Open Access Article. Published on 17 June 2026. Downloaded on 6/23/2026 8:32:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

ROYAL SOCIETY

»
PP OF CHEMISTRY

View Article Online

View Journal

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/d6sm00242k

Received 22nd March 2026,
Accepted 15th June 2026

DOI: 10.1039/d6sm00242k

rsc.li/soft-matter-journal

1 Introduction

Volume and surface methods for microparticle
traction force microscopy: a computational and
experimental comparison
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It is an essential element of mechanobiology to measure the forces of biological cells. In microparticle
traction force microscopy, they are inferred from the deformation of elastic microparticles. Two
complementary variants have been introduced before: the volume method, which reconstructs surface
stresses from the displacements of fiducial markers embedded inside the particles, and the surface method,
which infers stresses directly from the deformation of the particle surface. However, a systematic
comparison of the two methods has been lacking. Here, we quantitatively compare both approaches using
simulated traction fields representing biologically relevant loading scenarios. We find that the surface
method consistently reconstructs traction profiles with substantially lower errors than the volume method,
which suffers from displacement tracking and stress calculation at the surface. At high noise levels, however,
the performance gap becomes smaller. To compare the performance of the two methods in a realistic
experimental setting, we developed DNA-based hydrogel microparticles equipped with both fluorescent
surface labels and embedded fluorescent nanoparticles, enabling the direct comparison of the two methods
within the same system. Compression experiments produced traction profiles consistent with Hertzian
contact mechanics and confirmed the trends observed in the simulations. We also show that despite large
experimental deformations and strains (both up to 20 percent), linear elasticity theory should still be valid.
While our computational workflow establishes a framework to apply both methods, our experimental
workflow establishes DNA microparticles as versatile and biocompatible probes for measuring cellular forces.

The standard method to measure forces of single cells is
traction force microscopy (TFM).>'® In the classical setup, a

The generation and sensing of physical force is an important
element in many cellular processes, including cell differentiation,
division and migration." During tissue morphogenesis, for exam-
ple, cells are guided by the mechanical properties of their
surroundings,”” while immune cells probe mechanical properties
to select their targets.>> To measure the physical forces at work in
such biological systems, a large range of different methods has
been established in the field of mechanobiology.®®
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single cell is placed on a flat, elastic substrate with embedded
fluorescent nanoparticles. The substrate is deformed by the
cellular forces, causing measurable displacement of the nano-
particles. By tracking the nanoparticles close to the surface, the
displacement field on top of the substrate is obtained, from
which the traction field can be reconstructed using elasticity
theory. The most efficient method for this purpose is Fourier
transform traction cytometry (FTTC), which maximizes the
agreement between predicted and measured data (inverse
method) and inverts the relation between forces and displace-
ment in Fourier space.'" The effect of the inevitable noise in the
experimental data can be counteracted by regularization.'
Alternatively, one can directly map strain onto stress (direct
method), but this requires taking image stacks and derivatives
of noisy data."*™*® Today, TFM on flat substrates is a very
mature method, which has been adapted to different cellular
contexts. For both inverse and direct methods, software solu-
tions are available in the public domain.**™*°
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TFM is also routinely applied to multicellular systems. A
straightforward example is epithelial monolayers, for which
TFM has been extended by monolayer stress microscopy, which
predicts stresses in the monolayer from traction forces on soft
elastic substrates.”*™* This approach can even be applied to
intestinal organoids, if they are prepared to adhere to a flat
substrate.”® To measure cell forces in full three-dimensional
contexts, one usually embeds the system of interest in collagen
gels.>**® The mechanics of such gels, however, is less well
defined, leading to lower resolution.

While all of these methods use spatially extended substrates
to measure cell traction, one can also employ small deformable
probes embedded into the system of interest. This approach
has been pioneered for fluorescently labeled oil droplets.?® A
huge advantage of this approach is the possibility of these force
sensors to be used inside multicellular systems such as
embryos, tumor spheroids or organoids.””*® One disadvantage
of the oil droplet system is that as a fluid, it can only measure
normal and not shear forces.

Over the last years, there has been a growing effort to replace
fluid droplets with spherical gels, called microparticles, typically
made from polyacrylamide, the standard material used for
spatially extended substrates in TFM.>*>> This approach is
called microparticle traction force microscopy (MP-TFM)*° and
comes with its own challenges, mainly due to its small system
size compared with spatially extended systems. Yet, it is a very
appealing approach, because it combines the advantages of
traditional TFM and the fluid droplet method: MP-TFM enables
the detection of shear forces in situ, which means inside living
biological systems.

Two main strategies have emerged to reconstruct traction
fields from elastic microparticles, as depicted in Fig. 1. The first
approach, introduced by Mohagheghian et al,* follows the
classical paradigm of traction force microscopy. Fluorescence
images of marker nanoparticles embedded throughout the
microparticle are recorded both in an undeformed reference
state and in a deformed state. From these images, the three-
dimensional displacement field #(7) inside the particle volume
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is obtained using particle tracking or volume correlation algo-
rithms. The traction field is then calculated from the displace-
ment field by evaluating spatial derivatives of # and applying
the constitutive relations of linear elasticity. This is known as
the direct method in conventional TFM.'® In the following, we
refer to this variant of MP-TFM as the volume method.

The second approach, which we will refer to as the surface
method, is closer to the fluid droplet method, relies solely on the
deformation of the particle surface, and has been pioneered by
Vorselen et al.>****7° From this boundary geometry, surface dis-
placements are inferred relative to an assumed spherical reference
configuration. These surface displacements are expanded in
vector spherical harmonics, which enable the conversion into a
traction field.*"*>*° To achieve higher accuracy, the displacement
field can then be further refined by iteratively minimizing an
appropriate energy functional of the traction and displacement
fields, albeit at higher computational cost.”® One disadvantage of
this method is that the reference configuration is not measured,
but assumed. In particular, in the fast variant without refinement,
only radial displacements are considered.*"**

The two methods differ fundamentally in the type of dis-
placement information they use (volume- versus surface-levels)
and in the assumptions they make, especially about the refer-
ence configuration. Therefore, it is not evident a priori which
strategy should provide more accurate or robust traction esti-
mates under realistic experimental conditions. A systematic
comparison of both methods has not been conducted before.
Here, we present a systematic comparison between the two
methods and introduce an experimental system (DNA-based
hydrogel microparticles with appropriate fluorescent markers)
that allows us to test these two methods also in practice.
Although in principle other pipelines might be developed for
MP-TFM, e.g., an inverse variant of the volume method, here we
restrict our treatment to the two commonly used and already
optimized pipelines.

