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a b s t r a c t 

Cells within living soft biological tissues seem to promote the maintenance of a mechanical state within a 

defined range near a so-called set-point. This mechanobiological process is often referred to as mechani- 

cal homeostasis. During this process, cells interact with the fibers of the surrounding extracellular matrix 

(ECM). It remains poorly understood, however, what individual cells actually regulate during these inter- 

actions, and how these micromechanical regulations are translated to the tissue-level to lead to what we 

observe as biomaterial properties. Herein, we examine this question by a combination of experiments, 

theoretical analysis, and computational modeling. We demonstrate that on short time scales (hours) - 

during which deposition and degradation of ECM fibers can largely be neglected - cells appear to not 

regulate the stress / strain in the ECM or their own shape, but rather only the contractile forces that they 

exert on the surrounding ECM. 

Statement of significance 

Cells in soft biological tissues sense and regulate the mechanical state of the extracellular matrix to en- 

sure structural integrity and functionality. This so-called mechanical homeostasis plays an important role 

in the natural history of various diseases such as aneurysms in the cardiovascular system or cancer. Yet, 

it remains poorly understood to date which target quantity cells regulate on the mircroscale and how it 

translates to the macroscale. In this paper, we combine experiments, computer simulations, and theoreti- 

cal analysis to compare different hypotheses about this target quantity. This allows us to identify a likely 

candidate for it at least on short time scales and in the simplified environment of tissue equivalents. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

While many engineering materials remain stress-free, or in 

heir respective production-induced stress state, in the absence 

f external loading, living soft tissues generally seek to estab- 

ish a preferred mechanical state that is not stress-free. This state 

s often referred to as homeostatic . Notwithstanding this near 
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teady state, cells are yet highly active. They constantly probe and 

ransduce environmental cues into intracellular signaling pathways 

mechanosensing) and adjust their interactions with the surround- 

ng tissue fibers (mechanoregulation) accordingly [1–7] . To this 

nd, cells use transmembrane receptors such as integrins to con- 

ect the intracellular cytoskeleton to fibers of the extracellular ma- 

rix (ECM). This unique dynamic regulatory system allows cells to 

stablish and maintain a preferred mechanical state via a process 

hat is often referred to as tensional [8] or mechanical [9] home- 

stasis . Compromised or lost mechanical homeostasis, and its un- 

erlying mechanosensitive and mechanoregulatory processes, are 

inked to some of the most predominant causes of death, includ- 

ng aneurysms [10–13] or cancer [14–19] on the organ scale, and 
. This is an open access article under the CC BY license 
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o altered cellular processes such as cell migration [20–23] , differ- 

ntiation [24–26] , and even survival [27–30] . 

Despite the prominent role of mechanical homeostasis in vari- 

us physiological and pathophysiological processes, it remains un- 

lear which mechanical quantity is regulated on a tissue level. In 

imple constrained tissue equivalents, it has been hypothesized 

hat this ubiquitous control may seek to develop and maintain a 

ertain state of tension in the tissue. Although continuum met- 

ics of stress, strain, and those derived from them are unlikely to 

e sensed directly by cells [31] , such metrics can nevertheless be 

ood surrogate markers sufficient for data analysis and computa- 

ion [8,32–37] . To address this open question, experiments using 

issue equivalents have attracted increasing attention over recent 

ecades [38] . Tissue equivalents are simple model systems of liv- 

ng soft tissues that consist often of collagen fibers seeded with 

iving cells. When fixed at their boundaries in an initially stress- 

ree configuration, tissue equivalents exhibit a characteristic be- 

avior observed in numerous independent studies [8,32–45] . First, 

hey rapidly build up a certain level of internal tension (phase I). 

econd, this level of tension is maintained for a prolonged pe- 

iod (phase II). If this steady state is perturbed (e.g., by stretching 

r releasing the tissue equivalent slightly), cells seem to regulate 

heir activity such that the tension in the gel is restored toward 

he value prior to the perturbation [8,32,33] . It remains unclear, 

owever, whether this value is recovered within a range consistent 

ith homeostasis, noting that “homeo” means similar to in con- 

rast with “homo” which means the same as [46] . 

