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ABSTRACT (136/250 words) 103 

 The human body represents a collection of interacting systems that range in scale 104 

from nanometers to meters. Investigations from a systems perspective focus on how the 105 

parts work together to enact changes across spatial scales, and further our understanding 106 

of how systems function and fail. Here, we highlight systems approaches presented at the 107 

2022 Summer Biomechanics, Bioengineering, and Biotransport Conference in the areas 108 

of solid mechanics; fluid mechanics; tissue and cellular engineering; biotransport; and 109 

design, dynamics, and rehabilitation; and biomechanics education. Systems approaches 110 

are yielding new insights into human biology by leveraging state-of-the-art tools, which 111 

could ultimately lead to more informed design of therapies and medical devices for 112 

preventing and treating disease as well as rehabilitating patients using strategies that are 113 

uniquely optimized for each patient. Educational approaches can also be designed to 114 

foster a foundation of systems-level thinking.  115 

INTRODUCTION 116 

The human body is a collection of interacting systems. These include a multitude of 117 

parts – molecules, macromolecules, cells, and multi-cellular assemblies – linked together 118 

by cause-and-effect relationships that span spatial scales ranging from nanometers to 119 

meters. For example, systems of molecules, proteins, cells, and tissues coordinate to 120 

produce a heartbeat (Fig. 1). Hydrolysis of adenosine triphosphate (ATP), a molecule 121 

approximately 1 nanometer in diameter, enables the protein myosin to bind with actin, a 122 

protein several microns long, which exerts a physical force that causes myofibril 123 

contraction. Coordinated contractions in the thousands of myofibrils bundled into each of 124 
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the 2 billion cardiomyocytes that comprise the 7 mm-thick myocardium produce a 125 

heartbeat that pumps approximately 70 mL of blood into circulation. Through the 126 

dynamic interactions of these systems across spatial scales, chemical energy is converted 127 

into the biomechanical energy that enables a healthy heart to pump 2,000 gallons of 128 

blood per day.  Mechanobiology, biomechanics, and biotransport processes govern 129 

interactions between these systems to drive the heart’s performance, and pathology 130 

ensues when their interactions are impaired. Hence, studying these fields from a systems 131 

perspective, that is, appreciating how the parts work together to enact changes across 132 

spatial scales, is necessary for achieving a deeper and more holistic understanding of how 133 

systems function and fail.  134 

The objective of this review is to highlight systems approaches presented at the 2022 135 

Summer Biomechanics, Bioengineering, and Biotransport Conference (SB3C 2022) in 136 

the areas of solid mechanics; fluid mechanics; tissue and cell engineering; biotransport; 137 

and design, dynamics, and rehabilitation. We showcase how systems approaches are 138 

yielding new insights by leveraging high throughput -omics data, advanced imaging and 139 

mechanical testing techniques, tunable experimental models that replicate the complexity 140 

and diversity of biological tissues, and sophisticated computational modeling and 141 

simulations being advanced by high-performance computing and machine learning.  142 

As a collection, the studies referenced in this article reveal how the integration of data 143 

produced by these state-of-the-art tools is laying the foundation for in silico replicas of 144 

the human body, a “digital twin”, that can uniquely depict and predict the complex 145 

anatomy, physiology, and pathophysiology of individual patients from the level of genes 146 

to the whole body [1].  The ideal outcome of these efforts is the more informed design of 147 
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therapies and medical devices for preventing and treating diseases and rehabilitating 148 

patients in ways that are uniquely optimized and personalized to the individual. We also 149 

discuss educational innovations designed to infuse systems thinking into the classroom 150 

and teach experimental and computational tools for systems-level mechanobiology, 151 

biomechanics, and biotransport research. We conclude with a brief summary of the 152 

current challenges and future opportunities for systems approaches to push the 153 

boundaries of these fields.   154 

 155 

APPLICATIONS IN BIOMECHANICS, MECHANOBIOLOGY, AND 156 

BIOTRANSPORT 157 

Solid Mechanics 158 

Solid mechanics research has increasingly shown that the complex interactions 159 

among individual constituents give rise to emergent behavior within a given system. 160 

Reductionist approaches of the past, while valuable to our understanding, cannot fully 161 

explain structure-function relationships or the complex, dynamic 162 

mechanoelectrochemical relationships between cells and their environment that govern 163 

cell activity. Thus, much effort in the solid mechanics community has focused on 164 

examining mechanical relationships across size scales – from cells, tissues, and organs to 165 

the whole body. Furthermore, experimental and in silico techniques are being combined 166 

to extract new information about multiscale biomechanical relationships from 167 

biochemical assays, ‘-omics’ approaches, multiscale imaging, and mechanical testing.  168 
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This section highlights natural groupings of multiscale and systems biology solid 169 

mechanics research presented at SB3C 2022 and within related publications.  170 

Subcellular-to-Cellular Interactions 171 

Several studies examined the relationship between sub-cellular interactions and 172 

cell function, emphasizing how changes in gene expression and protein levels regulate 173 

cell biomechanical processes. For example, after a ligament injury, loss of collagen in the 174 

extracellular matrix (ECM) surrounding neural tissues in the joint can increase expression 175 

of the inflammatory mediator secretory phospholipase A2 (sPLA2), which, in turn, 176 

activates transcriptional changes that cause neural injury, inflammation, and tissue 177 

damage [2, 3]. Singh et al. created an in vitro tissue model that can be used to investigate 178 

the interaction between subcellular sPLA2 and the cellular signaling cascade [3]. Their 179 

tests indicated that the inflammatory cascade could be dampened by inhibiting sPLA2, 180 

protecting against the subcellular transcriptional changes that underlie neural injury and, 181 

ultimately, joint degeneration.  182 

The recognition that subcellular processes are directly coupled to cell-level 183 

mechanical inputs is also driving their incorporation into mathematical models of growth 184 

and remodeling. Subcellular biochemical pathways can be represented with a set of 185 

kinetic equations akin to those used in systems biology approaches. Work by Sadrabadi et 186 

al. explored the use of one- and two-way coupled ordinary and partial differential 187 

equations to understand differences in aneurysm growth patterns [4]. Similar approaches 188 

that couple subcellular biochemical pathways and mechanical cues were used to simulate 189 

left ventricle growth by incorporating cell energy utilization [5] and the evolution of 190 

osteoarthritis using rate equations for cell hypertrophy and growth factor concentrations 191 



Journal of Biomechanical Engineering 
 

 8 

[6]. In the latter study, the interplay between anabolic and catabolic processes with 192 

mechanical overloading, normal loading, and immobilization accurately predicted the 193 

compositional and volume changes observed experimentally (Fig. 2). 194 

Computational models were also created to analyze how protein distributions, 195 

whether they be structural or signaling proteins, combine to affect cellular response. For 196 

example, reaction-diffusion equations and connectome models were used to model 197 

diffusion of toxic proteins within the brain, simulating neurodegenerative disease [7].  198 

