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ABSTRACT 

To advance our current understanding of cell-matrix mechanics and its importance for biomaterials 

development, advanced three-dimensional (3D) measurement techniques are necessary. Cell-induced 

deformations of the surrounding matrix are commonly derived from the displacement of embedded 

fiducial markers, as part of traction force microscopy (TFM) procedures. However, these fluorescent 

markers may alter the mechanical properties of the matrix or can be taken up by the embedded cells, 

and therefore influence cellular behavior and fate. In addition, the currently developed methods for 

calculating cell-induced deformations are generally limited to relatively small deformations, with 

displacement magnitudes and strains typically of the order of a few microns and less than 10% 

respectively. Yet, large, complex deformation fields can be expected from cells exerting tractions in 

fibrillar biomaterials, like collagen. To circumvent these hurdles, we present a technique for the 3D full-

field quantification of large cell-generated deformations in collagen, without the need of fiducial 

markers. We applied non-rigid, Free Form Deformation (FFD)-based image registration to compute full-

field displacements induced by MRC-5 human lung fibroblasts in a collagen type I hydrogel by solely 

relying on second harmonic generation (SHG) from the collagen fibrils. By executing comparative 

experiments, we show that comparable displacement fields can be derived from both fibrils and 

fluorescent beads. SHG-based fibril imaging can circumvent all described disadvantages of using fiducial 

markers. This approach allows measuring 3D full-field deformations under large displacement (of the 

order of 10 µm) and strain regimes (up to 40%). As such, it holds great promise for the study of large 

cell-induced deformations as an inherent component of cell-biomaterial interactions and cell-mediated 

biomaterial remodeling. 

  



1. INTRODUCTION 

During the last decade studies have shown significant differences in morphology and behavior of cells 

when embedded in three-dimensional (3D) environments compared to seeding them onto two-

dimensional (2D) substrates [1–3]. A critical component is the extracellular matrix (ECM), which provides 

biophysical and biochemical cues to resident cells via cell-matrix interactions. It is generally accepted 

that along with the chemical signals, mechanical properties and cues play a crucial role during many 

physiological and pathological processes including development, growth, regeneration and disease 

states like cancer metastasis [4–6]. Hence, the quantification of cell-matrix mechanical interactions 

within 3D environments is extremely important for enhancing our current understanding of these 

processes, as well as for developing biomaterials that exploit the role of these mechanical interactions in 

controlling cell fate [7–10].  

 

Cell-matrix mechanical interactions are most commonly investigated using traction force microscopy 

(TFM). In TFM, tractions are computed from measured cell-induced matrix displacements [11]. TFM 

involves solving an inverse problem, which requires a mathematical (computational) approach that, 

apart from displacement data, requires information on ECM mechanical (elastic) properties. This 

method was initially developed for cells on 2D planar substrates [12–14] that have a number of practical 

advantages compared to 3D, such as the use of non-degradable substrates with linear elastic properties 

that are stable over time, compatibility with high resolution imaging and the availability of well-

established methods to recover high resolution displacement and traction fields. More recently, TFM 

has been extended to the recovery of 3D force fields exerted by cells encapsulated in linear elastic, non-

fibrillar [15] and non-linear elastic, fibrillar ECMs [16]. Especially for 3D setups traction recovery is not 

trivial, neither experimentally nor computationally, among others because of the continuous remodeling 

of the ECM by cells, which could alter the local constitutive behavior of the matrix and therefore 



compromise the validity of recovered tractions [17]. On the other hand, cell-induced matrix 

displacements already provide quantitative information on the magnitude, orientation and distribution 

of cell-matrix mechanical interactions [17], avoiding the tedious task of characterizing ECM mechanical 

properties and the computational complexity of solving for the unknown forces.  

 

To calculate cell-induced matrix displacements, fluorescent beads are typically embedded into the 

extracellular matrix to act as fiducial markers. This approach allows computing the displacements by 

well-established particle tracking algorithms [15,18] and other algorithms based on local grey scale 

distribution such as digital image/volume correlation, also known as particle image velocimetry (PIV) 

[19]. Still, the use of external markers brings about several drawbacks: fluorescent beads could alter the 

matrix mechanical properties and cells could detach and engulf the beads from the ECM, which could 

affect cell behavior and introduce errors caused by bead motion. Moreover, the accuracy and spatial 

resolution of the computed displacements strongly depends on the bead density used in the 

experiments. It must be high enough to capture cell-induced complex matrix deformations in order to 

avoid the loss of local, high-frequency spatial information [20,21]. Recently, PIV has been used to 

quantify cell-induced displacements in 3D fibrillar ECMs by directly imaging (by means of confocal 

reflectance microscopy) the fibrils without the need of fiducial markers [16,22]. However, the quality of 

the displacements computed from fibril image data has not been compared yet to displacements 

computed from fluorescent bead image data, which can be considered the reference method. 

Moreover, while PIV has been proved suitable for quantifying displacements under relatively small 

strain (less than 10%) regimes [22], alternative algorithms based on iterative image warping schemes 

such as fast iterative digital volume correlation (FIDVC) [23] or non-rigid free form deformation (FFD) 

based image registration [24] should be considered to deal with large strains. These algorithms allow 

capturing large material deformations while providing a significant increase in the spatial resolution of 



the computed displacements by combining a coarse-to-fine approach with an iterative image warping 

process. 

In this study, we demonstrate that FFD-based image registration, combined with label-free, Second 

Harmonic Generation (SHG) imaging, enables to accurately calculate cell-induced, full field 

displacements in fibrillar collagen under large deformations (defined here as strain magnitudes larger 

than 10%). The SHG-signal of collagen type I fibrils has the advantage of yielding high contrast and 

submicron resolution images in a non-invasive, label-free manner [25,26], making the use of fluorescent 

beads for displacement field calculations superfluous. In order to assess the quality of the displacements 

computed from SHG imaging, they will be compared to the displacements obtained from a high density 

of fluorescent beads attached to the collagen fibrils, which act as control.  