In general, different time scales are involved in mechani- 

al homeostasis. On short time scales (minutes to hours), cells 

an adapt the forces they exert on the surrounding ECM. On 

onger time scales (several days to months), cells may additionally 

urnover the ECM, that is, inelastically reorganize its microstruc- 

ure or deposit and degrade matrix fibers (growth and atrophy) 

39,47–49] . This article focuses on short time scales, in which 

he regulation of cellular forces can be assumed to be the dom- 

nant mechanism of mechanical homeostasis. Not only different 

ime scales, but also different spatial scales are involved. On the 

icroscale, individual cells likely sense and regulate elementary 

uantities such as forces in or displacements of surrounding fibers 

31] . By contrast, on the tissue scale, this cellular activity leads to 

hanges of continuum mechanical quantities such as stress, strain, 

r stiffness. 

In this paper, we consider the question of which mechanical 

uantity individual cells regulate on the microscale on short time 

cales (where growth and remodeling can largely be neglected), 

nd how this behavior translates into changes of continuum me- 

hanical quantities on the tissue level. We address this question by 

 combination of three tools. First, we performed biaxial tissue cul- 

ure experiments with a custom-built bioreactor [33] . Second, we 

eveloped a simple theoretical mechanical analog model to under- 

tand the governing principles of our experimental observations. 

hird, we used a detailed computational model resolving cell-ECM 

nteractions on the level of discrete cells and fibers [50] to validate 

he results of our theoretical analysis. 

. Material and methods 

.1. Experimental study 

evice and experimental procedure 

To study the evolution of cell-generated tension in cell-seeded 

ollagen gels we used our custom-built biaxial bioreactor, previ- 

usly described in [33] . Briefly, the device consists of a bath, two 

orce transducers, and four motors ( Fig. 1 ). The device is placed 

ithin a humidified incubator (NU-8520, NuAire) at 37 ◦C and a 

O level of 5% to ensure appropriate culture conditions. Two 
2 

349 
ighly sensitive force transducers (World Precision Instruments), 

ne for each axis, measure generated forces in the gel in the range 

f 0–1 mN over multiple hours with negligible drift. Four high res- 

lution stepper motors (Advanced Micro Systems) precisely con- 

rol complex biaxial loading conditions. The device is controlled 

y a custom-written LabView code. Due to their fragility, the gels 

ere polymerized inside the device to avoid unnecessary move- 

ents. To this end, a 3D-printed cruciform mold, which yields a 

omogeneous stress field in the central region of the specimen, is 

laced in the middle of the bath of an already assembled device. 

he collagen solution including the cells is prepared as described 

elow and then pipetted into the mold. The liquid solution evenly 

istributes within the mold and around porous inserts which are 

rmly attached to the force transducers. Due to the change in tem- 

erature (the collagen solution is prepared on ice) the initially liq- 

id solution starts polymerizing, forming over 30–45 min a gel con- 

ected to the transducers used to control the gel strain. Subse- 

uently, the bath is immersed within 80 ml of culture medium. At 

his point, the mold is removed allowing the gel to float freely 

n the culture medium. This marks the start of the experiment. 

fter an initial stress-free phase of approximately 30–60 min , the 

ells start to generate tension within the gel which is measured by 

he force transducers through the deflection of cantilever beams. 

he initial gel has a width of ∼ 10 mm in the arms, a thickness 

f ∼ 4 mm and a length of ∼ 25 mm (between the porous inserts). 

he initial stiffness of a gel in the small deformation regime is 

stimated using the above dimensions and a strain of 1 % (strain 

ate 0.1 % /s ), resulting in a Young’s modulus of approximately 1 kPa . 

he same strain rate was applied in all the experiments described 

erein. 

reparation of tissue equivalents 

Primary smooth muscle cells (SMCs) were isolated from 13–15 

eek old male C57BL/6 wild-type mouse aortas. Cells extracted 

rom the medial layer of the descending, suprarenal, and infrarenal 

orta (all having a mesoderm embryonic lineage [51] ) were mixed 

nd then expanded in culture. Cells were maintained in cul- 

ure medium consisting of Dulbecco’s Modified Eagles’s Medium 

DMEM) (Gibco, Life Technologies, D5796), 20% heat-inactivated fe- 

al bovine serum (FBS) (Gibco, Life Technologies), and 1% penicillin- 

treptomycin (ThermoFisher) in an incubator at 37 ◦C and 5% CO 2 . 

fter cell extraction, cells were grown in one well of a 6-well plate 

efore being transferred to a T25 flask in passage 1 (P1). In P2 and 

3, cells were grown in T75 flasks. Cells were passaged at 70 − 80% 

onfluence roughly every 6 days. Passages 4 and 5 were used in all 

xperiments. Cells were starved in medium containing 2 . 0% FBS for 

4 h prior to the experiments to inhibit proliferation during the ex- 

eriments. 

