one adopted in the main text.

through super-resolution microscopy [4]. Also the corona
should be reproduced with the correct width and shape.
In experiments, it was conjectured that the denser core is
the result of a faster consumption of the crosslinker with
respect to NIPAM [5] during the polymerization process.
For this reason, we choose to apply a force acting on
crosslinkers only. The exact shape that the force should
assume is not a priori obvious. In order to obtain the
desired density profile, different functional forms of the
force were tested. Hereby, we report results that were
obtained with four different forces, shown in Fig. S1. We
also add the result of the unperturbed case, i.e. assem-
bly in the absence of a force as adopted in Ref. [6]), for
comparison. The assembly is carried out by fixing the
total number of particles to N = 42000 with a fraction
of crosslinkers equal to 5%. We confine the system in a
spherical cavity of radius Z, which determines the num-
ber density and the size of the final microgel. Using too
small or too large values of Z gives rise to microgels that
are either too compact or too fluffy, very far from the
core-corona structure. We thus select the intermediate
value of Z = 50σ, which correspond to a number density
ρ ∼ 0.08, that provides the best conditions to reproduce
experiments with the additional force on the crosslink-
ers. All the configurations are realised using the protocol
described in the main text.

In Fig. S1 we report a sketch of the designing force as a
function of the distance from the center (top panels) and
the associated density profiles (bottom panels) for all the
monomers (symbols) and for crosslinkers only (dashed
lines).

In the absence of a designing force, shown in Fig S1(a),
we find that the microgel is made of a homogeneous core
and of a rapidly decaying corona. This is reflected by the
flat density profile of the crosslinkers. This effect wors-
ens when we increase the microgel size, giving rise to an
unrealistically thin corona. In order to widen the corona,
we apply an inward force with spherical symmetry inside
the cavity. We use forces of two types. The first type is
described by the following expression:

~f1 =

{
−krr̂ if 0 < r ≤ C
−gr̂ if C < r < Z,

(1)

where r̂ is a versor pointing outward. Here an elastic force
with a coefficient k acts from the center up to the half
radius of the cavity and a gravitational force of constant
g is present for larger distances. We choose C = Z

2 as the
point where the force changes type in order to reproduce
a core corona structure for the microgel. We verified that
the shape of the resulting microgel is nearly the same for
values of this point up to 3Z/5. The second type of
forces smooths out the discontinuity at Z/2, increasing
continuously from the center to the cavity boundary:

~f2 =

{
−
[
m
2 exp

(
r−C
t

)]
r̂ if 0 < r ≤ C

−
[
m− m

2 exp
(
− r−C

t

)]
r̂ if C < r < Z.

(2)

Here m, t determine the strength and the smoothness
of the force, respectively. We use again C = Z

2 .
Initially, we consider a force f of type f1 with gravity

constant g = 8 × 10−3 and k = 0, shown in Fig. S1(b).
One can observe that, although the corona becomes
larger, the core is sparser for small r and denser close
to the corona. This entails the emergence of a peak at
r . Z/2 showing that crosslinkers tend to accumulate
towards the center of the microgel, which is not compat-
ible with experimental findings for the class of microgels
used in this study. Since the presence of a peak could
be due to the discontinuity of f at Z/2, we have also
employed a force of type f2 by Eq. 2. We tried multiple
values of force parameters, finding that the peak could
not be removed. The choice m = 7 × 10−3 and t = 0.3
provides a density profile very similar to the previous
one (see Fig. S1(c)) for both monomers and crosslinkers.
One can then conclude that the additional peak is not
given by the discontinuity itself but it has to be a con-
sequence of the weakness or absence of the force in the
region 0 < r < Z/2. Therefore, our next attempt is to
maintain the corona shape of the previous examples and
get rid of the peak. To this aim, we again employ a force
of type f1 with g = 8× 10−3 and k = 2g1

Z = 3.2× 10−4.
The use of k 6= 0 corresponds to apply an elastic force in
the inner half region, Eq. 1 which is continuous at Z/2.
Furthermore, we employ the same value of g as before in
order to keep unchanged the shape of the corona. The
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resulting density profile is reported in Fig. S1(d). In this
case, we notice that the density distribution inside the
microgel is strongly altered, with a continuously decreas-
ing density from the center to the cavity boundary. The
absence of a core is totally different from experimental
observations.

We infer that this effect is a consequence of the inten-
sity of the force for r < Z/2, and therefore we decide to
decrease the spring constant of the force as sketched in
Fig. S1(e), resulting in a discontinuity at Z/2. Using the
value k = 4.5 × 10−5, we find a density distribution in
the core in agreement with the experiments as discussed
in the main text, while preserving the right shape of the
corona. Interestingly, in this case, the crosslinker profile
is continuously decreasing from the center of the microgel
and does not reflect the total profile of all the monomers.
This choice is the one adopted in the main text for all
system sizes.