2. MATERIALS AND METHODS 

2.1. Materials and Products 

All chemicals were purchased from Sigma-Aldrich (Belgium) unless stated otherwise. 

2.2 . Experimental Methods 

Cell Culture 

Human fetal lung fibroblasts (MRC-5 cell line, ATCC CCL-171, LGC Standards, France) were cultured in 

75-cm² flasks in Minimum Essential Medium (MEM, Life Technologies, Belgium) supplemented with 10% 

fetal bovine serum (FBS, Biochrom AG, Germany), 100 U/mL penicillin, and 100 µg/mL streptomycin at 

37°C, 5% CO2 and 95% humidity. At 80-90% confluency cells were routinely sub-cultured using trypsin-

EDTA to detach cells. Cells for traction force experiments were seeded on Ibidi µ-slide 8 well (Ibidi 

GmbH, Germany) plates at a density of 15,000 cells/well and incubated overnight to allow for cell 

adherence. After washing three times with phosphate buffered saline (PBS), cells were treated for 45 

minutes with 12.5 µM CellTrackerTM Green CMFDA (Life technologies, Belgium) in serum free cell culture 

medium. After exposure, cells were washed three times with PBS, detached and mixed with collagen 

solution before polymerization at a concentration of 15,000 cells/mL. 

Synthesis of Collagen Type I Gels with high density of attached beads 

Cell-seeded collagen type I hydrogels containing a high density of fluorescent beads were prepared 

according to a method described previously [16] with some modifications. Briefly, hydrogels were 

prepared on ice by mixing 8 volumes of collagen consisting of rat tail collagen (collagen type I, 

10.31 mg/mL, Corning, The Netherlands) and bovine skin collagen (collagen type I, 5.9 mg/mL, Nutragen, 



Advanced Biomatrix, Germany) in complete MEM at a ratio of 1:2 and a final concentration of 2.4 or 4.0 

mg/mL diluted with appropriate amount of 10x MEM. Next, 10% (vol/vol) sodium bicarbonate (23 

mg/mL) containing 1.0 mg/mL or 1.5 mg/mL fluorescent polystyrene beads (0.2 µm or 1 µm diameter 

respectively, carboxylated, ex/em 580/605, Invitrogen, Belgium) was added. The pH of the mixture was 

neutralized using 1 M sodium hydroxide, after which 1 volume of cells were embedded as described in 

the previous section. The resulting mixture was cast in Ibidi µ-slide 8 well plates (Ibidi GmbH, Germany) 

at 300 µL/well. The gels were polymerized for 15 minutes at 37°C and subsequently immersed with 

complete MEM after which they were allowed to set for 18 hours before the start of the displacement 

experiments. 

The spatial resolution of the matrix displacement field directly depends on the density of the sampling 

points used to capture matrix deformations. In fibrillar biopolymers, the achievable spatial resolution 

would be mainly limited by the density of the fibrillar network, where fibrils naturally act as the 

sampling locations of local deformations, while embedded beads must be attached to the fibrils to 

correctly reflect matrix displacements. Hence, to perform a fair comparison between bead-based and 

fibril-based matrix displacements, the density of the attached beads must be high enough to comply 

with Nyquist sampling theorem and act as fiducial markers of the fibrils deformations. To match the 

displacement sampling between both bead-based and fibril-based images, the bead density was 

increased. At the same time the bead diameter was lowered from 1 to 0.2 µm in order to keep the total 

mass of beads in the collagen hydrogel reasonable. Distances between the attached fluorescent beads 

of the different hydrogel-bead formulations (0.2 µm vs. 1 µm fluorescent beads) were determined using 

the Nearest Neighbor Distances Calculation plugin of the image processing package Fiji (ImageJ v1.47, 

Open source software, http://fiji.sc/Fiji). These nearest neighbor distances were plotted against their 

probability density in histograms using MATLAB (The MathWorks Inc, Natick, MA USA). A Gaussian was 

fitted to the data. The increase in the bead density resulted in a decreased mean bead-bead distance 



from 8.4 to 4.8 µm (Supplementary Figure S1), correlating to a two-fold enhancement of the sampling 

frequency. 

Image Acquisition 

Three-dimensional image stacks were acquired using a Zeiss LSM510 META NLO scan head mounted on 

an inverted laser scanning microscope (Zeiss Axiovert 200M, Zeiss, Germany) and a LD C-Apochromat 

40x/1.1 W Korr UV-Vis-IR water immersion objective (Zeiss). The microscope is equipped with a 

motorized, programmable stage placed on a vibration isolation table in an air-conditioned room kept at 

a constant temperature of 22°C. Cells were kept at 37°C and 5% CO2 during the displacement 

experiments by means of a stage incubator (Tempcontrol 37-2 digital, PeCon, Erbach, Germany). 

Label-free SHG imaging of the hydrogels was performed using a femtosecond pulsed laser (MaiTai 

DeepSee, Spectra-Physics, USA) tuned to a central wavelength of 810 nm as excitation source. The beam 

was reflected by a short-pass 650 nm dichroic beam splitter and focused onto the sample with an 

average excitation power of approximately 5 mW on the stage. The SHG signals from the collagen fibrils 

were epi-collected, discriminated from the autofluorescence of the embedded cells with a 442 nm 

dichroic beam splitter and transmitted through a 5 nm wide band pass filter with a central wavelength 

of 405 nm. An analogue photomultiplier tube (Zeiss) was employed for detection in non-descanned 

mode. 