This work is structured as follows. First, we computationally
compare the accuracy of the two different methods in recovering
a known traction profile on the surface of a sphere. For both

Surface method
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Fig.1 Volume and surface methods in microparticle traction force microscopy (MP-TFM). In the volume method (left), the three-dimensional
displacement field is obtained by tracking fluorescent nanoparticles inside the microparticle from the undeformed reference state (red) to the deformed
state (brown). Surface tractions are calculated using the direct method, which directly maps strain to stress. In the surface method (right), the geometry of
a deformed microparticle (usually homogeneously fluorescent, yellow) is compared to an assumed spherical reference. The traction field is then inferred
from the surface displacement using an expansion in vector spherical harmonics. In a simple variant of the surface method, only radial displacements are
being considered. Both volume and surface methods ultimately infer a surface traction profile (center), but use different information and assumptions.
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methods, we simulate suitable experimental data for three differ-
ent traction profiles mimicking relevant biological scenarios and
calculate the errors in recovering the prescribed traction profile.
Overall, we find that the surface method achieves lower recon-
struction errors than the volume method, making better use of the
information about the relevant deformations near the microparti-
cle surface. We attribute this to surface effects of the correlation
algorithm used to track the fiducial markers in the volume
method, leading to inaccuracies that result in an underestimation
of tractions in the area where the force was actually applied. In
order to experimentally validate our findings, we then introduce a
new experimental system for MP-TFM, namely DNA-based hydro-
gel microparticles (DNA-HMPs). DNA-HMPs have recently been
shown to exhibit elastic solid-like material properties and can be
produced in a controllable manner with stiffnesses tunable
between 30 Pa and 6 kPa. DNA-HMPs are further easily equipped
with guest molecules for chemical stimulation of surrounding
cells and stably embedded into organoid and spheroid systems,
enabling directed tissue engineering.””*® Employing DNA-HMPs
thus offers a biocompatible and tunable approach for 3D force
measurements in vitro. We test the DNA-HMPs on both the volume
and the surface method by compressing them inside a custom-
made microwell setup, where the DNA-HMPs are deformed using
a weighted glass slide to recreate a Hertzian contact scenario.
Both methods retrieve the overall shape of the traction profile.
The surface method achieves a closer match to the corresponding
analytical solution, in agreement with the simulation results.
Finally, we demonstrate through computer simulations with
hyperelasticity, that even for the large deformations and strains
used in our experiments, linear elasticity is still justified.

2 Materials and methods
2.1 Volume method

Displacements were estimated using the fast iterative digital
volume correlation (FIDVC), developed by Franck et al.,****° and
available on GitHub."' FIDVC is based on the digital volume
correlation (DVC) algorithm to align two images I(x, y, z) (refer-
ence) and I(x, y, z) (deformed), containing gray level intensity
values. We first divide the image I into subvolumes V; of integer
voxel size lengths L, [, [, also referred to as window size. For each
given subvolume V;, we now try to estimate a single displacement
vector # = (uy, Uy, ;) by evaluating a performance metric for
different trial displacements #, and choosing the one with the best
result. As performance metric, we use a cross-correlation function
that characterizes the degree of similarity between two pictures by
multiplying the intensity values of all voxels in the volume. In our
application, these two pictures consist of the reference picture 7
and the deformed picture [, where to the latter z, has been applied
reversely. We sum over all the voxels of the subvolume V;

>

FE[0. 4] X [0...0,] x[0...L2]

W IEwE+a)iF+i). (1)

A weight function w(7) is introduced to compensate for the
frequency response of the moving average filter. Furthermore,
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to increase computational speed and obtain more accurate
results, we evaluate eqn (1) in Fourier space and use a third
order polynomial Gaussian peak algorithm.*”

To decrease computation time, improve resolution, and enable
the detection of larger displacements, the procedure described
above has been extended into a multi-step iterative algorithm
called fast iterative DVC (FIDVC).*® The main idea is that we do
not start with the final resolution, but with a large window size and
thus a lower resolution in order to find a coarse grained displace-
ment field. This displacement field is then reversely applied to the
images, the window size is halved, and the procedure is repeated
until the desired resolution or accuracy is reached.

Once the displacement field has been obtained from the
measurement data using the FIDVC, the next step is to calculate
the traction from the displacement field. For the volume
method, we use the direct method, corresponding to directly
mapping displacements to strains and then strains to stresses.
The strain tensor describes relative deformations. Assuming
small relative deformations, its linear approximation, which
significantly simplifies the following calculations, is given via

1 1
uj = z(@,-u,- + Oju; + 8,‘”/(6/1/11() ~ E(a’ul + 0_1'1/1,')4 (2)

Assuming that our material is an isotropic Hookean solid,
we can define the stress tensor that connects the strain and
material properties. It is characterized by the Lamé parameters
wand A:

05 = Zuuij + ;Léy'ukk. (3)

Evaluating the stress tensor across the surface of the body by
multiplying it with the normal vector 7 of the surface at that
point yields the traction 7, which describes the stresses acting
on the surface of the body:

T;,=0 iy (4)

Thus, in order to retrieve the traction, we first need to
compute the spatial derivatives of all displacement components
to obtain the strain tensor. Each displacement field component
as returned from the FIDVC is given as a 3D array with one
value for each voxel, so the data is discretized with voxel
spacing d. This allows us to express the differentiation as a
matrix operator, or (finite difference) kernel, performed for
each point by the summation of element-wise multiplication
of the operator with the surrounding data points. In this work

we use the 5-tap kernel:*?
1
Viop = 3[—0.104550, —0.292315,0,0.292315,0.104550].  (5)

For higher dimensions, the kernel needs to be reshaped for
each direction to represent the respective derivative. It is also
common to additionally perform averaging over the dimen-
sions orthogonal to the direction of the derivative, resulting in,
what is known as, the optimal-5 kernel.*®

Applying the kernels described above gives us the strain tensor
u; for each voxel in Cartesian coordinates. In the next step,
we calculate the stresses o;; using eqn (2) and (3) at each voxel.
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In order to retrieve tractions, we need to evaluate the stresses with
the corresponding normal vector at the surface. We use a Gauss-
Legendre quadrature (GLQ) mesh as set of points to perform the
evaluation (see Fig. S1) because the GLQ mesh is also used
extensively in the surface method.” Due to the surface effects,
we evaluate the traction not on the surface of the sphere, but on a
smaller sphere with the evaluation radius 7. < r, (more details in
Section 3.2). We interpolate ¢; from the surrounding voxels onto
the point of the evaluation sphere surface using the RegularGri-
dInterpolator function of numpy. Finally, tractions are obtained
with eqn (4), using the corresponding normal vector of each point
on the grid. The traction components, which now represent the
magnitude in terms of Cartesian unit vectors, are also trans-
formed to spherical coordinates.

2.2 Surface method

Force reconstruction by the surface method is based on minimizing
an energy functional which was proposed by Vorselen et al. in
2020,”° and uses the decomposition into spherical harmonics
introduced by Wang et al. in 2019.>® Note that this approach is
only possible for finite systems like MPs, so that the surface
carries a lot of information. The main idea has some similarity
with the inverse method of traditional TFM, because it also
minimizes a functional. For MP-TFM, the functional consists of
three terms representing various considerations. First, any
residual traction on a region which is known to be traction-
free is penalized. Second, the elastic energy should be minimal
to account for the minimum energy principle. Third, we want to
remove aliasing effects by penalizing high-frequency compo-
nents. As a linear combination, we obtain:

S(@) = aR(T, Q) + BEa (i T) +7Epen (T) . (6)
——— —— Y———
residual traction elastic energy AA penalty
The parameters o, f, and y are defined in Table S1; these
choices were shown to provide optimal results in the original
implementation of the surface method.* To evaluate this
functional quickly, it is necessary to use a fast way to convert
from % to T, as the terms in the functional have an explicit
dependence on T. The solution is to choose a basis for the
displacement function space where each basis vector ™
corresponds to a basis vector 7%, To construct this basis, we
start by looking at the space of possible solutions. These need
to obey the equilibrium condition

V- =0, (7)

as we assume that the sphere is in mechanical equilibrium. In
the next step, we use a harmonic potential ansatz for the

potential:*?

l//generdl r, 0 q) Z Z

=0 m=—1

(c,m ,i’;) Yr0.0). ()

I+1

We disregard the terms ~1/r", as they diverge at the origin
(r = 0). The corresponding displacement solutions are then
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given by the Papkovich-Neuber solutions:**
7= 40— =V (70 + ). (9)