The data show the ability to model increases in abnormal biomarkers in the brain and the 199 

value of adjusting the models for anatomical factors to better describe disease 200 

progression. Other work has incorporated 3D matrix fibril orientation and distribution 201 

into simulations of angiogenesis [8]. In comparison to methods that only consider fibril 202 

orientation, models that consider both orientation and distribution better match 203 

experimentally measured microvessel guidance.  204 

Other modeling frameworks, such as Sarc-graph and the Cellular-Potts model, use 205 

subcellular structures, for example, Z-discs in sarcomeres and lamellipodia in the 206 

mesendoderm, to measure the contraction of individual cells and synchronized 207 

mechanical behaviors of cells in tissues [9, 10]. The Sarc-graph tool allows an enhanced 208 

ability to automatically segment and track sarcomeres and facilitate new approaches for 209 

analyzing beating human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-210 

CMs) [10, 11]. This approach allows more sarcomeres to be tracked than with other tools 211 

[10, 11], permitting analysis of collective sarcomere contraction and spatial and temporal 212 

irregularities in contracting hiPSC-CMs. Similarly, the Cellular-Potts Model represents a 213 

novel methodology for modeling cell migration by allowing for representation of 214 



Journal of Biomechanical Engineering 
 

 9 

multiple interdependent subcellular mechanisms within a cell with a set of rules that are 215 

also impacted by the cell’s environment. The model’s strength is apparent in cases when 216 

single cell behavior is expanded to include multi-cellular interactions that enable 217 

exploration of the emergent and stochastic nature of collective cell migration and tissue 218 

growth [9].  219 

Multi-Cellular-to-Tissue Interactions 220 

Multi-cellular systems were also used to explore complex tissue-level structure-221 

function relationships. For example, Lamia et al. subjected transgenic mice to daily 222 

optogenetic stimulation to induce isometric contraction in the triceps surae muscle [12]. 223 

Importantly, this approach allows the isolation of local skeletal muscle adaptations to 224 

exercise that are difficult to separate from systemic metabolic responses. Transcriptomic 225 

analysis via RNA sequencing revealed time-dependent enrichment of pathways related to 226 

the immune response, muscle regeneration, and matrix remodeling as a direct result of 227 

mechanical stimulation and independent from any systemic effects of exercise [12]. The 228 

combination of unique tissue stimulation models and ‘omics’ data provides a more 229 

mechanistic understanding of tissue adaptation across the cellular, tissue, and systemic 230 

levels. 231 

The past decade has seen a rise in “organ-on-chip” technologies. A “ventilator-on-232 

a-chip” (VOC) study assessed cellular responses and interactions from alveolar epithelial 233 

cells, endothelial cells, and alveolar macrophages, along with in silico computational 234 

modeling and in vivo studies [13]. The study used these complementary approaches to 235 

identify changes in mechanosensitive microRNA expression, which could be leveraged to 236 

mitigate ventilator-induced lung injury through the optimization of mechanical ventilator 237 
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settings. Organ-on-chip studies are complemented by others that focus on cell to tissue 238 

interactions, such as Herrmann et al., in which isolated alveolar lobes, carefully dissected 239 

from pig lungs, were subjected to prescribed mechanical ventilation wave forms [14]. 240 

The collective deformations of individual alveoli were acquired via confocal microscopy 241 

and the use of a novel image registration algorithm that relies on periodicity to 242 

reconstruct alveolar motion. The relationships measured here could be applied to the 243 

VOC platform to help connect tissue-to-cell-to-subcellular processes and develop better 244 

ventilation strategies.   245 

Multiple cell types, including red blood cells, platelets, and leukocytes are 246 

involved in thrombus formation [15], and cellular composition is thought to affect 247 

mechanical properties of thrombi [16, 17]. Cruts et al. combined compression testing, 248 

histological analysis, and computerized tomography (CT) imaging of thrombi derived 249 

from healthy blood to examine the link between cellular composition and mechanical 250 

characteristics, including contraction [17].  Their finding that the ratio of red blood cells 251 

relative to other cell types in the thrombus had a significant impact on tissue-level 252 

compressive stiffness, contractile properties, density, and perviousness may aid in 253 

improving methods for treating acute ischemic stroke.  254 

Extracellular Matrix-to-Tissue Interactions 255 

The mechanical behavior of soft tissues is complex and dependent on the 256 

collective composition, organization, and distribution of the tissue microstructure. In 257 

other words, soft tissue is comprised of a “system” of microstructural elements that 258 

interact to achieve overall mechanical properties. For example, although tendons derive 259 

their tensile properties largely from fibrillar collagen, genetic deletion of small leucine-260 
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rich proteoglycans (SLRPs) can negatively impact tendon mechanics because of the role 261 

SLRPs play in collagen fibril diameter, spacing, and organization [18, 19]. Similarly, 262 

aging-related changes to tissue microstructure can lead to increased susceptibility to 263 

injury and failure, for example, in the skin. Recent advances in multiphoton microscopy 264 

enabled simultaneous observation of skin’s macro scale mechanical behavior and micro 265 

scale collagen fiber reorganization during mechanical testing [20, 21]. Image-based 266 

multiscale mechanical models incorporating these data predicted how single collagen 267 

fiber failure can redistribute collagen fiber network loading and propagate tissue tearing 268 

[20]. 269 

Moreover, computational models featuring discrete networks of cell actin 270 

filaments and ECM collagen fibers were used to inform continuum-based finite element 271 

models that, in turn, described macroscopic growth and remodeling phenomena [22]. As 272 

fibers in the network reorganized in response to applied deformations, each individual 273 

fiber’s radius was updated (i.e., remodeled) based on the fiber’s current stress and a pre-274 

specified target stress state. Then a new deformation was found until the average network 275 

fiber stress was zero. This model was used to simulate growth in a cylindrical arterial 276 

blood vessel, where it predicted circumferential growth in response to increased pressure, 277 

similar to predictions from continuum-based growth models. The inclusion of networks, 278 

however, has the potential to provide additional insight into fiber-level events that lead to 279 

tissue failure, such as in aortic aneurysms.  280 
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Tissue-to-Organ System Interactions 281 

Finally, at the macro-scale, there is a growing realization of the interdependence 282 

among individual tissues in a biological system. Research has increasingly focused on 283 

how distant tissues and organs affect a tissue’s mechanical properties.  284 

Joint tissues provide an excellent medium for highlighting tissue interdependence. 285 

For example, muscle tissue immobilization during development significantly reduces 286 

tendon stiffness and strength, possibly due to inhibition of collagen elongation within the 287 

ECM [23]. Similarly, surgical removal of certain tissues, such as the infrapatellar fat pad 288 

in the knee joint, can lead to replacement with fibrous tissue and significant changes to 289 

osteophyte volume and cartilage and menisci instantaneous and equilibrium moduli, 290 

presumably due to an altered loading environment in the knee [24]. The finding by 291 