SMC-seeded collagen gels were prepared on ice following a pro- 

ocol slightly modified from [33] . Briefly, 1 . 428 ml of 5 x DMEM, 

 . 683 ml of a 10 x reconstitution buffer (0.1N NaOH and 20 mM 

EPES; Sigma), and 0 . 790 ml of high concentration, type-I rat tail 

ollagen ( 8 . 22 mg/ml; Corning) were mixed with 4 . 1 ml of experi-

ental culture medium containing 3 . 5 · 10 6 SMCs for a total vol- 

me of 7 . 0 ml of gel solution. This resulted in a collagen concentra- 

ion of 1.0mg/ml and a cell density of 0 . 5 × 10 6 cells/ml. Variations

n cell density and collagen concentration (the latter automatically 

ssociated with changes of stiffness and pore size [52,53] ) change 

he level of the homeostatic plateau tension, but not the general 

bserved behavior [33] . The experimental culture medium con- 

isted of DMEM supplemented with 2 . 0% FBS and 1% penicillin- 

treptomycin. To avoid proliferation and to minimize parasitic ef- 

ects of fluctuating concentrations of FBS components that natu- 

ally appear between batches, we used only 2% FSB in the experi- 

ental culture medium. The final gel solution was pipetted into a 

ruciform mold as described in the previous section. Subsequently, 

he experiment was started. During an experiment (which lasted 



J.F. Eichinger, D. Paukner, R.C. Aydin et al. Acta Biomaterialia 134 (2021) 348–356 

Fig. 1. Biaxial testing device for cell-seeded collagen gels as introduced in [33] : schematic drawing (left) and cruciform-shaped gel sample (right). The base plate upon 

which the system rests (left) is placed on a shelf within a custom incubator, with all wires exteriorized through a custom sealed port and connected to the power source or 

controlling computer. 

Fig. 2. Mechanical analog model of a three-dimensional fiber matrix with embed- 

ded cells: the sum of all cellular forces in the direction of interest is given by 

F c composed of an active component mediated by the regulator element R and a 

passive component dictated by the spring constant k c . In this way, cells pull on 

ECM fibers. These fibers are connected via the network to other fibers parallel to 

the cell (category 2), which are in general compressed when cells exert contrac- 

tile forces. Both sets of fibers are represented by elastic springs. Displacements are 

fixed at the outer boundary of the system. The resulting force on the tissue level 

(as measured, for example, by force sensors at clamped boundaries) corresponds 

to the force F t in the mechanical analog model. L 1 , L 2 , and L t describe the lengths 

at deformed/homeostatic states reached by cellular contraction. Note, the analog 

model can also be understood as the smallest possible representative volume ele- 

ment (RVE) for soft tissues. 
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ess than 48 h ), the medium was not changed to avoid disturbing 

he highly sensitive force measurements. 

.2. Mechanical analog model for soft tissue mechanical homeostasis 

n short time scales 

To understand the underlying principles of mechanical home- 

stasis of soft tissues, we developed a simplified mechanical ana- 

og model ( Fig. 2 ). The ECM, that is, the mechanical environment 

n which cells reside, was modeled as an elastic network of fibers. 