These provide a basis for the relevant displacement solu-
tions, whose angular part is represented as a superposition of
spherical harmonics. Evaluating eqn (2)-(4), we find a similar
decomposition for the traction 7. As the decomposition for
each basis vector 4% and 7% is fixed, the conversion between
them reduces to a simple matrix multiplication (for detailed
derivation see Note $1°*°2). This decomposition enables us to
adopt a vector representation of the full displacement field (see
Note $2°*%). In this way, we can rewrite the functional and its
derivatives in terms of matrices, facilitating a minimization of
the functional in a reasonable amount of time. This minimiza-
tion happens in the subset of displacement functions that
match the surface profile (obtained by either experiment or
simulation) and is performed using the conjugate-gradient
method (detailed explanation in Note $3°*°°),

2.3 Data simulation

To obtain a reference solution which can be used to simulate
experimental data, we use the analytical solutions of axisym-
metric stress problems presented by Mietke et al.** This repre-
sents a special case of the general solution presented in Section
2.2. A given axisymmetric traction profile 7(f) on the surface of
a sphere can be decomposed via a set of coefficients a, and ey,

using the orthogonal Legendre polynomials P,:

=2

T,(0) = o,.(ro,0 —Z“Z n(n— V)a,r}
(10)
+ (n+1)(n* —n—2—2v)e,ry] Py(cos0),
To(0) = a,9(ro,0 —ZMZ (n—Dayrg 2
(11)
(2 4+ 20— 1+ )] Fn(086)

do

These coefficients directly determine the full solution for the
displacement of the sphere resulting from the traction:

Z —na,r” + (n+1)(n-2+ 4V)€nl‘"+1}Pn(COS 0),
n=0

(12)
Z (n+5 — d)epr 1] n(c0s0) g’os 9 (13

n=0

For any boundary condition 7(6), we can now quickly
calculate an analytical solution for the full deformation field
u(r, 8, @) inside the sphere. The described decomposition is
of infinite size, so we need to set a cutoff order for the sums
Nmax = 50 was found to be a sufficient compromise between
computational speed and accuracy (see Fig. S2).

To simulate image data for the volume method, we create
two 3D arrays; I(x, y, z) for the undeformed and I(x, y, z) for the

This journal is © The Royal Society of Chemistry 2026
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deformed image. Its entries represent intensity values simulating
the fluorescence measurements. To obtain these values, the
algorithm creates uniformly randomly distributed nanoparticle
positions inside a sphere of radius r,. Each voxel’s intensity value
is then generated by evaluating a squared Gaussian point spread
function (PSF) for every nearby nanoparticle. For the deformed
picture, we apply the deformation field obtained in eqn (12) and
(13) to each of the nanoparticles and repeat the remaining
procedure. In both cases, we add Gaussian displacement noise
with amplitude 645, = 0.17 px to the nanoparticle positions
before the evaluation of the PSF, resembling experimentally
observed noise.*® The full procedure is explained in more detail
in Fig. S3. If not stated otherwise, we use the simulation
parameters as given in Table S1. Resolution as well as micro-
particle and nanoparticle properties closely resemble the experi-
mental conditions in the original volume method publication.*®

For the surface method, we generate N = 2000 surface points
using a Fibonacci spiral lattice, which distributes successive points
by the golden angle ¢, = n(v/5 — 1). This yields a nearly uniform
areal density across the entire sphere with a mean surface spacing
of \/4nr¢?/N =~ 1 um, matching the expected resolution of the
surface reconstructions (a smoothing function with window size
1 um was used in the original surface method implementation®).
In contrast to the GLQ grid (used for the actual minimization and
efficient traction evaluation by the spherical harmonics approach),
the Fibonacci lattice avoids the polar oversampling inherent in
latitude-longitude grids, and reconstruction performance between
polar and equatorial force application is expected to be unbiased.
For each point, we apply the calculated displacement field to
obtain the positions of the deformed surface. Noise is implemen-
ted as surface roughness, added as a spherical random field in a
spectral approach. Random spherical harmonic coefficients aj,,
are drawn from a Gaussian distribution with zero mean and a
continuous power spectrum

C o (1+1) (14)

with power-law exponent f and minimum degree [, = 2
(suppressing monopole and dipole terms to prevent global
radius shifts and net displacement offsets). The coefficients
are re-normalized so that the root-mean-square (rms) radial
perturbation of the resulting field equals a prescribed relative
amplitude o, (expressed as a fraction of the reference radius 7).
The perturbed surface is obtained by scaling each point’s radial
coordinate by (1 + J (6, ¢)), where ¢ is the roughness field
interpolated at the Fibonacci point locations via bicubic inter-
polation on the GLQ grid. To characterize the traction-free region,
we provide a boolean array. Its entries, each representative for one
point, indicate if it is in the traction-free area (true) or not (false).
This array is used to calculate the matrix P for the functional (see
Note S2). Visualizations for an exemplary Fibonacci grid with
applied traction field, traction-free regions, and roughness field
are given in Fig. S4 and S5. For the evaluation of the functional,
the spherical harmonic cutoff was chosen as /;,,x = 20 to maintain
feasible runtimes: changing [,.x from 20 to 30 increased the
runtime per period from 5-10 seconds to 90-150 seconds, without

This journal is © The Royal Society of Chemistry 2026
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a substantial gain in accuracy. In this case, there is effectively no
need to include the anti-aliasing term in the functional, which
only applies for SH components with [ > 20; for the sake of
completeness we still included it in the surface method section.
For very localized profiles, it is necessary to increase /.y, depend-
ing on the area of force application, see discussion. We quantify
the dependence of the reconstruction quality on /;,.x in Fig. S6,
confirming /.« = 20 as a reasonable choice. If not stated other-
wise, the simulation parameters as given in Table S1 are used. The
same material parameters as for the volume method were chosen
to ensure comparability.

2.4 Error calculation

To quantify the accuracy of the recovered traction profiles, we
assess the normalized mean absolute error (NMAE). In our
analysis pipeline, the traction data is evaluated on a GLQ grid
with points x,(0; ¢;) for both surface and volume method.
Choosing 0; € [0, 180°], the NMAE for a traction component
is then given by

ed ‘
S w|aPTEC — true
0;€Q

true
> ]

0;€Q

NMAE = (15)

The weights w; = sin6; correspond to the GLQ weights,
accounting for the significantly higher point density near the
poles due to the smaller spherical surface element d4 = sin 0d0de.

This L;-based error metric was chosen for its increased
robustness against local noise-induced fluctuations compared
to L,-based metrics. By performing a global normalization with
the mean absolute true traction, rather than pointwise normal-
ization, the metric remains well-defined and avoids artificial
amplification of errors in regions where the ground-truth
traction approaches zero.

2.5 Fabrication of DNA-based hydrogel microparticles

DNA was purchased either from Integrated DNA Technologies
(unmodified DNA, purification: standard desalting) or Biomers
(modified DNA, purification: HPLC). All DNA strands used to
form the DNA-HMPs, apart from fluorophore-labeled strands,
were diluted in 10 mM Tris (pH = 8) and 1 mM EDTA (Sigma
Life Science) to yield 800 um stock solutions. Fluorophore-
labeled strands were diluted in MilliQ water to yield 800 um
stock solutions.

All DNA sequences are listed in Table S2. The DNA stock
solutions were stored at —20 °C. Annealing of the DNA nano-
stars (A/B) was achieved by mixing the three respective DNA
single-strands A-1, A-2, A-3 or B-1, B-2, B-3 at equimolar ratios
resulting in 150 pm solutions of the DNA nanostars A and B. In
all experiments, 4 mol% of cyanine-3 (Cy3)-labeled strands (B-1-
Cy3) were added for visualization by confocal fluorescence
microscopy. Phosphate-buffered saline (PBS; Gibco) solution
at a final concentration of 1x as well as a final concentration of
10 mM of MgCl, were added for annealing. The nanostars A
and B were annealed in a thermal cycler (BioRad) by heating the
samples to 85 °C for 3 min and subsequently cooling to 20 °C at
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an increment rate of 0.1 °C s '. To create DNA-HMPs, the
nanostars A and B were then mixed at 30 um final concen-
tration together with the DNA linker strand at 90 um concen-
tration in a solution of 1x PBS and 10 mM MgCl,. Fluorescent
nanoparticles (fluorescein-tagged fluoresbrite yg microspheres
(size: 0.3 pum), Cat. No. 24051, Polysciences) were added at
1 vol% to the above solution to create trackable markers
(nanoparticles) inside the DNA-HMPs.