Collins et al. that “fat-free” mouse strains that fully lack adipose tissue have less naturally 292 

occurring or post-traumatic osteoarthritis also highlights the complexity of inter-tissue 293 

relationships [25]. This link between adipose tissue and osteoarthritis susceptibility may 294 

occur due to proinflammatory mediators released from adipose tissue, which trigger 295 

systemic inflammation that manifests locally in the joint, although the exact mechanisms 296 

have not yet been determined [25]. 297 

Even seemingly distant tissues such as the renal sympathetic nervous system and 298 

aortic vasculature exhibit strong interconnections. The role of the renal sympathetic 299 

nervous system in regulating blood pressure through modulation of electrolyte balance, 300 

renin production, and renal blood flow has been reported [26]. Attenuating or inhibiting 301 

the activity of the renal sympathetic nervous system via renal denervation has emerged as 302 

a potential therapeutic approach to resistant hypertension. Gkousioudi et al. investigated 303 
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alterations in the mechanical properties and microstructure of common carotid arteries in 304 

rats following renal denervation, finding that the procedure reduced arterial stress [27]. 305 

These findings suggest that relieving arterial stress prompts changes in the cells and 306 

components of the common carotid arteries, effectively reversing their pathological 307 

biomechanical behavior. 308 

These studies indicate that to best predict the mechanisms responsible for bodily 309 

function, it is necessary to take a systems approach. The development of whole-body 310 

models that consider multi-organ interactions on biomechanics such as I-PREDICT [28] 311 

has been ongoing over the last decade.  The I-PREDICT human body model has been 312 

used to describe relationships between the tissues of the intervertebral discs and torso 313 

musculature to predict the human body’s response to mechanically traumatic events, such 314 

as blunt trauma, as well as potential injuries associated with posture during long-duration 315 

flights [28]. The progress made thus far with tools like I-PREDICT suggests that future 316 

developments will greatly improve our ability to view the body as a complex system.  317 

Overall, we find that there is an increased awareness of systems biology and the need 318 

to consider the body as a system in solid mechanics. Research presented at SB3C 2022 319 

integrated size scales from protein to tissue to whole body movement, allowing us to 320 

develop a more accurate understanding of biomechanics.  321 

 322 

Fluid Mechanics 323 

Simulation Realism  324 

A systems approach in fluid mechanics includes the collective aspects of a system 325 

that influence bulk fluid flow and local flow patterns. For example, systems-based 326 



Journal of Biomechanical Engineering 
 

 14 

approaches are used to increase the realism and predictive capabilities of subject-specific 327 

computational fluid dynamics models developed for cardiovascular pathologies. This can 328 

be represented in the network of downstream vasculature that imposes resistance to blood 329 

flow, resulting in local pressure within some physiological range under normal 330 

conditions, or pathological levels in the setting of disease. Such realism is often 331 

incorporated using physiologic boundary conditions in current-generation computational 332 

simulations. For example, Gupta et al. presented work at SB3C 2022 related to automated 333 

tuning of boundary condition values for a lumped parameter network (LPN) 334 

representation of the circulatory system [29]. The authors combined neural networks, 335 

scaling, and ventricular volume estimates to achieve target hemodynamic parameters 336 

from 500 data sets, presenting results within ~5% (normalized root mean square error) of 337 

aimed values. 338 

Another example of a systems approach for fluid mechanics involves 339 

consideration of the mechanisms that regulate vessel caliber in response to adverse 340 

stimuli resulting in stenoses or intimal hyperplasia that cause local flow perturbations. As 341 

alluded to in the prior section, growth and remodeling (G&R) algorithms apply system-342 

based approaches to increase the realism and predictive capabilities of subject-specific 343 

computational models developed for cardiovascular pathologies. Bazzi et al. used a 344 

FBLN4SMKO mouse model of thoracic aortic aneurysms to study hemodynamically-driven 345 

stimuli mediating heterogeneous growth in the aortic wall [30]. The team applied fluid-346 

solid-interaction (FSI) model simulations with longitudinal imaging data as part of a 347 

G&R framework meant to incorporate aortic adaptation to mechanical stimuli and 348 

differences manifesting from the FBLN4SMKO mouse model with realistic boundary 349 
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conditions [30]. More specifically, mouse-specific material properties and wall 350 

thicknesses were incorporated into boundary conditions for FSI simulations and results 351 

for von Mises stress were used as input to solve a local stress-driven G&R model. Model 352 

results qualitatively matched the experimentally observed radial growth for ~10 weeks 353 

relative to the initial state for the cohort of mice presented.  354 

Azarnoosh et al. similarly described their detailed approach to extracting image-355 

based data for eventual use with G&R modeling of the aortic response to severities and 356 

durations of aortic coarctations (one of the most common congenital cardiovascular 357 

defects) observed in patients experiencing hypertension despite surgical correction at a 358 

young age [31]. The SB3C presentation showed FSI results in which boundary conditions 359 

were altered in a physiologic manner based on adaptation of the local and downstream 360 

arterial system to match empirical results, and the accompanying manuscript with 361 

complete details has since been published [32].  362 

A recent study by Chiastra et al. described a new index called the wall shear stress 363 

(WSS) topological skeleton. This index is calculated from the divergence of the 364 

normalized WSS vector field and provides additional characterization of forces that may 365 

be experienced by cells along a vessel surface [33]. De Nisco et al. presented data from 366 

49 subject-specific models of human coronary arteries designed to investigate whether 367 

the WSS topological skeleton index can predict longitudinal changes in local plaque 368 

burden [34]. The correlation between the index and plaque burden was consistent with 369 

that from elevated oscillatory shear index, low time-averaged WSS, and pronounced 370 

relative residence time. Nevertheless, the theory behind WSS topological skeleton as an 371 

index that provides a more nuanced measure of the variability of the contraction and/or 372 
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expansion action exerted by flowing blood on endothelial cells makes it perhaps more 373 

useful in uncovering the link between stimulus and response from a mechanistic systems 374 

biology perspective. 375 

Stimulus and Response 376 

Because fluid mechanics stimuli are known to affect a wide range of individual 377 

intracellular pathways, many of which are linked intracellularly, the vascular response to 378 

fluid shear stress represents an area that may benefit from a systems biology approach. 379 

For example, endothelial cell metabolic changes may link endothelial cell dysfunction 380 

and cardiovascular disease. From a systems perspective, focusing on a single pathway, or 381 

single target within a given pathway, does not account for the interrelated nature of 382 

metabolic networks. Moiz et al. used computational isotope-assisted metabolic flux 383 

analysis (iMFA) to understand how glycolytic side branch pathway inhibition impacted 384 

interconnected metabolic networks using human umbilical vein endothelial cells 385 

(HUVECs) [35]. The iMFA model showed that inhibition of the polyol and pentose 386 

phosphate pathways induced systemic metabolic changes in HUVECs that extended 387 

beyond their stated targets. The cells adapted to these metabolic disturbances by altering 388 

tricarboxylic acid (TCA) cycle activity. The systems approach leveraged computational 389 

and empirical approaches and could be used in the future to limit off-target effects of 390 

novel pharmacological compounds [36, 37]. 391 

Artificial Intelligence and Machine Learning 392 

Subject-specific FSI and/or CFD simulations require a 3D domain to be 393 

reconstructed from medical imaging data. This is an important step conducted prior to 394 

applying physiologic boundary conditions at the inlet and outlets of the computationally 395 
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reconstructed domain. Image-based vascular reconstruction can often be enhanced by 396 

using a systems approach. Iyer et al. introduced a deep learning approach aimed at 397 

performing 3D coronary artery reconstruction using synthetically-generated angiography 398 

images from two projections [38]. While errors in the pressure drop across stenoses 399 

peaked at only 4.14 mmHg, centerline coordinates for reconstructed images were on the 400 

order of the artery diameter. Importantly, their approach did not require image calibration 401 

or knowledge of the projection angle from which images were acquired. Future work 402 

aims to use more heterogenous data sets and include coronary branches. Nonetheless, this 403 

promising initial work will likely improve the accuracy of 3D reconstructions for use 404 

with G&R algorithms and boundary conditions employing a systems-based approach. 405 