or simplicity, we focus only on a single direction, noting that an 

nalogous discussion would be possible in any other direction. The 

cenario of a single direction leads to the mechanical analog model 

epicted in Fig. 2 , consisting of two categories of fibers 1 and 2 and

ells. Cells in vivo (and in vitro) attach to nearby matrix fibers via 

ocal adhesions and then contract. This leads, in a connected fiber 

etwork, to fibers that are compressed (category 2, represented by 

lastic elements in parallel to cells in the analog model) and fibers 

hat are stretched (category 1, represented by elastic elements in 

eries to cells in the analog model). Note that this is true in any

irection and can occur in several independent spatial directions at 

he same time in case of a multi-axial stress state. In general, the 

echanical function of the fibers is represented by elastic spring 
350 
lements. The forces in the spring elements (i.e., the forces trans- 

itted through all fibers of category 1 and 2, respectively, with 

nit [ N ]) are denoted by F 1 and F 2 . Cells are represented by an

lastic spring (representing their passive stiffness) with a regulator 

lement in parallel. The latter represents the active forces exerted 

y the stress fibers in the cytoskeleton on the surrounding ECM 

bers. The force exerted by all cells in the direction of interest is 

enoted by F c . It is composed of an active component exerted by 

he regulator element R and a passive component. Generally, the 

assive elastic forces of the different elements are characterized by 

he overall stiffness k i and a length L i in the direction of interest 

ith i ∈ { 1 , 2 , c} . That is, for the passive elastic parts of our model,

hanges of length and force are related by 

F i = k i �L i , i ∈ { 1 , 2 , c} . (1) 

he overall force of the tissue (with length L t ) in the direction of 

nterest is denoted by F t . It is important to note that this model can

lso be interpreted as the smallest possible representative volume 

lement (RVE) of a uniaxially loaded or constrained soft tissue. Vis- 

oelastic effects were neglected because they manifest in the ECM 

n time scales much shorter than that for mechanical homeostasis. 

.3. Three-dimensional discrete fiber and cell model 

etwork model 

To simulate soft tissue mechanics on the level of individual cells 

nd fibers, we used the computational framework presented in 

50] and shown Fig. 3 . Briefly, we reconstructed periodic RVEs of 

ber networks using stochastic optimization that neatly matched 

he crucial microstructural characteristics of actual collagen gels, 

hat is, their valency, free fiber length, and orientation distribu- 

ions. These descriptors are predominantly responsible for the me- 

hanical properties of fibrous networks [54] . Individual fibers were 

iscretized with nonlinear beam finite elements, which are well- 

nown to capture the most important modes of the mechanical 

eformation of fibers, that is, axial tension, torsion, bending, and 

hear. Networks were formed by coupling both translational and 

otational degrees of freedom at entanglement points of two fibers. 

ibers were assumed to have circular cross-sections with a diame- 

er of 180 nm [55] and an elastic modulus of 1 . 1 MPa [56] to mimic

he collagen type-I fibers that were used in our experiments. 

ell adhesion model 

Biologically, intracellular structures such as the actomyosin cy- 

oskeleton are physically coupled to the surrounding ECM fibers 

ia transmembrane integrins that cluster to form focal adhesions 

4,7] . This coupling allows cells to receive mechanical cues from 

heir environment and to react to them, for example, by adapting 

heir contractility. We model cells as particles that can form elastic 

onnections to predefined binding spots on nearby matrix fibers 

ith a certain probability ( Fig. 3 ). These connections represent the 
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Fig. 3. (A) RVE of our three-dimensional discrete fiber and cell model. Fibers are modeled as nonlinear beam elements, on which cells can exert contractile forces via elastic 

links representing focal adhesions. (B) Each focal adhesion consists of up to 50 so-called integrin clusters, one of which is shown here, each formed by up to 20 integrins. We 

model each integrin cluster as being connected to one actin stress fiber. Integrins are modeled as molecular clutches, i.e., they bind and unbind according to specific binding 

kinetics. (C) [45] determined a catch-slip bond behavior for single integrins, which we model with a force-dependent lifetime for each bond matching this experimental 

data. 
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ntire cell-matrix adhesion complex, consisting of the contractile 

ytoskeleton and the focal adhesions. The latter are modeled as 

ultiple integrin clusters, each of which consists of 20 integrins 

 Fig. 3 B). The on- and off-rates of the bonds between integrins and

he ECM ligands were chosen to mimic their characteristic catch- 

lip bond behavior [57,58] ( Fig. 3 C), that is, a force-dependent life- 

ime of each integrin connection peaking at some preferred load 

tate. Cell contractility was modeled by the contraction of estab- 

ished cell-ECM connections at a rate of 0 . 1 μm/s [59,60] . This in-

reasing contraction automatically limits the lifetime of individual 

ell-ECM connections, which dissolve with increasing probability 

eyond a critical level of loading. Our model thereby captures typ- 

cal lifetimes of focal adhesions on the order of minutes, while the 

urnover rate for most proteins involved in the adhesion complex 

s on the order of seconds. This implies that our model realistically 

escribes the lifetime of focal adhesions as being determined by 

he interactions of many individual binding and unbinding events 

f integrins [61] . 