The DNA-HMPs were then formed in a droplet-templated
manner following the encapsulation of the above solution
into water-in-oil droplets with an oil-shell consisting of 2 wt%
perfluoropolyether-polyethylene glycol (PFPE-PEG, RAN Bio-
technologies) dissolved in HFE-7500 (Iolitex Ionic Liquids
Technologies). Encapsulation was achieved by adding the aqu-
eous solution on top of the oil phase in a volumetric ratio of
1:3 in a microtube (Eppendorf, typically 50 puL aqueous to
150 pL oil phase) and vortexing.>”*® The droplets were then stored
at 21 °C room temperature for 72 h to allow the DNA-HMPs inside
the droplets to fully assemble. After that, the DNA-HMPs were
released from the water-in-oil emulsion by first adding the buffer
solution of 1x PBS and 10 mM of MgCl, at 1.5x of the initial
volume on top of the droplet emulsion, and subsequently break-
ing the emulsion. To break the droplet emulsion, 1H,1H,2H,2H-
perfluoro-1-octanol (Merck) was added on top of the buffer and
droplet emulsion, and the mixture incubated for 30 min. The
released DNA-HMPs in solution were then transferred to a new
microtube for further use.

To equip the DNA-HMPs with a lipid coating, small unilamellar
vesicles (SUVs) were formed. They were produced by mixing lipids
(99% 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti Polar
Lipids, Inc.) and 1% Atto-633-labeled 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine (Atto-633-DOPE, Atto-Tec GmbH)) dissolved in
chloroform (Honeywell) in a glass vial. The solvent was then
removed under nitrogen gas and the glass vial placed into a
desiccator for 20 min. The lipids were resuspended at a concen-
tration of 10 mM in 1x PBS (Gibco) by shaking the glass vial at
900 rpm at room temperature for 10 min. From this solution, SUVs
were extruded through a polycarbonate filter (100 nm pore size,
Whatman) with 21 passages. The extruded SUVs were stored at
4 °C. All lipids were stored at —20 °C in chloroform.

Separately, cholesterol-tagged A-nanostars (A-chol) were pre-
pared by annealing the single strands A-1-chol, A-2 and A-3 at
equimolar ratios resulting in a 150 um solution of A-chol. Prior
to mixing, A-1-chol strands were incubated at 60 °C for 1 min to
break up any aggregates of the cholesterol. Briefly, 50 uL of a
DNA-HMP suspension was centrifuged using a C1008-GE
myFUGE mini centrifuge (Benchmark Scientific) for 1 min,
removing 30 pL of supernatant after centrifugation. The DNA-
HMP pellet was then mixed with a final concentration of 5 um A-
chol and incubated for one hour to ensure uptake of A-chol into
the DNA-HMPs. The DNA-HMPs were then washed three times
with a 1x PBS and 10 mM MgCl, solution before adding SUVs at
a final concentration of 1 mM lipids on top of the DNA-HMPs,
incubating at 4 °C overnight. Following three more washing
steps after the overnight incubation using 1x PBS and 10 mM
MgCl, buffer, the lipid-coated DNA-HMPs were ready to use.

Soft Matter
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2.6 Fabrication of the microwell trapping device

Microwells for DNA microparticle trapping were fabricated using a
custom-engineered setup, consisting of a Polygon digital micro-
mirror device (DMD) pattern illuminator (MIGHTEX Polygon 1000)
coupled to an inverted fluorescence microscope (Axio Observer 7,
Carl Zeiss AG). The system was controlled by custom-written
scripts based on Python 3.12.4 and the ZEISS ZEN Macro Environ-
ment. Printing was performed with a 5x objective (Plan-
Apochromat 5x/0.16 M27, Carl Zeiss AG), defining the field of
view for each exposure. Binary illumination masks consisting of
square microwell frames and a three-letter alphabetical barcode
were generated programmatically. To pattern the full sample area,
adjacent 5x tiles were sequentially exposed by looping over the
entire probe area, with the barcode letters automatically incremen-
ted for each microwell and tile. Illumination was provided by a
built-in 385 nm LED, and each tile was exposed for 800 ms.
Samples mounted on the microscope consisted of a 3D-printed
PLA-based four-well chamber slide glued to a silanized 24 mm x
60 mm x 170 pm glass slide using two-component adhesive (eco-
sil, picodent). The glass slides were silanized to allow for covalent
binding of the printed microwells. For this, glass slides were
cleaned by sonication in ethanol for 15 min, plasma-activated
for 7 min at 200 W using ambient air (PVA TePla 100, PVA TePla
AG), and subsequently immersed in a solution of 2% v/v trimethoxy-
silylpropyl methacrylate (TMSPMA) in toluene (300 mL) overnight,
prior to washing in ethanol and MQ water. The wells were filled
with a photoresist comprising 50 v% PEGDA 575 (Sigma Aldrich)
in MQ water, 5 g L' lithium phenyl-2,4,6-trimethylbenzoyl-
phosphinate (LAP, Sigma Aldrich), 5 g L™ " ascorbic acid (Sigma
Aldrich), and 10 g L ™" tartrazine (Sigma Aldrich).

2.7 DNA-HMP deformation and imaging

The printed microwells were coated for 5 min with poly(vinyl-
alcohol) (PVA, 50 mg mL ™", Sigma Aldrich). The wells were
subsequently washed 3 x by rinsing with a buffer solution of 1 x
PBS and 10 mM MgCl,. To soak the wells in the same buffer
solution, 200 puL of the buffer remained in the wells after
washing. Prior to imaging, 10 pL of the DNA-HMP suspension
was evenly added onto the buffer-soaked wells and allowed to
settle for 20 min. Next, a likewise PVA-coated glass coverslide
(diameter: 10 mm, Carl Roth) was added onto the wells. The
DNA-HMPs in the wells were imaged on an LSM 900 Zeiss
confocal fluorescence microscope (Carl Zeiss AG). Using a Plan-
Apochromat 20x/0.8 air M27 objective, a tile-scan of the entire
area containing the microwells was taken and later used as a
reference for DNA-HMP deformation. Suitable DNA-HMPs were
then selected and the corresponding positions were saved.
Using a 63 x/1.2 W korr objective with oil immersion, reference
z-stacks of the DNA-HMPs in the microwells were acquired
using resolution-optimized Airyscan mode and 3 x digital zoom
at 512 px xy-resolution with 200 nm z-steps. The factor to
convert voxels (pixels) to microns is approximately 0.099 for
the x- and y-directions and 0.2 for the z-direction, resulting in
an anisotropic resolution that is worse in z by a factor of about 2.
To deform the DNA-HMPs, a 3D-printed circular weight
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(polylactic acid, white, diameter = 9 mm, 0.5 g) was placed on
top of the glass coverslide, pushing it down and onto the DNA-
HMPs. Next, z-stacks of the deformed DNA-HMPs were col-
lected in the same manner as the reference stacks. Lifting off
the adapter, the DNA-HMPs were allowed to relax from their
deformed state to an undeformed one over several minutes and
imaged again using the same settings, allowing us to observe
the DNA-HMPs during relaxation. Mechanical characterizations
of the DNA-HMPs were also performed to measure relevant
elastic parameters (see Fig. S7).