 406 

Cell and Tissue Mechanics 407 

Systems biology approaches have gained traction in cell and tissue engineering to 408 

study how cells are influenced by biophysical and chemical cues in their 409 

microenvironment, and, conversely, how cells influence the tissue microenvironment. 410 

The interplay among microenvironmental aspects and complex cellular signaling within 411 

and between disparate cell populations has led to higher-order questions with a 412 

potentially large parameter space. Moreover, because these numerous factors are often 413 

interconnected and time-dependent, a systems approach offers a more holistic view of 414 

multiparameter and temporal questions than a single or multiparameter reductionist 415 

approach. The experimental control afforded by in vitro engineered constructs or assays 416 

enables researchers to study these inherently “messy” problems, such as cell-cell and 417 

cell-matrix interactions during development, injury, degeneration, repair, or regeneration. 418 
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This section highlights SBC3 2022 presentations that used systems biology approaches to 419 

evaluate relationships between cells and the microenvironment. 420 

Mechanical Stimuli 421 

Cells receive important biophysical and chemical cues from the 422 

microenvironment, which, in turn, influence the cells’ biologic responses. These cues and 423 

responses are essential to understanding tissue dysfunction and disease progression, 424 

engineering tissue replacements, and developing novel therapeutics. For example, shear 425 

stress activates endothelial cells to increase reactive oxygen species (ROS) and generate a 426 

pro-inflammatory state, which is associated with cardiovascular disease. O’Hare et al. 427 

investigated the role of shear stress and healthy glycocalyx in deterring problematic 428 

endothelial activation. ROS probes and RNA-seq were used to study the dynamic 429 

expression of multiple genes associated with either endothelial redox rate or 430 

inflammation. Their finding that shear stress resulted in a shift toward anti-oxidant and 431 

anti-inflammatory gene expression, while degradation of the glycocalyx layer induced a 432 

pro-inflammatory response, thereby suggesting a complex response to endothelial 433 

activation [39]. Indeed, their analyses showed that the endothelial activation involved 434 

dozens of genes, highlighting its complexity, and illustrating the need for future high-435 

throughput analyses to more completely understand the endothelial redox response.  436 

Tensile loading has also been explored within a recent study of 437 

mechanotransduction in cancer, to identify its influence on the activation and expression 438 

of heat shock protein 27 (HSP27), with implications in chemoresistance. Epithelial 439 

ovarian cancer cells were subjected to oscillatory tensile loading in 2D cultures, revealing 440 

that tensile-loaded cells increased expression of HSP27 [40]. The mechanically-441 
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preconditioned cells were then cultured in a 3D microfluidic device with fully formed 442 

vasculature to create a new 3D microfluidic-based model of epithelial ovarian cancer. 443 

This model incorporates contributions from other relevant cells (i.e., microvascular 444 

epithelial cells and normal lung fibroblasts) without the confounding influence of soluble 445 

factors. With this new model established, through the use of mechanically-primed cells 446 

and their unstrained controls, future studies can explore the biomechanical relationships 447 

between tensile stress, heat shock protein expressions, and chemoresistance. In addition 448 

to the cell’s own response, mechanical stimuli can also influence how cells signal to 449 

neighboring cells, such as their release of extracellular vesicles (EVs) and EV cargoes. 450 

Sangha et al. explored this in red blood cells (RBCs) by subjecting normal RBCs to shear 451 

stress and analyzing resulting EVs [41]. Their findings suggest that shear stress may 452 

stimulate mechanosensitive healthy RBCs to generate EVs with different size, 453 

morphology, and biomarker expression than those EVs generated under pathologic 454 

conditions. 455 

Chemical Stimuli 456 

 Cellular response to chemical stimuli can involve multiple integrated pathways, 457 

necessitating a systems biology approach. Using a combination of RNA-seq and pathway 458 

analyses on vascular smooth muscle cells, Mathieu and Clyne studied the role of 459 

glutamine on glycolysis [42]. They observed upregulation of both glycolytic and 460 

contractile genes and proteins, suggesting that glutamine plays a more complex role than 461 

simply promoting a “contractile” or “synthetic” phenotype, and that glutamine is essential 462 

for both phenotypes.  463 
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Cell behavior can also be influenced by integrated mechanical and chemical 464 

stimuli. For example, tension in the plasma membrane disturbs endocytic membrane 465 

trafficking, with important implications for cancer cell migration. Chan et al. explored 466 

this in stationary triple negative breast cancer cells, which were genome-edited to express 467 

a fluorescently tagged endocytosis component, AP2-EGFP [43]. By combining confocal 468 

microscopy with optical tweezers housed within the same system, they were able to 469 

measure endocytic dynamics and plasma membrane tension, respectively. Additionally, 470 

the team utilized a computational model to simulate epidermal growth factor gradients 471 

that induce chemotactic migration and designed a microfluidic model to enable similar 472 

measurements in migrating cells. This integrated approach yielded experimental results 473 

connecting spatial endocytosis dynamics to membrane tension, providing a foundation to 474 

study their influence on cell migration, including cell lines with different levels of 475 

malignancy. 476 

Stimuli From Local Cells and Tissues 477 

Systems biology approaches are well suited for investigating how cell behavior is 478 

influenced by other cells in their microenvironment. For example, a novel computational 479 

model that couples both cell migration and division with volumetric growth was used to 480 

explore brain development [44]. This model incorporated spatial-temporal development 481 

of multiple cohorts of neurons born at different times and showed good qualitative 482 

agreement with experimental data in ferret brain development and cortical folding. Such 483 

integrated in silico approaches provide a powerful platform for rapid mechanistic 484 

exploration, and to inform and guide future experiments, including investigations into 485 
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atypical brain development and potential factors or mechanisms that drive aberrant 486 

development. 487 

Engineered cartilage that recapitulates native healthy tissue has been widely 488 

researched, with significant improvements in tissue production through mechanical 489 

stimulation [45-48] and growth factor supplementation. Transforming growth factor-𝛽𝛽 490 

(TGF𝛽𝛽) is the most widely used growth factor for cultivating engineered cartilage [49-491 

51]. However, exogenous TGF𝛽𝛽 delivery may help or hinder the cells’ ability to produce 492 

its own TGF𝛽𝛽, depending on delivery dose and timing, thereby impacting matrix 493 

production [50]. TGF𝛽𝛽 exists in an active or latent state, which can also alter tissue 494 

production. Dogru et al. used a combined computational and experimental approach to 495 

study the relationship between TGF𝛽𝛽 dose and TGF𝛽𝛽 binding kinetics [52]. This systems 496 

approach showed that the common dose of 10 ng/mL delivered exogenously resulted in 497 