III. SIZE AND FORCE EFFECTS ON THE
MICROGEL INTERNAL TOPOLOGY

We provide information on the internal topology of the
microgels as a function of N by focusing at the chain
distribution. A chain is here defined as the sequence of
monomers included between two subsequent crosslinkers.
The chain length distribution Nl is computed for three
sizes of the system assembled in presence of the force
and for a large unperturbed system and is reported in
Fig. S2. As shown previously [7], the assembly in absence
of a designing force leads to a network structure in good
agreement with the Flory theory (blue triangles). How-
ever, introducing the force an increased number of chains
with lengths l > 50 can be found. This effect holds even
changing the system size, although the probability of hav-
ing longer chains increases with N . While in the absence
of the force, Nl is well described by a single exponential,
when the force is introduced we have that the same ex-
ponential holds only for relatively short chains, while a
second exponential decay describes the large chain dis-
tribution. These results confirm that, upon changing N ,
the internal topology of the network is preserved.

IV. ROBUSTNESS OF α-T RELATIONSHIP
WITH RESPECT TO SYSTEM SIZE

To validate the size independence of our model dur-
ing swelling we compare the experimental form factors
with those calculated from simulations of different sys-
tem sizes using the same α values as reported in the main
text for the largest system. We employ the same proce-
dure to rescale the numerical data on the experimental
one: we define a conversion factor γ5000 = 0.05798 and
γ42000 = 0.1245 to superimpose the experimental and
numerical first peak of P (q) respectively for the small
(Fig. S3) and the medium (Fig. S4) size systems. These

0 100 200 300
l

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

N
l

N ≈ 336000 - force
N ≈ 42000 - force
N ≈ 5000 - force
N ≈ 336000 - unperturbed

FIG. S2. Chain length distribution Nl for microgels in ab-
sence and in presence of the designing force. The former case
is reported with blue triangles for a large N ≈ 336000 system.
The latter is shown for three different sizes, a small N ≈ 5000
system (green diamonds), a medium size N ≈ 42000 system
(red squares), and a large N ≈ 336000 system (black circles).

two values are used to rescale the q-axis of numerical form
factors for all investigated αs. Strikingly, the swelling be-
havior is well captured using any system size. The peaks
are indeed found in the position corresponding to those
of the experimental curves, even though they are barely
visible, especially for the smallest studied system. The
high-q deviations between experiments and simulations
become more evident as N decreases, but the agreement
improves at high T . We again emphasize how the size
independence of our procedure is a confirmation of its
reliability in reproducing real world results.

V. DENSITY PROFILES FROM THE
STANDARD AND GENERALIZED FUZZY

SPHERE MODELS

One of the most successful model to describe microgel
density distribution is the widely employed fuzzy sphere
model [5], where a microgel is considered as a sphere of
radius R′ with a homogeneous core followed by a fuzzy
corona. Recent results from super-resolution microscopy
have shown a slightly inhomogeneous core [4] and put
forward a generalization of the fuzzy sphere model with
the addition of a linear dependence of the density inside
the core. In real space, this model is represented by an
error function multiplied by a linear term as shown in
Eq.(2) of the main text. In this Equation, we recall that
s accounts for the slope of the linear term and, thus, for
s = 0 the standard fuzzy sphere model is recovered. The
generalized fuzzy sphere model of Eq.(2) of the main text
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FIG. S3. The form factor for experiments (symbols) and
simulations of the system with N ≈ 5000 (full lines). Data
are shifted for clarity and reported with increasing T and α
from bottom to top.
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FIG. S4. The form factor for experiments (symbols) and
simulations of the system with N ≈ 42000 (full lines). Data
are shifted for clarity and reported with increasing T and α
from bottom to top.

can be written in Fourier space as:

P (q) ∝
{[

3(sin(qR)− qR cos(qR))

(qR)3
+

+s

(
cos(qR)

q2R
− 2 sin(qR)

q3R2
− cos(qR)− 1

q4R3

)]

× exp

[
− (σq)2

2

]}2

. (3)

To compare predictions from the standard and the gen-

eralized fuzzy sphere models in real space, we use them to
fit the form factors and to extract the associated density
profiles. These are compared with those calculated nu-
merically for the largest investigated microgels in Fig. S5.
Here, the x-scale has been again rescaled to real units
(nm) using the γ factor discussed in the main text. We
find that the generalized fuzzy sphere model agrees very
well with the numerical data both in the inner part of
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FIG. S5. Comparing density profiles for the standard (black)
and generalized (red) fuzzy sphere models with the numerical
results (blue symbols) for T = 15.4◦C (a) and T = 40.4◦C
(b). All data are rescaled to 1 at x = 0 for clarity.

the core and in the corona. For intermediate values of r
there are some small deviations, mainly due to the non-
linear decrease of the density profile. On the other hand,
the standard fuzzy sphere model shows a weaker agree-
ment with the calculated profile, especially due to the
presence of the completely homogeneous core. The dis-
agreement becomes more evident at high T where the
standard fuzzy sphere results show a step-like behavior.
Instead, a continuously decreasing profile is still observed
in simulations and for the generalized fuzzy sphere model,
again in close agreement to each other.
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