2.8 Preprocessing of DNA-HMP images

To obtain suitable image pairs from experimental data for the
correlation algorithm in the volume method workflow, the
undeformed and deformed images of the nanoparticle config-
urations inside the DNA-HMPs were aligned with each other,
including centering, cropping, and thresholding steps using
custom Python scripts. To recover a set of points describing
the microparticle surface for the initial radial displacement field
guess for the surface method, the fluorescent information of the
Cy3-tagged DNA network was analyzed, including blurring and
thresholding in Image],*® and surface reconstruction steps in
GeoV."” The detailed procedures are explained in Fig. S8-S10.

2.9 Finite element simulations of hyperelasticity

In order to check the validity of linear elasticity in the reconstruc-
tion procedures, simulations with the finite element method
(FEM) were performed using the software package FEniCSx, which
allows for easy use through the unified form language for weak
formulations.*®*® Traction-indentation curves were simulated
using both linear elasticity theory (LET) and nonlinear elasticity
theory (NLET), the latter implemented using the neo-Hookean
model. The microparticle is meshed in PyGmsh as a sphere with a
radius of 10 um, with Young’s modulus 1.5 kPa, and Poisson’s
ratio 0.45. Surface displacement fields (¢f eqn (12) and (13)) are
entered as a Dirichlet boundary condition for displacement of the
mesh nodes, after which the remaining displacement field is
solved subject to the constitutive relation. A similarly discretized
version of eqn (3) is used for the LET-model.

To solve for the internal displacement field in the case of
hyperelasticity, the first Piola-Kirchhoff (PK1) stress tensor for
the NLET model is derived from strain energy density

b= 3) ~ pin g +Zn (16)
PZZT‘/;:#(F_F*T) +AIn(J)FT, (17)

using the deformation gradient tensor F, volume ratio /, and first
invariant 1..>° The resulting nonlinear system is solved using a
Newton scheme. Its residual is defined in weak form with
displacement field u as trial function and a test function v, as

Rsv) = J'QVV:P(u)dx. (18)
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After convergence, the total magnitude of PK1 traction is
computed using the direct method following

Tiot = J || Pn||dA, (19)
0Q

wherein n denotes the surface normal of the reference configu-
ration. The expression for stress from eqn (3) was used to
compute traction magnitude for LET. Linescans were per-
formed for each type of deformation (Hertzian contact, inden-
ter, ring), comparing the total integrated Piola traction between
the models. Visualizations of the simulated deformations and
traction profiles were made in ParaView.

3 Results and discussion
3.1 Performance comparison using simulated traction fields

To systematically compare the surface and volume methods,
both were applied to simulated experimental data of three
axisymmetric traction profiles, shown in Fig. 2. The first profile,
known as Hertzian contact, mimics the compression of a
sphere between two walls, replicating interactions with large
bodies, such as other cells or rigid surfaces (Fig. 2(a)). The
magnitude of indentation in the Hertzian contact profile is
characterized by the contact radius a. The overall shape of the
relevant traction component T, is recovered successfully by
both methods (Fig. 2(b)), even though the surface method
matches the original profile more closely. As visible in both
the deviation maps (Fig. 2(c)) and the super-imposed cross-
section (Fig. 2(d)), the reconstruction of the volume method
appears attenuated (~30%) and spatially broadened, under-
estimating the peak magnitude and spreading significantly into
the traction-free region. In contrast, the surface method exhi-
bits a slight overshoot and ringing at the edge of the traction
profile, likely due to the Hertzian contact’s singular slope at the
contact boundary, which is difficult to resolve with a finite-
order spherical harmonic representation. The other two recov-
ered traction components Ty and T, are shown in Fig. S11.
The second profile is a Gaussian ring-like indentation,
reproducing the compression of a sphere observed during
phagocytic engulfment (Fig. 2(e)).° The shape of the Gaussian
is characterized by 0, (width) and T, (magnitude), see also
Note S4. Again, the recovered T, component of the volume
method appears attenuated (~30%) and spatially broadened,
albeit less strongly than for the Hertzian contact (Fig. 2(f)-(h)).
Interestingly, at the same time the volume method significantly
overestimates the magnitude of the T, component (~ 5-fold),
and also shows spatial broadening for the component
(Fig. S12). A potential explanation is that the underlying dis-
placement field is already blurred in the volumetric reconstruc-
tion. Because the direct volume method obtains stresses by
spatial differentiation of this field, the broadened displacement
gradients can produce artificial angular shear, which manifests
as a spurious T, component. For the surface method, T, is
also overestimated, but to a lesser extent (~3-fold) and
without spatial broadening, likely because the surface-based
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Fig. 2 Traction reconstruction for three axisymmetric loading scenarios. (a)—(d) Hertzian contact (flat compression). (a) Top half of the deformation
geometry, which is symmetric around the xy-plane for this and the following two scenarios. (b) Ground truth traction field of the principal traction
component T, followed by reconstructions obtained with the volume and surface methods. The surface method closely reproduces both the magnitude
and spatial distribution of the reference traction. The volume method captures the overall structure. (c) Deviation and superimposed cross-sections (d) of
the relevant traction component, showing that the volume method exhibits underestimation in the loaded region and compensating deviations in
adjacent traction-free areas. (e)—(h) Ring (phagocytosis-like equatorial indentation). Again, both methods recover the overall profile shape of T,, with the
surface method matching the ground truth more closely. (i)-(l) Indenter. For this strongly localized loading profile, the surface method recovers the
spatial profile of T, but underestimates peak magnitude. The volume method shows pronounced attenuation and spatial spreading of the applied
traction. Full traction profiles are provided in Fig. $11-513. Simulation parameters: £, = 1500 Pa, v = 0.4, a = 0.5 (Hertzian contact), 65"9 = 0.1, gifdenter =

0.08, T = 500 Pa (ring and indenter).

regularization enforces smoother and more physically consis-
tent traction fields.

The third profile reflects a Gaussian indentation, localized
at the poles and designed to assess the reconstruction of point-
like traction profiles as observed with focal adhesions or viral/
particle entry (Fig. 2(i)). Again, the shape of the Gaussian is
characterized by 0, (width) and T, (magnitude). For the width
0o = 0.08 examined here, the shape of the volume method
reconstruction is barely visible, but resembles the expected
shape (Fig. 2(i)). The magnitude, however, is strongly attenu-
ated (~90%, Fig. 2(1)). For the surface method we also observe a
significant attenuation (~40%), which was not present for the
other profiles, and an overestimation of the T,-component
(Fig. S12). The significant attenuation for the surface method

Soft Matter

can be attributed to the finite spatial resolution imposed by the
maximum spherical harmonic order /;,,x. When the width of
the traction profile approaches the corresponding spatial sam-
pling limit, the reconstruction amplitude decreases. This effect
is explicitly shown in Fig. S14, where the performance of the
surface method as a function of 6, significantly drops below a
certain width of the indenter.

The closed-form equations of all three traction profiles are
shown in Note $4.°”°® The simulation and analysis parameters,
described in Table S1, are based on experimental studies.>**°
The stiffness of the microparticles is characterized by Young’s
modulus E, and Poisson’s ratio v. The set noise levels led to
comparable variations in the vanishing traction components (see
T,/T, in Fig. $11 and T,, in Fig. $12), enabling a fair comparison.
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We then numerically evaluated the errors across the sphere
for a range of different noise amplitudes and indentation
strengths using the normalized mean absolute error (NMAE)
(Fig. 3, numeric error values see Fig. S15). Comparing both
methods, we find that the errors for the surface method are
consistently lower for all examined scenarios. As expected, the
performance generally decreases with noise for both methods.
Even though the absolute error values of the volume method
are higher, the sensitivity of those errors to noise appears to be
much lower. This indicates a robustness of the volume method
to displacement noise in the microparticles.