TGF𝛽𝛽 penetrating the scaffold by less than 500 µm, but that heparin affinity domains in a 498 

scaffold can increase TGF𝛽𝛽 retention, especially at higher doses. These findings are 499 

exciting, as development of larger engineered constructs (i.e., > 5 mm diameter) are 500 

hindered by greater matrix production on the construct periphery, reducing nutrient flow 501 

to the center of the construct [53]. 502 

Csordas et al. further showed that TGF𝛽𝛽 supplementation increased α-SMA 503 

expression from fibroblasts cultured in a collagen gel (type I). This study used confocal 504 

imaging to assess protein expression within the first 25 hours of TGF𝛽𝛽 exposure, which 505 

supports the hypothesis that TGF𝛽𝛽 induces a fibroblast-to-myofibroblast transition [54]. 506 

The in vitro culture system moves beyond traditional cells in a scaffold by embedding a 507 

sensor in each scaffold to measure matrix stiffness changes. While additional model 508 
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validation is needed to confirm stiffness measurements, this approach may present 509 

researchers with a non-destructive assessment of engineered tissue mechanical properties 510 

over time. 511 

Microfluidic devices have been used to study how flow impacts cell-matrix and 512 

cell-cell interactions. Jewett et al. evaluated how microfluidic channel design alters fiber 513 

alignment and matrix architecture [55], which is critical to recapitulating the highly 514 

organized collagen fibers located in specific tissue regions. In this study, flow-induced 515 

fiber alignment was achieved by decreasing the channel width. Fiber alignment was 516 

maintained even after constructs were removed from the microfluidic device, providing 517 

promise for developing more complex organ structures with microscale fiber architecture 518 

control. Shelton et al. used microfluidic devices to study cell-cell interactions in the 519 

tumor microenvironment [56]. Specifically, fibroblasts from tumors or normal tissue 520 

were embedded in a gel, and endothelial cells were applied as a monolayer to assess 521 

vascularization. The findings showed that cancer-associated fibroblasts increased 522 

sprouting angiogenesis and macrophage polarization.  523 

A number of novel in vitro model systems incorporate mechanical loading to 524 

more closely replicate key mechanobiologic aspects of in vivo environments. Brown et al. 525 

developed a static loading culture system for ligament-to-bone culture [57]. Type I 526 

collagen sheets were constrained between two clamps, causing cells to experience tension 527 

between the clamps and compression under the clamps. The loading system resulted in 528 

variations in tissue organization after 4 weeks. Specifically, cells that experienced tensile 529 

strains in the mid-region produced collagen fibers aligned with the loading direction, 530 

while collagen fibers were more disorganized in the region that experienced compression 531 
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under the clamps. This system highlights how complex tissue structures can be cultivated 532 

using more complex loading conditions or more localized mechanical stimuli. Moreover, 533 

improvements in tissue interface development, e.g., entheses and myotendinous 534 

junctions, may be important for successful implantation of engineered tissues and 535 

integration with surrounding native tissues. 536 

In vivo tissue degeneration includes both inflammatory and mechanical changes, 537 

which may interact to accelerate tissue degeneration. A growing body of work indicates 538 

that macrophages are mechano-sensitive [58, 59]. Kim et al. assessed baseline cell 539 

signaling from healthy and pathologic human synovial tissue, and then evaluated the 540 

effect of substrate stiffness and inflammation on macrophage response [60]. Synovial 541 

tissue from patients receiving total knee arthroplasty was more fibrotic, suggesting a 542 

stiffer tissue, and had a greater staining for CCR7 (M1 macrophage surface marker) and 543 

nuclear translocation of p65 (NF-κB subunit containing the activation domain). The team 544 

then assessed interactions between matrix stiffness and macrophage response in an in 545 

vitro culture system with variable substrate stiffness (5 or 55 kPa). Macrophage adhesion 546 

to soft hydrogels had a greater inflammatory response than macrophages seeded on stiffer 547 

substrates. The inflammatory response by macrophages was further altered in the 548 

presence of biochemical cues, where TNF-α increased the expression of M1 markers and 549 

the increase in expression was even greater for softer substrates [60]. The increase in 550 

inflammation on softer substrates conflicts with previous observations, which may be due 551 

to the relatively small range in substrate stiffness (50kPa difference rather than orders of 552 

magnitude) [61].  553 
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Chen et al. evaluated the effect of mechanics on wound healing using an in vivo 554 

mouse model [62]. A mechanical loading device applied uniform static tension to the 555 

mouse dorsum after an incisional wound was created. Tensile loading increased fibrotic, 556 

inflammatory, and migratory myeloid cells, resulting in fibrotic tissue formation with 557 

highly aligned collagen fibers. The role of focal adhesion kinase (FAK) during the wound 558 

healing process was assessed using a knockout mouse model and by inhibiting FAK at 559 

the wound site. FAK knockout or inhibition reduced pro-inflammatory markers and 560 

promoted a more regenerative myeloid cell population. These findings show promise that 561 

mechanical modulation in early wound healing can trigger a mechano-562 

immunomodulation of the early responding cells, with a downstream effect on 563 

regenerative healing. 564 

The powerful synergy between computational models and experimental data 565 

provides a true systems biology approach to address complex biologic questions. Indeed, 566 

cell-microenvironment interactions have been explored in silico using models informed 567 

by in vitro experimental data. For example, Flanary and Barocas created a computational 568 

model to predict 2D contractile behavior of vascular smooth muscle cells when subjected 569 

to a variety of environmental stimuli [63]. Their model integrated cell contractile signal 570 

generation, actomyosin stress fiber interaction, and elastic substrate deformation to 571 

provide a novel way to interpret traction force microscopy data. By incorporating prior 572 

systems biology advances for modeling cell signaling networks [64], along with 573 

experimental tribology data, they were able to model ECM deposition and phenotype 574 

switching to predict actomyosin activation and substrate displacement. Their novel 575 

integration of systems biology modeling with traction force microscopy data leverages 576 
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feedback from both chemical and mechanical signals to enable unique investigation into 577 

the biologic aspects of cell-matrix interaction and cell contraction [63]. 578 

 579 

Biotransport 580 

Since biological systems interact by regulating the transport of mass, momentum, 581 

energy and chemical species, systems approaches in the biotransport area often aim to 582 

understand these interactions by measuring and controlling transport processes. Most 583 

actively studied interactions at the organ and tissue levels are transport processes by 584 

blood perfusion. Blood perfusion, which is often associated with thermoregulation and 585 

thermal therapies, functions to regulate the system temperature by mitigating the effects 586 

of either spatial or temporal temperature change of organs and tissues. Blood perfusion 587 

may also induce interstitial fluid flow, thus transporting growth factors, nutrients and 588 

metabolic byproducts, crucial for regulation of cellular behaviors, therapeutic responses, 589 

and performance of biomedical devices. 590 

Multi-Organ Interactions 591 

Research on brain transport has been largely focused on the blood-brain-barrier, 592 

which tightly regulates transvascular transport. The significance of the glymphatic system 593 

has recently been recognized, particularly its cyclic activation of lymphatic function 594 

associated with the circadian rhythm. As the brain is the most metabolically active organ, 595 

consuming 20-25% of total body's energy expenditure, a functional lymphatic system is 596 

crucial to brain physiology. Gan et al. presented a systems approach to investigating the 597 

blood perfusion of brain. As local consumption of metabolites occurs with neuronal 598 

activation, cerebral blood flow increases to supply oxygen and metabolites to the 599 
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depleted area, a process called functional hyperemia, which displaces cerebrospinal fluid 600 