All simulations were performed using displacement-controlled 

oundary conditions for the considered RVEs, consistent with the 

xperimental system. The entire computational framework was im- 

lemented in the in-house finite element code BACI [62] . 

. Results 

.1. Experimental results 

Experimental studies of cell-seeded collagen gels (tissue equiv- 

lents) subject to mechanical perturbations so far largely suffer 

rom the unsatisfactory short periods over which the gels have 
351 
een monitored after the perturbations (e.g., only 30 min in [8,32] ). 

herefore, it has remained unclear whether tissue equivalents re- 

over the prior state of tension or only to some extent after per- 

urbations. To close this gap, we performed our experiments with 

ruciform-shaped tissue equivalents (leading to uniaxially loaded 

rms and a biaxially loaded central region) over prolonged peri- 

ds up to 40 h . After 24 h we strained some of the gels by 2% or

2% , respectively, allowing another 16 h to observe possible recov- 

ry. Interestingly, the addition of Triton X after 40 h to induce cell 

ysis led to a rapid decrease of the gel tension to zero ( Fig. 4 A in-

et). This implies that all forces measured were actively applied by 

he cells, with no inelastic change of the stress-free configuration 

f the matrix. Similar results were found before [44] . Because the 

urnover of collagen (i.e., deposition and degradation of collagen 

bers by cells) typically happens on the time scale of 3+ days, it 

ppears also justified to assume that mass turnover can most likely 

e neglected in our experiments [2,4 8,4 9,63,64] . 

In this setting, we initially observed the well-known increase 

f tension up to a homeostatic plateau [8,32,39–45] . Also as previ- 

usly reported for porcine SMCs [65] , this first stage was followed 

y a slight decline of tension ( Fig. 4 A). In cases where tissue equiv-

lents were strained by a 2% step at 24 h , gel tension first increased

n a step-wise manner (elastic response of cells and matrix result- 

ng in a step-like increase in F t of ∼ 50% ) followed by a period

here tension decreased back toward the level prior to the pertur- 

ation (some isolated cellular response). However, even after 16 h , 

he original level of tension was not fully recovered, but rather 

e-established within ∼ 10 − 15% deviation from the prior value 

 Fig. 4 B). Analogously, if the gels were released by 2% at 24 h , one

rst observed a step-wise drop of tension (elastic response of cells 
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Fig. 4. Normalized force F t at the outer boundary of cruciform-shaped collagen gels (arms of the gel aligned with x- and y-axis, respectively) seeded with primary aortic 

SMCs. Each curve shows the mean ± SEM of three identical experiments using a collagen concentration of 1 . 0 mg/ml and a cell density of 0 . 5 · 10 6 cells /ml. (A) Unperturbed 

tissue equivalents (normalized with F x (24 h ) = 720 μN and F y (24 h ) = 729 μN) suggested a nearly isotropic biaxial response. (B) Tissue equivalents perturbed with an equib- 

iaxial strain step of 2% at 24 h (normalized with F x (24 h ) = 602 μN and F y (24 h ) = 588 μN). (C) Tissue equivalents perturbed with an equibiaxial step-wise release by 2% at 

24 h (normalized with F x (24 h ) = 664 μN and F y (24 h ) = 626 μN). Lines without error bars in (B) and (C) represent experiments without perturbation from (A), hence revealing 

some specimen-to-specimen variations. 
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nd matrix resulting in a step-like decrease in F t of ∼ 40% ), fol- 

owed by a period where tension increased back toward the level 

rior to the perturbation (some isolated cellular response). Again, 

owever, even after 16 h the original level of tension was not fully 

ecovered ( Fig. 4 C), but rather re-established within ∼ 5 − 10% de- 

iation from the prior value. 