The volume correlation algorithm appears to recover the
field reliably, up to a certain noise level (nanoparticle displace-
ment noise ~1 pixel) where the errors diverge. The higher noise
sensitivity of the surface method is expected as the surface
roughness noise directly propagates into the measured surface
displacements and therefore the corresponding traction. For the
Hertzian contact profile, the errors of both methods decrease with
larger indentation, minimum NMAE error values are 55%
(volume) and 8% (surface), respectively, for a maximum relative
indentation of 21%. For the ring profile, both methods show a
significant decrease in performance with an increase in magni-
tude of the deformation, increasing from 20% to 87% (surface)
and from 120% to 190% (volume) from the lowest to highest
indentation considering no noise (maximum relative indentation
ranging from 2.4% to 24%). For the indenter, lowest absolute
NMAE values across all methods and scenarios of 3% were
observed at 10-15% maximum relative indentations with the
surface method considering no noise. Here, for the volume
method, the lowest error values of 66% were observed at higher
magnitudes around 30% indentation, again displaying a

a Hertzian contact b
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remarkable robustness to noise increase. The described trends
did not change when the error evaluation was constrained to a
localized region around the maximum force application (Fig. S16).

We also evaluated the aforementioned variant of the surface
method where a lower number of spherical harmonics is used
(Imax = 5), and only radial displacements are assumed.*"** This
corresponds to the initial guess before the optimization of u via
the functional. This variation of the surface method shows
higher errors than both volume and surface method in most
cases apart from very high noise and indentation levels, as
shown in Fig. S15. When the error evaluation was constrained to
a region around the maximum force application (see Fig. S16),
this “truncated” surface method outperformed the volume
method, but both were again outperformed by the surface
method. Following the discussion above and in Fig. S14, this
can partially be explained by the lower number of spherical
harmonic coefficients, which may not be able to sufficiently
resolve the localized nature of the ring and the indenter (effective
width ~ 0.2/0.3 rad, minimum effective wavelength of Legendre
polynomial ~ 0.6). However, even for the more delocalized
Hertzian contact, the errors of the truncated surface method
are much higher (e.g., 90% versus 9% of surface method at
a=0.3). This indicates that while computationally expensive, the
optimization of the displacement solution via the energy func-
tional appears to be the crucial step that gives the surface
method its competitive edge. One may argue that this is caused
by the significant additional information provided in the
traction-free region. However, previous simulations using a
scenario comparable to a Hertzian contact with a = 0.3 found
that leaving out the traction-free region made almost no differ-
ence in performance in the magnitude range where the surface
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sphere) of the radial traction field component T, reconstructed by volume method (a)—(c) and surface method (a’)-(c’) for the Hertzian contact, ring, and
indenter scenarios, evaluated over a range of noise levels and loading parameters. Given the chosen simulation parameters, 1% displacement noise
corresponds to one pixel. An extended version of this figure is shown in Fig. S15. Traction profile parameters: Eq = 1500 Pa, v = 0.4, 03" = 0.1, 979"’ =

0.15, simulation parameters see Table S1.
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method significantly outperforms the truncated one.>® A possi-
ble explanation for why removing the information about the
traction-free regions does not substantially affect the recovery is
that the elastic energy and the traction-free penalty term have a
similar potential landscape in the functional and minimize u
into similar directions. The elastic energy term appears to
penalize non-physical displacement profiles. Accordingly, the
assumption of the surface displacements being only radial
(#]|é,) appears to not describe the physical reality of most
systems, which is also apparent from considering the deforma-
tion sketches in Fig. 2(a), (e) and (i). Despite these shortcomings,
there are regions of similar performance between surface
method and truncated surface method, particularly at higher
noise levels, where the truncated approach with significantly
lower computational runtimes can be deemed sufficient.

3.2 Surface effects of volume method

To understand the substantial performance deficits of the volume
method, we examined both its experimental and analysis hyper-
parameters. First, we systematically varied nanoparticle size and
nanoparticle seeding density to assess whether this reduced
reconstruction errors, with full results for each configuration
given in Fig. S17. While we found that the error does depend
on both parameters, and increased significantly especially for
small nanoparticle diameters (50 nm) under the resolution limit,
the parameters used throughout the simulations (200 nm dia-
meter and 0.002 nanopatrticles per voxel) are close to the optimal
parameter choices for all scenarios and even the lowest error
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values obtained are still significantly above those of the surface
method, showing that the experimental hyperparameters of the
volume method are not responsible for the higher errors.

Next, we examined the behavior of the volume correlation
algorithm FIDVC"® close to the surface and its connection to
the evaluation radius r,, an important analysis parameter. 7.
defines the radius of the sphere on which the derivatives of the
displacement field are evaluated to obtain the traction profile.
In the original volume method publication,® r. = 0.8r, due to
problems with the recovered displacement field directly at the
surface. The problematic nature of these “surface effects” can
be demonstrated when applying the volume method to the
simplest deformation possible: the isotropic compression of a
sphere under a given pressure, i.e. only a change in radius.
Fig. 4(a) shows the values for the radial displacement u,
recovered with the FIDVC for the isotropic compression, which
are very accurate up to r/r, = 0.8 and then show slight deviations
closer to the sphere surface (r = r,), with the absolute values still
being reasonably close. However, to calculate the traction, we
have to compute the strain u,, and therefore the derivative 0,u,.
As a result, what at first sight appears to be a minor absolute
deviation, leads to very strong relative deviations near the
sphere surface, as shown in Fig. 4(b). We also observe stronger
deviations in the z- than in the x- and y-directions, which we
attribute to the lower resolution we set in that direction to
mimic the lower resolution in that direction typical for z-stacks.

For the isotropic profile, u,, and therefore also the traction is
constant throughout the sphere due to the constant slope
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Fig. 4 Surface effects of the volume method appear to be the main reason for the higher error rates. (a) Radial displacement u, for isotropic
compression profile. (b) Strain component u, = 0,u, (derivative of subfigure (a)) for isotropic compression profile, note that T, ~ u,. (c) Radial
displacement u, for the previously examined scenarios, showing even larger deviations near the surface. (d) Normalized mean absolute errors for all

scenarios, showing larger errors for localized profiles (ring, indenter).
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observed in Fig. 4(a). Therefore, decreasing r. still leads to
accurate results for this scenario. However, for more complex
and especially more localized profiles, the slope changes
significantly towards the sphere surface, shown in Fig. 4(c).
The deviation of the FIDVC results from the ground truth is
most prominent for the very localized indenter profile with the
steep slope increase near the surface. Therefore, evaluating the
components anywhere inside the sphere leads to significant
underestimation in the traction profile for the volume method,
as evident from Fig. 4(d). Regardless of evaluation radius, the
obtained errors for the three examined scenarios are all more
than a magnitude higher (60-200%) than that obtained for the
isotropic compression (<10%). For this reason, the volume
method is very suitable for measuring isotropic compression.
In its standard configuration without a reference image, the
surface method is unable to measure compression, as for the
initial guess of the radial displacement solution it assumes an
incompressible sphere. In theory, however, pressure could be
measured by considering a reference picture of the micropar-
ticle and measuring the difference in total volume.

These findings point towards a central problem of the
volume method: we can either move the evaluation radius
inside to get a more accurate measurement of the displacement
field, but lose the important information near the surface, or
we move it further to the surface, but then lose accuracy
because the volume correlation algorithm is not able to prop-
erly track displacements anymore due to the lack of nano-
particles close to and outside of the surface. The decomposition
described in eqn (10)-(13) explains the underlying reason.
When decomposing the traction on the surface via the
Legendre polynomials, profiles that are more localized on the
surface result in larger coefficient terms a, and e, for higher
orders of n, corresponding to the necessity of higher frequency
components to resolve the profile. These higher order terms
then also result in higher powers of r for the displacement,
considering the scaling of components ~a,”" ' and ~e,”"".
The higher powers r* then lead to larger values near the surface
of the sphere.