For imaging the CellTrackerTM-labeled cells inside the hydrogels, a 30 mW air-cooled Argon ion laser 

(LASOS Lasertechnik GmbH, Germany) emitting at 488 nm (~ 3 µW maximum radiant power at the 

sample) was employed. A band-pass filter 500 – 530 nm was used for filtering the emission signal. For 

imaging the fluorescent beads attached to the collagen fibrils, excitation at 543 nm (~ 3 µW maximum 

radiant power at the sample) was performed by using a 5 mW Helium Neon laser (LASOS Lasertechnik 



GmbH). A band-pass filter 565 – 615 nm was used for filtering the emission signal. A fixed pinhole size of 

160 µm was used.  

Sham Experiments 

Three different sham experiments were conducted to rule out or compensate for displacements not 

related to cellular activity.  

First, bead attachment to the fibrils was verified to avoid erroneous displacements caused by the 

motion of advected and/or diffusing beads. Image series of 50 frames of control acellular hydrogels 

were acquired. The resulting 1024x1024 images with a pixel size of 0.22 x 0.22 µm2 were recorded using 

a pixel dwell times of 1.6 µs. Temporal and spatio-temporal image correlation spectroscopy (TICS and 

STICS) analyses were performed using custom written MATLAB routines, which have been published 

previously by the Wiseman Research Group of McGill University [27,28]. Brief explanation of the image 

correlation spectroscopy analyses can be found in Supplementary Information (Note 1). 

Second, time-lapses of control acellular hydrogels were recorded and analyzed to detect the existence 

of spurious displacements. Over time, z-stacks of fibrils and beads were acquired at the top, middle and 

bottom part of different hydrogels (total hydrogel height of ~1.5 mm, 15 minutes z-stack acquisition 

time). Then, for each time point the displacements with respect to the last time point (0 s time interval 

between z-stacks, 2 h total acquisition time) were computed following the same image processing steps 

as for the real experiments with cells (see section 2.3). To assess any dependency on experimental 

setup, protocol or personal handling, the existence of spurious displacements was analyzed for two sets 

of 3 control hydrogels prepared independently by two different persons and imaged on two different 

setups, with one setup being the acquisition system used for all other experiments (see section 2.2 



‘image acquisition’), and the other one being an upright microscope (BX61WI Olympus, Tokyo, Japan) 

with motorized focusing and a 25x/1.05 water immersion objective. 

Third, to rule out any errors induced by the method used to compute the displacements (see section 

2.3), 3D synthetic image data of hydrogel volumes containing embedded fluorescent beads as acquired 

by an optical microscope were generated and analyzed by means of a previously developed TFM 

simulator [29]. Briefly, this simulator generates ground truth displacements (for known tractions that 

serve as input) and corresponding microscope images of fluorescent beads in non-deformed and 

deformed hydrogel configurations, taking into account ‘non-ideal’ microscope aspects, such as the 

microscope’s point spread function, camera resolution and various sources of noise. By comparing the 

displacements computed from the synthetic microscope data to the ground truth displacements, errors 

related to image registration can be assessed. In order to simulate our sham experiments, images were 

generated for zero tractions, meaning that recovered displacements should also be zero (or 

corresponding to simulated noise levels), and the parameters of the simulated hydrogel and imaging 

system were selected to mimic our experimental setup. More specifically, the images of the hydrogel 

were generated using a model for the point spread function of a laser scanning confocal microscope 

with a 1.1 NA water immersion objective lens, providing a final voxel size of 0.44 x 0.44 x 0.3 µm3. The 

hydrogel contained 0.2 µm fluorescent beads (emission wavelength 605 nm) and its refractive index was 

set to 1.43. For each simulated time point, the generated z-stacks were corrupted with new realizations 

of Gaussian and Poisson noise. 

Assays for Cell-induced Deformations 

A 173 x 173 x 45 µm3 volume was imaged on average around each cell, including ~7 µm of 

fibrils/fluorescent beads above and below the cell body. The z-stacks were acquired sufficiently distant 

from top and bottom of the hydrogel and comprised an average of 41 images with a voxel size of 0.34 x 



0.34 x 1 µm3 recorded using a pixel dwell time of 6.4 µs. After imaging the volume under cellular 

tractions, the embedded cells were treated with 25 µM cytochalasin B and then reimaged every ~8 

minutes for 1 h during cellular relaxation, until the force-free relaxed state of the gel was obtained. The 

acquired z-stacks were processed as described in section 2.3. 

2.3 . Computational Methods 

Pre-Processing of Acquired Images 

Prior to the calculation of the displacements, raw image data were enhanced by a two-step process 

consisting of a noise filtering step followed by a contrast stretching operation to highlight the structures 

of interest - beads, fibrils or cells - from the image background. More specific, fibril and cell images were 

processed by penalized least squares-based denoising [30] and bead images were filtered by a 

difference of Gaussians operator to simultaneously boost blob-like structures and to reduce noise. 

Image Registration for Displacement Field Calculation 

The calculation of the displacement fields was split into two different registration processes: a rigid 

registration where the acquired images were globally aligned to correct for the translational shifts of the 

microscope stage, followed by a non-rigid registration where the local displacements induced by cellular 

forces were estimated.  