(CSF) and drives flow in the space around cerebral arteries [65].  These flows are thought 601 

to couple to the glymphatic system, which facilitates waste clearance. Gan et al. used a 602 

whisker stimulation model in mice to investigate its effects on glymphatic fluid transport, 603 

finding the first direct evidence that functional hyperemia accelerates CSF influx to the 604 

brain, as well as waste clearance from the brain space. Further, they demonstrated that 605 

changes in arterial diameter, rather than neuronal activation, may be responsible for 606 

increased CSF influx. Through this study, Gan et al. quantitively demonstrated key 607 

interactions between the glymphatic system and the vasculature during functional 608 

hyperemia that drive transport of nutrients and metabolic wastes [65]. 609 

Data-driven approaches were also reported at SB3C 2022. For example, Messou 610 

et al. employed a deep learning approach to systematically identify the differences in the 611 

cardiovascular systems of cannabis smokers with respect to those of non-smokers using 612 

both cannabis use survey data and cardiovascular magnetic resonance (CMR) images in 613 

the large-scale biomedical database UK Biobank [66]. In this study, the authors applied a 614 

machine learning algorithm to establish that mapping images of the left ventricle 615 

myocardium from regular (self-reported) cannabis users and images from non-users could 616 

be distinguished with their deep learning approach. This tool has potential future use in 617 

non-invasive image-based approaches for identifying links between the use of cannabis 618 

and cardiovascular health. 619 

Multi-Cellular and Multi-Tissue Interactions 620 

Systems approaches at tissue and cellular level interactions were employed in two 621 

studies to develop microfluidic tumor models. Chi et al. presented a three-layer 622 
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microfluidic cell array co-culturing breast cancer cells with immune cells to reconstruct a 623 

tumor-stroma microenvironment. The array is integrated with a recirculation circuit 624 

designed to study T cell infiltration and cytotoxicity.  [67]. The design allows for study of 625 

tumor-endothelium and tumor-stroma interactions in cancer drug responses, in a scenario 626 

that closely mimics real physiological conditions [67]. The model successfully provides a 627 

testbed for screening cancer immunotherapeutic agents paired with a high throughput 628 

adaptation.  629 

The role of cancer-associated fibroblasts (CAFs) in pancreatic cancer has been 630 

one of the most actively studied interactions between tumor and stromal systems. 631 

Interestingly, the stromal system has been considered pro-tumorigenic due to its 632 

promoting tumor cell growth and invasion, augmenting chemoresistance, and posing a 633 

drug delivery barrier. Several recent studies reported that the stromal system may also 634 

play an anti-tumor role by suppressing growth and invasion of tumor cells [68, 69]. Thus, 635 

systems approaches to delineate these two competing roles can be of potential 636 

significance. Moon et al. used a 3D microfluidic tumor-stroma model of pancreatic 637 

cancer to systematically screen analogs of inhibitors of Ref-1, a signaling protein known 638 

to regulate redox metabolic activity of cancer in hypoxia and induce drug resistance and 639 

metastasis. This investigation of the efficacy of Ref-1 inhibition on pancreatic cancer 640 

cells while sparing the anti-tumor role of the fibroblasts helps demonstrate the tumor 641 

microenvironment on-chip model’s capability to provide a test bed for studying potential 642 

cancer-selective drugs in the complex and heterogenous tumor microenvironment [70].  643 
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 644 

Design, Dynamics, and Rehabilitation 645 

When understanding and investigating human dynamics, a system-based approach 646 

is critical to understanding the underlying behavior of human performance.  The human 647 

body interacts at multiple levels, including the cell, neuron, motor unit, musculotendinous 648 

unit, joint, limb, or body, and an endless number of interactions are possible when 649 

studying human dynamics. A system-based approach allows one to understand the finer 650 

levels of complexity that are responsible for the intended human performance (Fig. 4). In 651 

rehabilitation, a system-based approach helps us understand how variables such as initial 652 

conditions and perturbations affect human performance while investigating the selection 653 

of an optimal trajectory for desired motor performance during rehabilitation 654 

interventions. Finally, a systems approach to design includes taking a team-based 655 

collaborative approach while engaging with stakeholders and staying patient- as well as 656 

physician-centric. Incorporating a system-based approach in design holds the most 657 

promise for not just addressing health delivery challenges but also yielding significant 658 

improvements in both patient and service outcomes. In these sections, the work presented 659 

at SB3C 2022 that employed a system-based approach in the study of design, dynamics, 660 

and rehabilitation is highlighted.    661 

Role of Human Biomechanics in Predicting Performance 662 

A dynamical systems approach that fully explores how environmental variables 663 

impact integrated body movements is critical to predicting human performance [71].  664 

Studies have observed a reduction in coordination variability and flexibility in diseased 665 

and injury-related subjects as compared to healthy controls [72-76]. Gomez, et al. studied 666 
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the effects of regular and irregular surfaces on whole-body angular momentum in people 667 

with Parkinson’s disease (PD) by investigating changes in whole-body angular 668 

momentum when walking from a regular to an irregular surface, comparing outcomes in 669 

persons with PD with healthy, age-matched controls [77]. By analyzing adjustments in 670 

angular momentum about the three principal body axes (sagittal, frontal, and transverse) 671 

during terrain transitions, the team observed that persons with PD adopt a distinct and 672 

specific strategy for crossing the surface transition, with alterations to their sagittal and 673 

transverse angular momentum that differ from what can be expected in a healthy 674 

individual. These findings are critical to developing safe movement strategies for 675 

individuals with PD when moving through irregular walking surfaces [77].  676 

A systems-based approach while accounting for the environment in which the 677 

task is performed is critical to the outcomes of rehabilitation intervention. Schwartz et al. 678 

investigated the correlations between wheelchair fit (environmental variable) and hand 679 

rim biomechanics metrics (biomechanics) during propulsion (human performance) in 680 

pediatrics [78]. Currently, adult wheelchair user recommendations, which include 681 

minimizing force and rate of force application to the wheel hand rim, maximizing contact 682 

phase time, and reducing push frequency, are applied to pediatric users. Furthermore, 683 

adult wheelchair fit setting recommendations, such as wheel axle position with respect to 684 

the shoulder and elbow, are extrapolated for pediatric populations. The study found only 685 

a moderate correlation between elbow angle and time spent in the contact phase, and no 686 

correlation between frequency and propulsion technique, axle position and force, and 687 

wheelchair fit measures and hand rim metrics, indicating that these adult 688 

recommendations may not translate to children [78]. These findings highlight how using 689 
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a dynamical systems approach that accounts for environmental variables can correlate 690 

upper extremity biomechanics metrics with propulsion to create recommendations for 691 

pediatric wheelchair users. 692 

Physiological Systems Approach to Predicting Human Movement  693 

Because biological tissues, including nerves, tendons, and ligaments, exhibit non-694 

linear behavior, the dynamic behavior of human movements that involve spatio-temporal 695 

evolution can be studied using a non-linear systems approach when accounting for time 696 

and frequency responses/behavior [79].  Furthermore, the spatio-temporal evolution of 697 

the system dynamics can be accounted for by incorporating related physiological 698 

responses and controls. Coker et al. confirmed that a non-linear input-output time series 699 

neural network could predict joint angles during gait at 50-200 milliseconds into the 700 

future by observing current joint angles, torques, and surface electromyography (sEMG) 701 

data of pertinent muscle groups [80]. Boyea and Canino evaluated the capability of this 702 

method in predicting knee joint angles and torques at varying walking speeds [81]. 703 