We also simulated blurring of nanoparticles by widening the
PSF. Results are shown in Fig. S18. For both Hertzian contact
and indenter scenarios, error increased with blurring strength
and plateaued when the blur reached the order of 3 pixels. For
the ring profile, surprisingly the blurring had only a limited
impact on the reconstruction error. The effect, however, might
be hidden in the generally higher baseline errors observed for
the ring-loading configuration.

3.3 Experimental evaluation using DNA hydrogel
microparticles

Next we experimentally implemented the volume and surface
methods to compare their performance in practice. For this
purpose, we employed DNA hydrogel microparticles (DNA-
HMPs), which enable both approaches within a single experi-
mental system. As shown in Fig. 5(a), the cross-linked DNA
forms a fully fluorescent sphere allowing us to recover the
sphere surface needed for the surface method, while embedded

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

nanoparticles facilitate the tracking necessary for the volume
method. We additionally decorated the DNA-HMP surface with
small unilamellar vesicles (SUVs) in an effort to more directly
label the DNA-HMP surface. Reconstruction of the DNA-HMP
surface from the SUV-coating images, however, proved unsuc-
cessful for our setup (Fig. S10). Nonetheless, SUV-addition
remains attractive for future experimental settings in vitro as
the SUVs can be used to functionalize the DNA-HMP surface
with ligands or receptors, forming more natural interfaces with
cells. We also tuned DNA-HMP stiffness to E, ~ 1.1 kPa
(Fig. S7), which is comparable to values utilized in previous
studies (~1.4 kPa®).

To apply controlled forces, DNA-HMPs were trapped in
microwells and compressed from above by a glass coverslide
with increasing load facilitated by the addition of a 3D-printed
weight (see Section 2.7). This way, it was possible to lower the
applied force again after deformation by removing the weight
(Fig. 5(b)~(d)). As the glass slides are significantly stiffer
(E ~ GPa) than the DNA-HMPs, the particle is expected to
deform with a Hertzian contact profile as introduced above in
Fig. 2(a). The localization of microparticles in individual wells
enabled us to take a reference picture of the uncompressed
DNA-HMP for the volume method before or after compression.

We then applied the volume and surface method workflows
established for the simulations to experimental data. Since our
DNA-HMPs did not have a suitable indicator for traction-free
regions for the surface method, this term does not contribute to
the energy functional here, but should also not decrease perfor-
mance significantly for the expected deformation levels.>
Fig. 5(e) and (f) show our results for one representative example.
We note that the obtained traction profiles for the bottom side of
the particles facing the microwell are similar in shape to the
analytical Hertzian contact solution for a suitable contact radius
(with a = 0.45). Evaluating the NMAE from the analytical solution
across the bottom half of the sphere (z < 0) yields 35% for the
surface method and 64% for the volume method, again showing
a performance advantage of the surface method. However, the
volume method appears to perform much closer to the optimum
NMAE achieved in the simulations without noise (56% for
a = 0.5) than that of the surface method (8% for a = 0.45, both
see Fig. S15). We attribute this to the aforementioned robustness
to noise of the volume method, where the NMAE is basically
unaffected up to displacement noise values of 0.5% px " in the
simulations. For the surface method, on the other hand, as
shown in Fig. 3, the NMAE strongly scales with surface noise,
and assuming no other noise sources, the experimentally
obtained NMAE for the given indentation (@ = 0.45) suggests
an effective surface roughness of around 2% for the surface
method. Analyzing the surface roughness of the undeformed
microparticle via the NRMS, we indeed find a value of ~2.6% for
the bottom half of the sphere.

For the top side of the DNA-HMP, the traction reconstruc-
tions by both methods appear less accurate (Fig. S20), reflected
in higher NMAE errors of 130% for the volume method and
82% for the surface method. We attribute the decrease in
performance to a deterioration of resolution near the top of
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Fig. 5 Design of experimental system and recovered traction profiles. (a) Confocal images (top row) and sketches (bottom row) illustrating the design
and composition of DNA-HMPs engineered for this study. Confocal images show the DNA network composed of Cy3-labeled DNA nanostars (yellow,
Jex = 561 nm) with embedded fluorescein-labeled nanoparticles (green, Aex = 488 nm) and coated with Atto-633-labeled SUVs (red, lex = 640 nm). The
final image shows a fluorescence overlay of all channels and components. The fluorescent nanoparticles thus label the volume; the DNA itself and the
SUVs carry information about the surface shape, allowing for comparison of the methods on the same particle. Scale bar: 20 um. (b) Exploded-view 3D
rendering of the deformation setup as a custom 3D-printed 4-well holder (11 mm diameter wells), glued onto a glass slide and equipped with laser-
printed PEGDA-based microwells of 40 um diameter. Following DNA-HMP deposition into the microwells, the large wells were covered with a glass
coverslide and the DNA-HMPs weighed down with a ring weight. (c) Sketch depicting the top-view of the observation chamber with the four large wells
and printed microwells. The zoom image depicts a DNA-HMP deposited into one of the microwells. Scale bar: 20 um. (d) Sketch depicting DNA-HMP
deformation in a microwell by the deposited glass slide as a side-view. (e) Exemplary recovered traction profiles (bottom view on T,) for both methods
from the same microparticle (assuming Eq = 1.1 kPa, v = 0.4), and error/deviation from a Hertzian contact profile with a suitable contact radius (a = 0.45).
(f) Superimposed cross-sections of traction profiles. Each line starts at the equator and finishes at the equator on the opposite side of the sphere.

(Equator x>0)

the surface, as evident by the recovered microparticle surface
(Fig. S21). The top part clearly shows visible roughness with an
NRMS value of 3.3% (Fig. S19), which again directly translates
into higher NMAE for the surface method. As the performance
of the volume method appears to be affected as well, we assume
a decrease in imaging quality (fluorescence signal compared to
noise) towards the top, possibly caused by higher scattering, to
be responsible for the performance decrease. This problem is

Soft Matter

common for z-stack imaging and has also been observed for
polystyrene particles, inspiring the usage of deformable acryla-
mide-co-acrylic acid microparticles in the original surface
method study.”® The particles used in that study were also
more homogeneously spherical, with an NRMS of <1%, which
as in our case includes sphericity deviations caused by both
imaging and variations in the particles themselves. The asym-
metry could partially also be caused by the glass slide on the

This journal is © The Royal Society of Chemistry 2026
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top, while it is pushed down by the weight, or by movements of
the scanning microscope. Further, because our force applica-
tion occurred along the z-axis, along which resolution is typi-
cally lower in confocal microscopy, results might improve when
considering a different axis for force application. Our results
imply that with improved imaging and force control, recon-
struction quality could be higher in future experimental setups.
Three-dimensional microscopy images for this DNA-HMP are
shown in Fig. S22. Images of a second microparticle are given
in Fig. S23, showing again a spatial broadening of the traction
profile for the volume method and similar problems on the top
side of the microparticle compression setup.

Experimental implementation of the volume method proved
challenging, mainly due to the simultaneous requirements of
controlled force application, high-quality volumetric imaging,
and stable reference image acquisition. Consequently, the
number of microparticles which yielded reliable reconstruc-
tions was limited. For the surface method, deformed surface
shapes could be reconstructed and traction profiles computed
for more examined microparticles, again highlighting its
broader applicability due to ease of experimental implementa-
tion. Additional microparticle profiles showing surface method

View Article Online
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evaluations are provided in Fig. S24. The traction fields mostly
reflect the compression, but they also reveal that improved
resolution and force application are necessary to cleanly resolve
the expected Hertzian contact profile, particularly given that the
surface method relies only on information about the deformed
surface shape, which has to be captured at high quality. Despite
sample size limitations, our experimental observations are
consistent with the trends observed in our simulations: the
volume method exhibits attenuation and spatial broadening in
the reconstructed traction profile, while the surface method
generally produces sharper reconstructions but remains more
sensitive to imaging noise.

