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Study of machine learning systems for cell biomechanics
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The complexity of cellular mechanisms and their underlying structural determinants remain an area of
intense study. Central to this goal is the understanding of cell morphology, cellular forces, and the
pivotal role of actin stress fibers in various physiological processes. This doctoral thesis presents
a series of interlinked studies that advance the understanding of cellular mechanics, specifically
focusing on the relationship between cellular contractile forces, cell morphology, and the actin
cytoskeleton. Employing advanced machine learning techniques, this research connected the
computational analysis with biological experimentation in cellular biology

Initially, we introduce a novel method for evaluating cellular contractile forces using a machine
learning model, the small-world U-Net (SW-UNet). We demonstrated that adjusting the topology of the
neural network according to certain rules can lead to more accurate results with fewer dataset, and
that by using this novel machine learning method, it is possible to infer changes in cellular
contractility based on precisely segmented wrinkle patterns, and we have proved that the mutated KRAS
oncogene inhibits cellular activity with this technique. Building on this foundational work, the
thesis progresses to a more comprehensive approach with the development of Wrinkle Force Microscopy
(WFM). This technique, which integrates traction force microscopy with generative adversarial networks
(GAN) and SW-UNet, allows for the prediction of cellular force distributions from substrate wrinkles
observed in microscope images with high throughput. WEM stands as a direct advancement from the
initial study, moving from the quantification of cellular forces to a more detailed analysis of how
these forces are physically manifested and can be visually interpreted. This method not only
simplifies cellular force analysis but also enhances the ability to visualize and interpret the
dynamic interplay between cells and their physical context

According to the understanding of cellular forces and their physical manifestations, we then further
demonstrate the geometric principles that govern the relationship between cell morphology and the
actin cytoskeleton (stress fibers). It investigates the relationship between cell morphology and the
distribution of the stress fibers (SFs) using a diffusion model-based machine learning system. With
the diffusion model, we can speculate on the possible locations of SFs inside the cell based on the
shape of the cell only, and in this way, we find properties such as the area of the cell being
proportional to the length of the SFs, and the aspect ratio of the cell being proportional to the
order parameter of the SFs. Subsequently, based on this diffusion model, which incorporates the
knowledge of the distribution of SFs from the cell shape, we can perform virtual micropatterning
experiments for the relationship between the SFs geometrical properties and the cell topological
characteristics, which are difficult to determine through experiments. With these “virtual
experiments” , we found that the local curvature of the cell outline is inversely proportional to the
concentration of SFs, and directly proportional to the magnitude of the cellular contraction force

Furthermore, the final part of the thesis provides an in—depth analysis of actin stress fibers
themselves. By developing a new machine learning method for quantifying individual attributes of these
fibers within complex cellular networks, this research complements and deepens the understanding
gained from the previous studies. We innovatively combine pixel features with angular features of SFs
and confirm the effectiveness of this data labeling method with segmentation results. By separating
SFs from cells individually, we demonstrate that for the process of cellular senescence, only the area
feature is relevant among the geometric features of the cells, while the length, width, and number of
SFs are strongly correlated with senescence

Overall, this thesis presents a continual study that starts from a macroscopic examination of
cellular forces, advances through the study of their physical and morphological manifestations, and
culminates in a detailed analysis of subcellular structures. This structured approach, supported by
robust machine learning techniques, offers a comprehensive perspective on cellular mechanics
contributing significantly to the field of cellular biology.
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