It is worth mentioning that the presented data show a slight 

ecrease of tension in phase II and therefore not an exact conser- 

ation of a specific tension. Such a behavior could arise for sev- 

ral reasons. First, a gradual slippage of the gel from the clamp- 

ng mechanism could be responsible. We excluded this possible 

eason by pulling on the tested gels after the experiments with 

 higher force than during the experiments, which was not ob- 

erved to result in any significant slippage. A second possible ori- 

in of the decline in tension is the low serum concentration of 2% 

hat was used in the experimental medium. In preliminary stud- 

es, we confirmed that an increased serum concentration leads to 

igher tension. However, a decline of tension after approximately 

4 h was observed regardless of the serum concentration. Thus, the 

oncentration of FBS in the experimental medium is presumably 

ot responsible for the decline in tension in phase II. In [38] , we

ompared the evolution of tension in constrained tissue equiva- 

ents across a large number of studies using a setup similar to 

urs. Different force generation patterns over time were observed 

including decline of tension), depending on factors such as cell 

ype, cell extraction method, and growth factors [38] . We there- 

ore conclude that the slight decline of force is probably cell type 

pecific. This assumption is supported by the study of [65] , which 

eported a similar declining behavior for arterial SMCs. It is worth 

entioning that free-floating collagen gels often exhibit a contrac- 

ility persisting even beyond 48 h [47,66] . Yet, the free-floating gel 

s a very different boundary value problem where the cells are not 

ble to reach the same uniform (homeostatic) tension [66] , and it 

s thus not suitable for a direct comparison with uni- or biaxially 

onstrained gels. 

.2. Mechanical analog model 

The primary observation of the previous section is: when 

ell-seeded tissue equivalents were perturbed from the apparent 

omeostatic state achieved over 24 h , they did not recover pre- 
352 
isely F t (over a period of 16 h ). To understand the origin of this

ehavior, we employed the mechanical analog model introduced in 

ection 2 . In this model, the external force on the tissue F t needs

o equal the elastic force F 1 in the tissue region under tension in 

eries with the cells, which has to balance the sum of the cellular 

orce F c and the elastic forces F 2 in the tissue region under com- 

ression. This yields 

 t = F 1 = F 2 + F c . (2) 

e now assume the system to be in a homeostatic state ( Fig. 5 A),

n which the initially stress-free regions 1 and 2 were deformed 

y tensile cell forces F c > 0 . One can easily show that this results

n an initial homeostatic force on the tissue level, in case of fixed 

isplacements at the outer boundary, of 

 t0 = 

(
1 − k 2 

k 1 + k 2 

)
F c . (3) 

e then subject the tissue to a step-wise stretch or release by a 

hange of length �L t ( Fig. 5 B). Keeping �L t constant after the per-

urbation results in a permanent change of tissue length 

L t = �L 1 + �L 2 . (4) 

he elastic response of the system will be a step-wise increase of 

 t , the quantity that can be measured externally. The subsequent 

volution of the forces in the tissue is directly governed by cellular 

echanoregulation if we assume that the fiber network only de- 

orms elastically (neither growth nor inelastic remodeling on the 

hort time scales considered). 

In the following, we discuss on the basis of our mechanical ana- 

og model competing hypotheses regarding the quantity that cells 

ctually regulate. We discuss the observations on the macroscale 

hat these hypotheses would yield and compare them with those 

n our experiments. It appears reasonable to assume that cells 

ould possibly sense and thus regulate on the microscale three 

uantities (cf. also [31] ): their shape (hypothesis I), the active force 

hey exert through their focal adhesions (hypothesis II), or the 

train of the fibers to which they are connected by focal adhesions 

hypothesis III). This yields three hypotheses which will be dis- 

ussed in the following. We assume for simplicity a linear-elastic 

ehavior at the microscale, that is, deformation-independent stiff- 

esses k . 
i 
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Fig. 5. Short-term response of the (A) mechanical analog model at steady state (after the force F c > 0 built up over time) to a (B) strain step assuming different regulatory 

targets of an individual cell formulated in (C) hypothesis I (regulation of cell shape), (D) hypothesis II (regulation of contractile forces of cells on ECM), and (E) hypothesis III 

(regulation of tissue strain). Note that only hypothesis II agrees with experimental observations. 
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.2.1. Hypothesis I: cells restore their shape 

If cells restore their shape after perturbations, they restore L c 
nd thus also L 2 and F 2 . To this end, cells have to contract after an

nitial step-wise stretch of the whole tissue and thus have to in- 

rease F c . After regulation, �L 1 = �L t and with F 2 fully restored, 

F t = �F 1 = �F c = k 1 �L 1 = k 1 �L t . (5) 

herefore, �F t increases its magnitude compared to that after the 

erturbation, which is | �F t | = | k 1 (�L t − �L 2 ) | . This behavior is il-

ustrated in ( Fig. 5 C), and is in contradiction to our experimental 

bservations. 