In particular, to correct for stage drift while assuring temporal consistency for time lapse acquisitions, 

we have performed rigid registration of the images on consecutive time points and then expressed the 

position of the registered images in a global frame of reference. As for the non-rigid registration, we 

have made use of a B-spline-based Free Form Deformation approach [24]. Briefly, in FFD-based image 

registration, the transformation model that warps the image of the stressed state (i.e. hydrogel loaded 



by cellular tractions) is given by a multivariate B-spline function. The algorithm overlays the image of the 

relaxed state (i.e. after adding cytochalasin B) with a regular mesh, and then defines the mesh nodes as 

the control points of the B-spline curves. Subsequently, the position of these control points is tuned 

iteratively during the optimization process warping the image of the stressed matrix until it matches the 

one of the relaxed condition, providing as output a full displacement field, i.e. at each voxel of the 

registered images. Although the method warps the image of the stressed state to fit the one of the 

relaxed state, note that both the underlying transformation model and the resulting displacement field 

are defined from relaxed to stressed state. 

Regarding the similarity metric and the optimization strategy required for both the rigid and non-rigid 

registrations, we used the normalized correlation coefficient as the similarity metric and a stochastic 

gradient descent method with adaptive estimation of the step size as the optimizer [31].  

Finally, we performed the image registration problem following a coarse-to-fine multiscale strategy, 

which allowed us to cope with different levels of matrix deformations while providing smooth 

displacement fields. Specifically, we used a three-level multiscale approach with 72 x 72 x 44 voxels, 36 x 

36 x 22 voxels, and 18 x 18 x 11 voxels mesh size for the coarsest, intermediate and finest scales, 

respectively. 

Removal of Errors caused by Engulfed Beads in Bead-based Displacement Fields 

To ignore the beads engulfed by the cell and minimize errors in the calculation of the displacements, we 

supplied a binary mask of the segmented cell to the FFD-based image registration algorithm. To obtain 

the mask, the cell body was thresholded by Otsu’s binarization algorithm. 

While the cell mask ensures that engulfed beads are not corrupting the displacements adjacent to the 

cell surface, it does not prevent that non-zero displacements are recovered inside the cell body. This is 



caused by the connected mesh used for FFD-based registration, which will propagate the mesh 

deformations located close to the cell surface to its surroundings, including the cell interior. Therefore, 

the final displacement field provided by the algorithm was reset to zero inside the cell mask. 

Comparison of Cell-induced Displacement Fields 

The displacement fields obtained from bead and fibril images were compared by calculating the 

difference in terms of displacement magnitude and direction at every spatial coordinate for every 

analyzed cell. Additionally, the mean and standard deviation of these differences were computed for a 

subset of displacements, namely those reaching at least 30% of the peak displacement magnitude for 

each particular cell. 

Implementation 

The computational workflow was implemented in MATLAB, except for FFD-based displacement field 

estimation, which was computed using Elastix [32], an open source multiplatform software for image 

registration. The integration of the elastix based FFD image registration on the main computational 

workflow was done as in [24]. The software program Paraview 4.3.1 (Kitware Inc., NY USA) was used for 

the 3D rendering of segmented cells and the visualization of 3D vector fields.  



3. RESULTS  

A schematic overview of the performed analyses is depicted in Figure 1, which summarizes the 

methodology followed for both sham experiments and cell-populated gels. 

 

Figure 1. Schematic overview of the performed analyses and validations. LSCM: Laser Scanning Confocal 

Microscope; SHG: Second Harmonic Generation; FFD: Free Form Deformation; STICS: Spatio-Temporal 

Image Correlation Spectroscopy.  

 

3.1. Sham Experiments show Spurious Displacement Patterns 

For the correct interpretation of calculated displacements, it is important to verify to what extent the 

experimental setup and protocols as well as image registration procedures can give rise to spurious 

displacements that are not related to any cellular activity. In this regard, three different sham 

experiments were conducted.  

 



First, the bead attachment to the fibrils was checked using image correlation spectroscopy to prevent 

errors induced by the motion of non-attached beads. Supplementary Figure S2 shows the spatial and 

temporal cross-correlation information for acquired time-series of beads embedded in the hydrogel. If 

beads would have moved during the time-lapse, the correlation peak would change over different time-

lags (τ). Our results did not present the lateral shift (indicative of advected beads) or broadening of the 

correlation peak (indicative of diffusing beads) over different time-lags and thus confirm the attachment 

of beads.  

 

Second, to rule out any dependency on experimental setup, protocol or personal handling, 

displacements were calculated from data acquired on two different setups from control hydrogels 

(without cells) prepared by various persons. Figure 2 (fibril-based images) and Supplementary Figure S3 

(bead based images of the same specimen) show the resulting displacement maps for each vector 

component from data acquired on the main microscopy setup (as described in section 2.2). A spurious 

displacement pattern in the results provided by both fibrils and beads can be seen. Displacement 

magnitude varies smoothly with depth, but is rather constant within the imaging plane. When looking at 

the time lapses, we noticed that this pattern was present most of the time, however it was less evident 

at certain time points. Similar displacement patterns were observed for sham experiments conducted on 

the additional acquisition setup (Olympus BX61WI upright microscope; data not shown). 



 

Figure 2. Spurious displacements obtained from fibril-based images in cell-free sham experiments, 

before (A, B) and after (C, D) correction. Axial cross-sections at multiple locations of the acquired volume 

and histograms (right insets) for the Y- (A) and Z- (B) components of the computed displacement field, 

and their corrected versions (C) and (D), respectively. Bounding box: 220 x 220 x 23 µm3. 

 

Third, we checked by using synthetic data if the observed spurious pattern of displacements was caused 

by an error in the algorithms used to compute the displacements. However, the displacements 

computed from the synthetic data were negligible (Supplementary Figure S4). 