3.4 Comparison with nonlinear elasticity models

Some of the simulations performed represent strong compres-
sion scenarios ranging up to 30% in maximum relative inden-
tation. The maximum relative displacement in the experiments
are estimated to be up to 20%. This raises the question if the
assumptions using linear elasticity theory (LET) still hold. LET
is generally considered to be valid for strains up to u; < 0.1. In
Fig. 6(a), we reconstruct the strains of the experimental data
used in Fig. 5. One sees that there is a typical compressive
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Fig. 6 Limits of linear elasticity. (a) Experimentally obtained strain values of the full sized image along the z-axis. The evaluation radius is indicated by the
dashed vertical lines. Same data as in Fig. 5. (b) Analytical strain solution (u,,) for Hertzian contact scenario of different compression magnitudes,
characterized by the contact radius a. Note that now we show only one half due to symmetry. The curves have the same shapes as the experimental data.
(c) Analytical strain solution for the Gaussian indenter, compression characterized by maximum traction T. Here, the maximum observed strains are
generally higher near the surface, but increase towards the center of the sphere, in line with the observations in Fig. 4. (d) Gaussian indenter of high
magnitude (maximum relative indentation 29%), side-by-side comparison of traction profile recovered via FEM using non-linear elasticity theory (NLET,
left) and linear elasticity theory (LET, right). Both yield similar results. (e) Side-by-side comparison of LET vs. NLET for Hertzian contact (maximum relative
indentation 8%), again showing similar results. (f) Integrated traction magnitude for Hertzian contact of FEM simulations, showing good agreement
between LET and NLET up to contact radius a = 0.5. (g) Integrated traction magnitude for indenter scenario, showing good agreement even at high
compression.
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strain around 0.1 in the middle of the microparticle, which
then reaches peak values of up to 0.2 closer to the surface, until
going down to 0.0 at the two surfaces. We also note that the two
sides are not equivalent, because the microparticles are placed
on the bottom surface and loaded from the top.

The experimentally measured curve agrees well with the
simulation results for the Hertzian contact shown in Fig. 6(b),
which by construction are symmetric in bottom and top, thus
we only show one side. For the indenter scenario, the strains
observed in the simulations range even higher, up to 0.6 for the
maximum indentation level (Fig. 6(c), T = 1500 Pa).

To test if the assumption of linear elasticity leads to errors in
the traction estimation, we performed finite element method
(FEM) simulations comparing LET and NLET, the latter imple-
mented by a hyperelastic (neo-Hookean) model. As shown in
Fig. 6(d)-(g), LET and NLET yield similar results up to a
maximal relative displacement of 0.2, which is the level reached
in our experiments. The experimentally estimated contact
radius (@ = 0.45) is just below the limit of when the models
start to diverge for the Hertzian contact (Fig. 6(f)), showing that
even though the strain magnitude exceeds 0.1, the assumptions
of LET still seem to hold. For the indenter scenario, the
agreement seems to persist even to higher levels (Fig. 6(g)).

4 Conclusions

In this work, we performed a systematic comparison of the two
most common strategies used in MP-TFM: the volume method
and the surface method. Using simulated traction profiles
representing three biologically relevant loading scenarios, we
found that considering similar noise levels, the surface method
consistently reconstructs traction fields with substantially
lower errors than the volume method. Although it might appear
difficult to compare two methods that are very different in
nature, we note that both can be considered to be regularized
and that both have been optimized for MP-TFM.

Analysis of the displacement fields revealed that this perfor-
mance difference originates primarily from surface artifacts
inherent to the digital volume correlation algorithm used in the
volume method. While the recovered displacement field remains
accurate throughout most of the particle interior, tracking accu-
racy deteriorates close to the particle surface due to the lack of
fiducial markers outside the particle. Because traction reconstruc-
tion requires spatial derivatives of the displacement field, these
small deviations become strongly amplified near the boundary.
Consequently, traction fields must be evaluated at radii further
inside the particle, which leads to a loss of information near the
deformed surface where the forces are applied.

We further provide quantitative error estimates across a
range of noise levels and loading strengths for the volume
method, the surface method, and a simplified “truncated”
surface approach that omits displacement optimization, offer-
ing faster computation at the expense of accuracy. These results
establish practical benchmarks for experimental MP-TFM stu-
dies. Our analysis shows that the volume and surface methods
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exhibit different sensitivities to measurement noise. The surface
method achieves significantly lower reconstruction errors under
low-noise conditions but shows a strong dependence on surface
roughness. In contrast, the volume method is substantially more
robust to displacement noise of the embedded nanoparticles
because the correlation algorithm averages information from
many markers within the particle volume. As a result, the perfor-
mance gap between the two methods decreases at high surface
roughness noise levels, making the surface method more sensitive
to imaging conditions and to the sphericity of the used micro-
particles. For future applications, it is therefore advisable to
improve the performance of the surface method by establishing
more accurate estimates of the reference configuration. It is left to
future work to decide which method performs best in the context
of complex and time-dependent processes in real tissues, for
which confounding effects like scattering have to be taken into
account. Here it might be interesting to develop new pipelines,
like an inverse regularized method for the volume method,
especially in light of its success in classical 2D-TFM.

To experimentally validate our findings, we implemented
both approaches using DNA-HMPs equipped with fluorescent
surface labels and embedded nanoparticles. Compression of
the particles in a custom microwell setup produced traction
profiles consistent with a Hertzian contact model, and allowed
for reconstruction by both methods. In agreement with the
simulations, the surface method yielded lower reconstruction
errors, although the difference between the two approaches was
reduced under experimental conditions due to imaging noise
and the lower noise sensitivity of the volume method. The lower
noise sensitivity partially stems from the necessity of the
reference image for the volume method, but generally both
methods profit from high-quality microscope images. Still,
because the surface method does not need a reference image,
it proved easier to apply reliably, as it is independent of image
alignment or unintended nanoparticle motion, which could
occur due to microparticle rotation. As our experimental ana-
lysis was limited to the Hertzian contact scenario, more experi-
mental work is needed to verify our simulation predictions for
the ring and indenter scenario, even though it might be
difficult to obtain a ground truth in these cases. Another
interesting avenue of investigation is the use of viscoelastic
materials.

Beyond the method comparison, our results demonstrate that
DNA-HMPs provide a versatile platform for MP-TFM experi-
ments. Their tunable mechanical properties and compatibility
with multiple fluorescent labels enable simultaneous implemen-
tation of both traction reconstruction strategies. The lipid SUV
coating enables further biological functionalization, e.g., with
membrane proteins like E-cadherins and thus the creation of
more cell-like interfaces, which may facilitate future studies of
cellular force generation.

Overall, our results suggest that even though the volume
method in principle relies on fewer assumptions and uses more
information, namely the reference image and the full displace-
ment field, the surface method is generally the preferred
approach for MP-TFM due to its higher reconstruction accuracy

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D6SM00242K

Open Access Article. Published on 17 June 2026. Downloaded on 6/23/2026 8:32:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

and simpler experimental implementation. However, the volume
method may remain advantageous in situations where surface
imaging is compromised, such as near optical interfaces or in
strongly scattering environments. Our findings provide practical
guidance for selecting and interpreting traction reconstruction
methods in future MP-TFM studies.
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