Utilizing the dataset of Moriera et al. [82], they demonstrated a system that could 704 

accurately estimate knee joint torque and angle 150 milliseconds into the future, with 705 

accurate predictions of knee joint kinematics over various walking speeds. This robust 706 

system may have applications in assessing post-acute injury rehabilitation therapy and 707 

creating assist-as-needed exoskeleton devices.  708 

In another study, Trapp et al. used experimental data obtained from neonatal 709 

piglet brachial plexus to develop a computational neonatal human model. Simulations 710 

using such computational models can address neonatal brachial plexus palsy birthing 711 

injuries, which are virtually impossible to study clinically in newborn humans. A 712 
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systems-based approach of using physiological responses of neonatal nerve tissue 713 

obtained during stretch were utilized in the study to create models that can predict human 714 

responses to movement. The team created a 2D model of the neonatal brachial plexus that 715 

they used to investigate development of stress and strain throughout the brachial plexus 716 

when various loads and displacements were applied. As such a model is enhanced and 717 

refined, it may provide the opportunity to assess the effect of the birth process and 718 

variations in individual physiologies on the risk of neonatal brachial plexus injuries  [83-719 

86]. These and other presented studies at the conference support the application of the 720 

physiological system approach to better understand and predict human movements and 721 

aim to contribute to our understanding of injury prevention, prognosis and treatment. 722 

Systems Approach to Device Design 723 

A systems approach for healthcare improvement is essential to integrated, patient-724 

centered, effective, and efficient care [87]. Inacio et al. used patient-specific finite 725 

element modeling to virtually measure the interfragmentary strain environment in 726 

clinically realistic fractures [88]. They showed that shear-dominated conditions could 727 

exist for the tissues in and around the fracture line, even without large gross shearing 728 

motions of bone fragments. These data suggest that shear-dominated strains may be much 729 

higher than previously appreciated, which does not necessarily predispose a fracture to 730 

nonunion. The findings of this study have significant implications for the development of 731 

orthopedic implants because the allowable fracture-site motion is a critical design input.  732 

Simulation mannequins provide an immersive learning environment for medical 733 

and nursing students, which catalyzes the systems approach and helps address health 734 

delivery challenges, since students can directly observe, identify, and recognize the 735 
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multiplicity of elements that interact to impact a healthcare outcome [85, 89, 90]. In a 736 

study by Eisele et al., a team of students used the system-based approach in design that 737 

accounts for stakeholders, which were the nursing professionals in their case. They 738 

identified the need for a temperature assessment component in their simulation 739 

mannequin to accurately portray the qualitative and quantitative components of body 740 

temperature and aid in the clinical training of healthcare providers [91]. The team 741 

designed and built a prototype standalone temperature assessment tool. Future versions of 742 

this tool could be integrated into a full simulation mannequin, incorporating clinical 743 

complexities to improve healthcare training approaches and, ultimately, patient care.  744 

 745 

Education 746 

SB3C 2022 included multiple studies that moved bioengineering research from 747 

assessment of single components to a systems approach, recognizing the continuum of 748 

function from subcellular processes to cell, tissue, organ, physiological system, and 749 

eventually to human function. Biomechanical engineers recognize that none of these 750 

subsystems function alone and that understanding the multi-level dynamics of the entire 751 

system are critical to advancing knowledge. In educating the next generation of 752 

biomechanical engineers, we should integrate the multi-level perspective into the 753 

classroom.  754 

In the education track, several authors examined how to use laboratory 755 

experiences to develop systems-level research skills. Ebenstein et al. created educational 756 

modules for patient-centered model development from 3D imaging to finite element 757 

analysis [92].  This modeling approach is a basis for systems approach papers presented 758 
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at the conference [88, 93].  Singh and Balasubramanian presented in-person and virtual 759 

classroom laboratory approaches to give students hands-on experience in mechanical 760 

tissue property testing, which also formed the basis for several system-based research 761 

studies [20, 23, 94].  Singh examined the pandemic adaptations necessary to teach this 762 

material during remote learning.  763 

Across the breadth of multi-scale papers at the conference, many experimental 764 

techniques were presented that could be incorporated into coursework. In addition to 765 

being able to prepare cells and tissues and perform common biology and chemistry 766 

techniques such as ELISA, western blot, and immunostaining, skills that might prepare 767 

future multiscale researchers include imaging (from atomic force microscopy to magnetic 768 

resonance imaging), microfluidics, micropattern fabrication, cellular and tissue level 769 

mechanical testing, motion capture, electromyography, electrocardiography, and 770 

statistics. Statistical methods are noted across a wide breadth of systems approach-based 771 

papers. 772 

Modeling is another essential tool in the systems approach. Modeling methods 773 

used across the breadth of the multi-scale papers include image segmentation, 3D 774 

computer aided modeling, finite element modeling, computational fluid dynamics, 775 

lumped parameter modeling, and deep learning methods. The challenge to presenting 776 

such modeling in the classroom is to address the complexity of multi-scale systems while 777 

keeping it simple enough to be achievable by students in a limited time. One such 778 

approach might be to follow a characteristic such as stiffness from the ECM and 779 

intracellular fibers in cellular models to whole tissue or movement characteristics [22, 60, 780 

88, 95].  For example, stiffness in the intracellular mechanics of muscle contraction in 781 
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turn plays a role in the dynamic stability of whole-body motion.  A number of papers 782 

presented at SB3C 2022 investigated intracellular contractile mechanisms and stiffness 783 

on a molecular/cellular level, [96-101] which also play a role in whole body dynamics 784 

[99].  Textbooks that support this systems approach to muscle mechanics include Animal 785 

Locomotion by Andrew Biewener and Muscles, Reflexes, and Locomotion by Thomas 786 

McMahon [102, 103]. 787 

CURRENT CHALLENGES AND FUTURE OPPORTUNITIES 788 

The presentations at SB3C 2022 in solid mechanics, fluid mechanics, cell and 789 

tissue mechanics, biotransport, and design, dynamics and rehabilitation show the 790 

tremendous potential of systems-based approaches. Multi-scale and multi-system 791 

analyses consider the biological complexity that is inherent in all lifeforms, enabling 792 

research studies that are more physiologically relevant and therefore more likely to 793 

alleviate morbidity and mortality. Sharing research advances across technical areas 794 

within biomechanics at conferences like SB3C will create collaboration opportunities that 795 

could transform biomechanical engineering and medicine. However, significant 796 

challenges in both experimental and computational models continue to limit systems-797 

based approaches in biomechanics. 798 

As the complexity of research questions increases, so will the demand for 799 

experimental tools to study them. Complex studies create an expanding need for novel in 800 

vitro models that integrate biomechanical and biochemical parameters, in particular 801 

large-scale changes in solid or fluid mechanics with cellular and molecular responses. 802 