 

3.2. Spurious Displacement Patterns can be Corrected  

We accounted for the spurious displacement pattern by calculating the average displacement vector for 

each XY-plane and subtracting it from the local displacement vector of each point in the corresponding 

plane. Histograms of the recovered displacements from the sham experiments, before and after the 

proposed correction, are shown on the right side of Figure 2 and Supplementary Figure S3. Whereas the 

spurious displacements presented a multimodal histogram, it became symmetric and unimodal after 

applying the correction, resembling a Gaussian-like random distribution of errors with zero mean. After 



applying the described correction only negligible errors with standard deviation ~ 0.05 µm are found 

(Supplementary Figure S5), which is negligible compared to the displacements calculated in cell 

populated hydrogels and which were of the order of 1-10 µm after the correction (see also section 3.4). 

Additionally, the effectiveness of the correction method was evaluated on the displacements computed 

under cellular tractions. After correction, it can be observed (Figure 3) that the spurious displacement 

pattern is leveled out. 

 

Figure 3. 3D displacements in cell-populated hydrogels before (A, C) and after (B, D) correction for 

spurious displacements computed from fibril-based images. Displacements are induced by a MRC-5 

fibroblast (white) before (A,B) and 40 minutes after adding cytochalasin B (C,D). Displacement vector 

fields (arrows) and the Z-component (cross-section) of the displacements are shown simultaneously. 



Note the different color scales for the Z-component in the cross-section (‘Cross-section’) and the 

displacement vector magnitude in the imaged region (‘Disp. Field’). Bounding box: 170 x 170 x 21 µm3. 

 

3.3. Multiscale Free Form Deformation allows the Recovery of Large 

Deformations induced by MRC-5 Fibroblasts 

To measure the deformations induced by MRC-5 fibroblasts embedded in collagen hydrogels, we 

imaged the collagen matrix around the cells with SHG microscopy before and after force relaxation with 

cytochalasin and evaluated the local displacement and strain fields via FFD-based image registration. As 

can be seen in Figure 4, these cells spread inside the hydrogel to an elongated and polarized 

configuration, while contracting the collagen hydrogel around their force poles located at the extremes 

of their principal axis resulting in a local alignment of the fibrils. This behavior was observed for cells 

embedded in both 2.4 mg/ml and 4.0 mg/ml hydrogels.  

 

Figure 4. Cross-sections of 2.4 mg/ml (A) and 4.0 mg/ml (B) collagen hydrogels showing MRC-5 fibroblast 

(blue) induced alignment of fibrils (green) with a high density of fluorescent beads (red) attached. Beads 

engulfed or adsorbed by the cell are shown in magenta. Scale bar: 25 µm 



 

The feasibility of FFD to register both fibril- and bead-based images was demonstrated for a number of 

representative cells (N=9 per collagen concentration). Figure 5 and Supplementary Figure S6 show fibril- 

(A) and bead-based (B) images in the unstressed (red) and stressed (green) hydrogels for collagen 

concentrations of 2.4 mg/ml and 4.0 mg/ml, respectively. After image registration they both (C and D) 

appear predominantly as yellow when the images in the unstressed and stressed state coincide. The 

latter registered images generated by the estimated deformations qualitatively show the success of the 

registration procedure and therefore the coherence and reliability of the computed displacements. 

Once displacement fields are obtained (see section 3.4), any additional strain measure can be 

calculated. Here, we report results in terms of the Green-Lagrange strain tensor E, which is commonly 

used in nonlinear solid mechanics, and which is defined as: 

E = ½ (FTF – I) 

with F the deformation gradient tensor and I the identity tensor. Looking at example cells in Figures 6 

and S7, strain components up to 40% are calculated near the cell’s force poles, demonstrating the 

existence of large strains for both 2.4 mg/ml and 4.0 mg/ml collagen concentrations. Taken together 

Figures 5 and 6 and Supplementary Figures S6 and S7, FFD proves to be successful in registering fibril-

based and bead-based images, even for large deformation conditions and dense fibrillar networks. 

 



 

Figure 5. FFD-based image registration of the unstressed (84 minutes after addition of cytochalasin B) 

and stressed (before addition of cytochalasin B) gel with 2.4 mg/ml collagen concentration. Pseudo-

colored cross-sections of the collagen hydrogel showing the fibril- (A) and bead-based (B) images before 

the registration, and their registered results (C) and (D), respectively, that lead to the recovered 

displacement field. The fibrils/beads in the unstressed and stressed hydrogel are pseudo-colored in red 

and green, respectively. Fibrils/beads appear as yellow where both the unstressed and stressed 

conditions match. The beads engulfed by the cell are ignored during the registration process (D, 

delineated area) to avoid artifacts in the recovered displacements. Scale bars: 25 µm. 

 



 

Figure 6. Symmetric Green-Lagrange strain tensor for a sample cell in 2.4 mg/ml collagen depicted in 

Figure S8A. The maps have been uniformly sampled at random locations to allow the 3D visualization of 

each component of the tensor.  

 

3.4. Both Fibrils and Beads provide Comparable Displacement Fields  

Using external markers, such as fluorescent beads, to track displacements implies several drawbacks, as 

mentioned in the introduction. In this regard, we comparatively examined whether identical 

displacement fields can be derived from bead- and fibril-based images acquired by Second Harmonic 

Generation.  

 

The results are shown in Figure 7, Supplementary Figures S8 and S9 and Supplementary Video 1. A 

qualitative comparison of the results does not reveal substantial differences between both fields in 



terms of distribution, orientation or magnitude of the displacements for cells embedded in both 2.4 

mg/ml and 4.0 mg/ml collagen gels. Maximum displacements were typically ~6 µm, ranged between 1.2 

and 14 µm, and were located near the cell’s poles. Of the two poles, the one that displayed the most 

‘pointed’ (slender) shape was associated to the overall maximum displacement. Displacement vectors 

were pointing towards the cells’ center, suggesting contractile forces. Displacement fields were found to 

be anisotropic, with largest displacements along the direction of cell elongation, i.e. aligned with the 

cell’s polarity. 

 

 

Figure 7. Representative 3D displacements induced by 2 different MRC-5 fibroblasts embedded in 2.4 

mg/ml (A) and 4.0 mg/ml(B) collagen, respectively. Displacement fields were obtained from the 

registration of fibril-based images (left column) and bead-based images (right column). Bounding box: 

170 µm x 170 µm x 24 µm (A) and 170 x 170 x 23 µm3 (B). 



To quantitatively compare the retrieved displacement fields from both bead- and fibril-based images, 

we computed the relative difference (in %) between their displacement magnitudes and the absolute 

difference (degrees) between their direction at every spatial coordinate (Figures 8 and 9 A,B and 

Supplementary Figures 10 and 11). These results show relatively low differences in general, with mean 

and standard deviation values for the magnitude in the range of -6 to 3 and 4 to 15 %, respectively; and 

with mean and standard deviation values for the direction in the range of 3 to 11 and 2 to 8 degrees, 

respectively. As expected, relative differences tend to increase for small displacement magnitudes, 

because of the small denominator. As in general, one is more interested in regions of large 

displacements (which are found near the cell-hydrogel interface), further quantitative analysis was 

restricted to points that exhibited a displacement magnitude larger than the 30% of the peak value for 

that cell (as estimated from the bead data, which was used as the reference). Figures 8 C,D and 9 C,D 

summarize the numerical results for each cell embedded in 2.4 mg/ml and 4.0 mg/ml collagen gels, 

respectively, displaying relatively low quantitative differences between the displacements computed 

from fibril- and bead-based images, both in terms of magnitude and orientation. 

 



Figure 8. Quantitative comparison between the displacements computed from fibril- and bead-based 

images for cells in 2.4 mg/ml collagen gels. Map of the relative difference (%) between displacement 

magnitudes (A) and the angle (degrees) between displacement vector directions (B) for the 

displacement fields in Figure 7A. The map is uniformly sampled at random locations to allow the 3D 

visualization of the differences for the whole volume. Histograms of the differences (right insets) are 

computed from those regions exhibiting a displacement magnitude larger than 30% of its peak value. 

Mean differences (± standard deviation) between the fibril- and bead-based displacements for nine 

different cells (C,D).  

 

Figure 9. Quantitative comparison between the displacements computed from fibril- and bead-based 

images for cells in 4.0 mg/ml collagen gels. Map of the relative difference (%) between displacement 

magnitudes (A) and the angle (degrees) between displacement vector directions (B) for the 

displacement fields in Figure 7B. The map is uniformly sampled at random locations to allow the 3D 

visualization of the differences for the whole volume. Histograms of the differences (right insets) are 

computed from those regions exhibiting a displacement magnitude larger than 30% of its peak value. 



Mean differences (± standard deviation) between the fibril- and bead-based displacements for nine 

different cells (C,D).  

 

4. DISCUSSION 

In this paper, we have compared two approaches to quantify large deformations induced by MRC-5 

human lung fibroblasts in fibrillar type I collagen hydrogels of different concentrations.  Sham 

experiments revealed a spurious pattern of displacements not originating from cellular activity. As the 

same pattern was observed in the displacements computed from both beads and fibrils, its origin cannot 

be attributed to any of them. Also, the used image registration algorithms, the specifics of our 

experimental protocols and equipment as source of the spurious displacements were excluded by using 

synthetic data and repeating the experiments under different conditions. Note that the pattern was 

observed for each displacement component independently. Recently, a depth-dependent lateral shift in 

the apparent position of a fluorescent point source, termed wobble effect, has been reported [33]. This 

wobble is caused by both the coverslip tilt and the aberrations introduced by the microscope system, 

producing a distortion effect that resembles the pattern we noticed in the X- and Y-components of the 

displacement fields computed from our sham experiments. Analogously to our results, the wobble 

effect has been reported for microscopes and objectives from different manufacturers with varying 

magnitude and direction, resulting in a microscope-dependent distortion. However, contrary to our 

results, the wobble effect is supposed to remain stable in time under similar imaging conditions and 

thus, other effects may have contributed to our spurious displacement pattern as well. The pattern of 

the Z-component of the displacements may have been caused by slight imprecisions in the vertical 

positioning of the image acquisition system. This source of misalignment has already been suggested by 

Steinwachs et al [16]. Different from our correction method, they pre-corrected acquired z-stacks before 



the calculation of the cell-induced displacements, which produced slightly low-pass filtered images that 

would attenuate the artefactual displacement distribution we detected in our sham experiments.  

 

As the spurious displacements observed in the control experiments are likely to be present in the real 

experiments with cell-populated hydrogels as well, it is necessary to correct for them. The correction 

can easily be done by calculating the average displacement vector for each XY-plane and subtracting it 

from the local displacement vector of each point in the corresponding plane. After correction, the 

spurious displacement pattern is leveled out, in both control experiments and experiments with cells.    

 

FFD-based non-rigid image registration was used to calculate the displacement fields generated by the 

MRC-5 fibroblasts. As we previously showed [24], this technique provides a powerful alternative to 

capture a wide range of locally non-uniform displacements overcoming most of the limitations inherent 

to other methods. Indeed, it does not rely on tracking fluorescent beads and it can be intuitively viewed 

as an enhanced version of the block-matching PIV method. Furthermore, whereas previous efforts to 

estimate the deformations of fibrillar networks directly from fibril-based images were mainly limited to 

relatively small displacements (order of 1-2 µm, [16] and [22]) and strains (less than 10%, [22]), we have 

shown here that multiscale FFD can be used to consistently recover large displacements (of the order of 

10 µm), large strains (shown here up to 40%) and any complexity associated to this. Therefore, FFD 

provides a versatile solution to reliably quantify displacements in TFM experiments that deal with large 

deformation regimes.  