These models must enable multiple, individual parameters to be permutated in a 803 
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controlled and reproducible manner. Yet it remains challenging to vary one experimental 804 

parameter (e.g., substrate stiffness, shear stress) without changing other parameters (e.g., 805 

crosslinking density, biotransport). These models must also enable the dynamic 806 

characterization of temporal and spatial intra- and extra-cellular interactions at the 807 

molecular, cellular, and tissue levels in 3D, multicellular in vitro systems.  Advances in 808 

experimental measurements (e.g., microscopy and other non-destructive in situ 809 

techniques) are needed to enable investigators to gain as much information as possible 810 

from in vitro models. 811 

Enhanced experimental models require advanced computational techniques to 812 

analyze large datasets and increase throughput. Rich high-dimensional data sets (e.g., 813 

temporal and spatial transcriptomics, proteomics, and metabolomics) require in silico 814 

models to probe biomechanics hypotheses. Machine learning and artificial intelligence 815 

methods may provide solutions; however, collaborations with computational biologists 816 

and computer scientists are needed to fully integrate these techniques into the 817 

biomechanics community. These data sets will also need to be shared widely to enable 818 

those without access to experimental models to participate in higher order inquiry. 819 

Computational models, for example of cardiovascular fluid mechanics, require validation 820 

of parameters imposed on the vascular network (e.g., growth and remodeling), validation 821 

of outcomes from a single step in the subject-specific modeling process (e.g. vascular 822 

reconstruction), and validation of overall outcomes. These validations become even more 823 

challenging when working across size scales. Finally, the frequently reported indices 824 

from these models, such as time-averaged wall shear stress are undoubtedly important; 825 
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however, additional indices are needed to account for spatial and temporal variability as 826 

well as cellular and molecular impacts.   827 

The advances in in vitro and in silico models that are needed to expand systems-828 

based approaches in biomechanics research provide opportunities and challenges in 829 

educating the next generation of biomechanical engineers. Students will need broadened 830 

training opportunities and resources in systems-level approaches, which could be 831 

incorporated into courses, textbooks, conference-based workshops, and online certificate 832 

programs. Undergraduate students will need exposure to these concepts at a basic level, 833 

while graduate students, post-docs, and established investigators working in academia, 834 

government, and industry will need in-depth education and training. Key challenges 835 

include how to fit these complex concepts into an already packed curriculum, as well as 836 

developing educational resources (e.g., textbooks, instructors) to make the material 837 

accessible to learners from a wide variety of backgrounds. 838 

At SB3C 2022, investigators presented the many ways in which they were already 839 

exploring how solid, fluid, and cellular biomechanics, dynamic systems, and biotransport 840 

impact sub-cellular and cellular signaling, cell-microenvironment, and inter-organ 841 

interactions to understand tissue development and disease progression and eventually 842 

control tissue repair. The SB3C 2022 presentations show the importance of considering 843 

multi-scale biological complexity when attempting to understand and predict the 844 

mechanical response of cells, tissues, organs, and humans. This holistic approach creates 845 

incredible opportunities to transform our understanding of biomechanics if we can create 846 

effective and accessible in vitro and in silico tools. Additional conferences or research 847 

symposia that bring investigators from biomechanics together with computational 848 
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biologists and computer scientists are needed to accelerate the application of systems-849 

based approaches in biomechanics.  850 
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NOMENCLATURE 851 

2D Two dimensional 

3D Three dimensional 

ATP Adenosine triphosphate 

CAF Cancer-associated fibroblasts 

CCR7 C-C motif chemokine receptor 7 

CFD Computational fluid dynamics 

CMR Cardiovascular magnetic resonance 

CSF Cerebrospinal fluid 

CT Computerized tomography 

ECM Extracellular matrix 

ELISA Enzyme-linked immunosorbent assay 

EV Extracellular vesicle 

FAK Focal adhesion kinase 

FSI Fluid-solid-interaction 

G&R Growth & remodeling 

hiPSC-CMs Human induced pluripotent stem cell derived cardiomyocytes 

HSCs Human Schlemm’s Canal cells 
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HUVECs Human umbilical vein endothelial cells 

iMFA Isotope-assisted metabolic flux analysis 

LPN Lumped parameter network 

MSC Mesenchymal stromal cells 

NF-kB Nuclear factor-κB 

RBC Red blood cell 

RNA-seq Ribonucleic acid sequencing 

ROS Reactive oxygen species 

SB3C Summer Biomechanics, Bioengineering, and Biotransport Conference 

sEMG Surface electromyography 

SLRPs Small leucine-rich proteoglycans 

sPLA2 Secretory phospholipase A2 

TCA Tricarboxylic acid 

TGFβ2 Transforming growth factor beta2 

VOC Ventilator-on-a-chip 

VSMC Vascular smooth muscle cell 

WSS Wall shear stress 

YAP Yes-associated protein 
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FIGURES 1224 

 1225 

Fig. 1 A systems-level look at the components required to produce a heartbeat and pump 1226 

blood around the body.  1227 

  1228 
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 1229 

Fig. 2 A chemo-mechanical-biological model of evolving osteoarthritis showing cartilage 1230 

evolving in homeostasis and immobilization. Left panel: Normalized quantities of (a) 1231 

structural components (living chondrocytes, collagen, and proteoglycan), (b) cytokines 1232 

and growth factors (collagenase, aggrecanase, TIMP, latent growth factor, and latent pro-1233 

inflammatory cytokines), (c) active cytokines and growth factors, and (d) cartilage 1234 

thickness. Dashed and solid lines represent moderate and reduced loading, respectively. 1235 

Right panel: Model capturing the nonlinear mechanics of cartilage.  1236 

  1237 
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 1238 

Fig. 3 An example of a systems approach to cardiovascular fluid mechanics through 1239 
boundary conditions, growth, and remodeling.   1240 
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 1241 
 1242 
Fig. 4   Interactions to consider in a systems approach to design, dynamics, and 1243 
rehabilitation.   1244 
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Figure Captions List 1246 

Fig. 1 A systems-level look at the components required to produce a heartbeat and 

pump blood around the body. 

Fig. 2 A chemo-mechanical-biological model of evolving osteoarthritis showing 

cartilage evolving in homeostasis and immobilization. Left panel: 

Normalized quantities of (a) structural components (living chondrocytes, 

collagen, and proteoglycan), (b) cytokines and growth factors (collagenase, 

aggrecanase, TIMP, latent growth factor, and latent pro-inflammatory 

cytokines), (c) active cytokines and growth factors, and (d) cartilage 

thickness. Dashed and solid lines represent moderate and reduced loading, 

respectively. Right panel: Model capturing the nonlinear mechanics of 

cartilage. 

Fig. 3 An example of a systems approach to cardiovascular fluid mechanics 

through boundary conditions, growth, and remodeling.   

Fig. 4 Interactions to consider in a systems approach to design, dynamics, and 

rehabilitation.   
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