The displacement fields that were induced by human lung fibroblasts looked qualitatively similar to 

those reported for elongated, polarized breast carcinoma cells in fibrillar collagen gels [16,22] in the 

sense that they were all aligned with the cell’s polarity and the result of mostly contractile forces. As 



mentioned in the previous paragraph magnitudes of displacements and strains were much higher in our 

experiments. Given the fact that collagen concentrations used in this work were of the same order of 

magnitude (2-4 mg/ml) for all these studies, it seems likely that differences can be at least partially 

attributed to the difference in cell type. 

Finally, our comparative study of cell-induced deformations exposed negligible differences between the 

displacements computed from beads and fibrils. These differences were assessed both qualitatively 

from the visual inspection of recovered displacements (Figures 7, S8 and S9) and quantitatively (Figures 

8, 9, S10 and S11), showing average differences in magnitude and angle that were typically of less than 

10 % and less than 10 degrees, respectively. It is important to remark that the equivalence between the 

displacements computed from beads and fibrils would remain valid only under the following conditions. 

First, the algorithm used for the recovery of the matrix displacements should be capable of cancelling 

out the potential effects derived from the motion of beads engulfed by the cells. Second, the bead 

density should be high enough to comply with the Nyquist sampling theorem and thus, a large number 

of beads need to be bound to collagen fibrils. Indeed, compared to previously reported bead densities 

[34], our setup presented a 5-fold reduction in bead-bead distance, with average values of ~4.8 µm. 

Note that for cells inducing highly varying (non-uniform) displacement patterns in space, lower bead 

densities will lead to a loss of the high frequency content, affecting the estimated displacement 

magnitudes and spreading them over larger volumes, i.e. reducing their spatial resolution. Apart from 

these conditions, selecting between fibrils and beads to compute the displacement field in TFM 

experiments will also depend on specific experimental requirements. For instance, while fibrillar 

networks can be fluorescently labeled, they can also be imaged by label-free techniques such as 

confocal reflection microscopy [16,22], and SHG as done here, providing an extra available channel that 

can be used to simultaneously acquire other fluorescently labelled cellular structures related to cell 

force generation, such as the cell’s actin cytoskeleton. Moreover, fibril images provide structural 



information and how the cells may remodel the fibrillar structure of a biomaterial, which can be an 

important determinant of cell fate [25]. Finally, the use of beads may have an impact on the mechanical 

properties of the biomaterial or on cell behavior, e.g. due to bead engulfment.  

 

5. CONCLUSION 

In conclusion, this novel approach combines non-rigid image registration with label-free SHG imaging 

and enables the recovery of complex and large deformations induced by cells in fibrillar environments. It 

is a straightforward technique, without the need of conventionally used fluorescent beads, with all their 

drawbacks. Comparison to bead-based imaging revealed a good qualitative and quantitative 

correspondence between fibril-based and bead-based displacement fields. The ability to recover 

complex and large deformations broadens the applicability in the fast growing field of traction force 

microscopy. Additionally, it may also advance biomaterial and tissue engineering studies where large 

cell-induced matrix displacements are part of cell-biomaterial interactions and cell-mediated biomaterial 

remodelling in soft fibrillar materials. 
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Supplementary Notes 

Note 1: Brief explanation Image Correlation Spectroscopy 

All image correlation spectroscopy variants are based on the analysis of fluorescence 
fluctuations measured within an observation area. The fluctuations of fluorescence intensity, δi, 
recorded in the image series are defined as: 

𝛿𝑖(𝑥, 𝑦, 𝑡) = 𝑖(𝑥, 𝑦, 𝑡) −  〈𝑖(𝑥, 𝑦, 𝑡)〉 𝑋𝑌 

where <…>XY denotes spatial averaging of the stack of images; x and y represent spatial 
coordinates of the considered pixel, t is the time of the considered image in the time series, and 
i(x,y,t) indicates the intensity at (x,y) and time t. 

The fluctuations can be defined as temporal intensity fluctuations between images taken at 
different times in a time lapse (i.e. temporal image correlation spectroscopy; TICS) and spatial 
intensity fluctuations across a given image (i.e. spatio-temporal image correlation spectroscopy; 
STICS). The spatial fluctuations include changes in the number of static or slowly moving 
fluorophores in space, while temporal fluctuations reflect dynamic variations in the amount of 
fluorophores at a given spot over time since the fluorescent molecules undergo transport.  

TICS can be employed for measuring the magnitude of the diffusion coefficient and/or flow 
speed of slowly moving particles from an image time lapse [1–3]. To obtain a single temporal 
autocorrelation function G (0,0,τ), all autocorrelation functions yielding from each pixel location 
are averaged: 

𝐺(0,0, 𝜏) = 〈
〈𝛿𝑖(𝑥,𝑦,𝑡) 𝛿𝑖(𝑥,𝑦,𝑡+𝜏〉 𝑋𝑌

〈𝑖(𝑥,𝑦,𝑡)〉 𝑋𝑌 〈𝑖(𝑥,𝑦,𝑡+𝜏)〉 𝑋𝑌
〉  𝑇   

where <…> indicates the averaging of all images in space (XY) or time (T); and τ denotes the 
time-lag. 

In STICS, the spatial information derived from the two-dimensional spatial correlations is 
combined with the time-dependent transport measured using the temporal correlation. The 
average correlation function for all time-lag τ separated pairs of images is represented by 
G(ξ,η,τ) [3,4]: 

𝐺(𝜉, 𝜂, 𝜏) = 〈
〈𝛿𝑖(𝑥,𝑦,𝑡) 𝛿𝑖(𝑥 + 𝜉, 𝑦 + 𝜂, 𝑡 + 𝜏)〉 𝑋𝑌

〈𝑖(𝑥, 𝑦, 𝑡)〉 𝑋𝑌 〈𝑖(𝑥 + 𝜉, 𝑦 + 𝜂, 𝑡 + 𝜏〉 𝑋𝑌

〉  𝑇 

where ξ and η denote the spatial lag variables in x and y, respectively. 

  



Supplementary Figures 

 

 

Figure S1. Confocal section and nearest neighbour bead-bead distance distribution histogram of 
(A) 1 µm and (B) 200 nm fluorescent beads inside the collagen type I hydrogel. Scale bars: 20 
µm. 

  



 

 
Figure S2. Evaluation of the attachment of 1 µm (A) and 0.2 µm (B) fluorescent beads to the collagen 
type I fibrils by spatiotemporal image correlation spectroscopy. No broadening or lateral shift of the 
correlation peak is observed, indicating that there is no diffusion or flow of the beads. 

  



 

Figure S3. Spurious displacements obtained from bead-based images in cell-free sham experiments, 
before (A, B) and after (C, D) correction. Axial cross-sections at multiple locations of the acquired volume 
and histograms (right insets) for the Y- (A) and Z- (B) components of the computed displacement field, 
and their corrected versions (C) and (D), respectively. Bounding box: 220 x 220 x 23 µm3. 

  



 

Figure S4. Evaluation of detection limit of the FFD-based displacement calculation method with 
synthetic data. Sample cross-section (A) and axial-section (B) of simulated hydrogel volume containing 
fluorescent beads. The scale bar: 15 µm. Axial sections at multiple locations of the simulated volume 
(bounding box: 220 x 220 x 23 µm3) showing displacements without the spurious distribution observed 
in real sham experiments (C), and their corresponding histograms (D). Mean errors (± standard 
deviation) in the raw (non-corrected) displacements for different time points (E). The obtained small 
variance in (D) and (E) is caused by the time-varying noise introduced in the simulated images.  



 

Figure S5. Detection limit of the FFD-based displacement calculation method from sham experiments. 
Mean errors (± standard deviation) in the X- (top row), Y- (middle row) and Z- (bottom row) components 
of the displacements computed from fibril- (left column) and bead-based (right column) images after the 
proposed correction (see main text).  

  



 

Figure S6. FFD-based image registration of the unstressed and stressed (before addition of cytochalasin 
B) gel of 4.0 mg/ml collagen concentration. Pseudo-colored cross-sections of the collagen hydrogel 
showing the fibril- (A) and bead-based (B) images before the registration, and their registered results (C) 
and (D), respectively, that lead to the recovered displacement field. The fibrils/beads in the unstressed 
and stressed hydrogel are pseudo-colored in red and green, respectively. Fibrils/beads appear as yellow 
where both the unstressed and stressed conditions match. The beads engulfed by the cell are ignored 
during the registration process (D, delineated area) to avoid artifacts in the recovered displacements. 
Scale bars: 25 µm. 
 

  



 

 

Figure S7. Symmetric Green-Lagrange strain tensor for a sample cell in 4.0 mg/ml collagen depicted in 
Figure S9B. The maps have been uniformly sampled at random locations to allow the 3D visualization of 
each component of the tensor.  

 

 

  



 

Figure S8. Representative 3D displacements induced by 4 different MRC-5 fibroblasts embedded in 2.4 
mg/ml (A, B,C,D) obtained from the registration of fibril-based images (left column) and bead-based 
images (right column). Bounding box: 170 x 170 x 46 µm3 (A), 165 x 170 x 48 µm3 (B), 173 x 172 x 30 µm3 
(C) and 166 x 168 x 22 µm3 (D).  



 

Figure S9. Representative 3D displacements induced by 4 different MRC-5 fibroblasts embedded in 4.0 
mg/ml (A, B,C,D) obtained from the registration of fibril-based images (left column) and bead-based 
images (right column). Bounding box: 172 x 172 x 49 µm3 (A), 173 x 173 x 37 µm3 (B), 172 x 172 x 51 µm3 
(C)  and 172 x 172 x 34 µm3 (D).  



 

Figure S10. Quantitative comparison between the displacements computed from fibril- and bead-based 
images for cells in 2.4 mg/ml collagen gels and shown in Figure S8 A (cell 1), S8 B (cell 2), S8 C (cell3) and 
S8 D (cell4). Map of the relative difference (%) between displacement magnitudes (A,D,G,J) and the 
angle (degrees) between displacement vector directions (B,E,H,K). Histograms of the differences (C,F,I,L) 
are computed from those regions exhibiting a displacement magnitude larger than 30% of its peak 
value. 

 

  



 

Figure S11. Quantitative comparison between the displacements computed from fibril- and bead-based 
images for cells in 4.0 mg/ml collagen gels and shown in Figure S9 A (cell 1), S9 B (cell 2), S9 C (cell3) and 
S9 D (cell4). Map of the relative difference (%) between displacement magnitudes (A,D,G,J) and the 
angle (degrees) between displacement vector directions (B,E,H,K). Histograms of the differences (C,F,I,L) 
are computed from those regions exhibiting a displacement magnitude larger than 30% of its peak 
value. 

  



Supplementary Videos 

 

Supplementary Video 1. Time lapse image series showing the 3D displacements induced by a MRC-5 
fibroblast embedded in a 2.4 mg/ml collagen gel during cytochalasin induced force relaxation. 
Displacement fields were obtained from the registration of fibril-based images (left) and bead-based 
images (right). Bounding box: 170 x 170 x 21 µm3. 
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