.2.2. Hypothesis II: cells restore cellular forces 

As discussed previously [38,58,67] , cells have a tendency to 

uild stable bonds to the ECM fibers only in a certain constant 

ange of forces. Thus, we examine the response of our analog 

odel if cells restore the cellular forces after perturbations, i.e., F c . 

s Eq. (2) must hold also for changes of forces due to changes of 

engths, we have, once F c has been restored, 

 1 �L 1 = �F 1 = �F 2 = k 2 �L 2 . (6) 

ombining Eqs. (1) , (4) , and (6) yields 

F t = �F 1 = �F 2 = 

k 1 k 2 
k 1 + k 2 

�L t . (7) 

hus, a restoration of F c after the perturbation necessarily implies a 

ermanent increased value of both F 2 and F 1 and thus also of F t for

L t > 0 , and a permanently decreased value for �L t < 0 ( Fig. 5 D).

his is the behavior observed in our experiments. 

Strikingly, this may suggest that most short-term tissue equiva- 

ent experiments do not study a regulation of the mechanical state 

f the ECM, but rather a superposition of the passive matrix re- 

ponse (according to Eq. (7) equal to the remaining offset) and the 

ellular regulation of a specific contractile force, which represents 

 relaxation (recovery) in case of extension (release) as an exter- 

al mechanical perturbation. A direct quantitative comparison be- 

ween experimental data and our analog model is presented in the 

upplementary material. 
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Therefore, our results agree with the findings of [67] , which 

howed that isolated cells restore a specific cellular tensional state. 

ere we predict this in a three-dimensional fibrous, multi-cellular 

nvironment compared to a single cell on a two-dimensional sub- 

trate. 

Moreover, the changes represented by Eq. (7) suggest a sim- 

le additional test of hypothesis II by future experiments. By per- 

orming the experiments shown herein in the future with two 

r more different fiber concentrations (implying different network 

tiffnesses [62,64,66] ) and measuring the resulting residual off- 

et �F t , one could check whether the latter is in agreement with 

q. (7) . If so, it should - ceteris paribus - increase by the same fac-

or as the network stiffness. 

.2.3. Hypothesis III: cells restore strain in ECM fibers 

If cells restore the strain in the ECM fibers on which they 

re pulling after the prescribed perturbations, they restore L 1 and 

hereby also F 1 and F t . Thus, hypothesis III also contradicts our 

xperiments, where F t is not exactly restored after perturbations. 

o understand the problem of hypothesis III, note that it implies 

L 2 = �L t in the long run (that is, after a step-wise elastic de- 

ormation and the subsequent mechanoregulation by the cells). 

t thus implies �F 2 = k 2 �L t . With 0 = �F 1 = �F 2 + �F c , one ob-

ains 

F c = −�F 2 = −k 2 �L t . (8) 

rom this equation we see a possible reason why cells apparently 

o not restore the strain and thereby not exactly the tension in 

he fibers on which they are pulling. As apparent from Eq. (8) , 

hey would require information about the stiffness or forces in the 

egion under compression. However, this would require that the 

ells not only sense the general stiffness of the surrounding tis- 

ue, but also specifically the extensional stiffness of the part of the 

CM which they compress. Moreover, cells do not have informa- 

ion about �L t . Thus, it appears that cells do not have the infor-

ation necessary to regulate the strain of the fibers on which they 

ull, which explains why hypothesis III seems to be in disagree- 

ent with our experiments. 
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Fig. 6. (A) RVE simulated with a discrete fiber model; triaxial boundary conditions 

are applied to externally perturb the system. Cell shape is reconstructed around 

cell-matrix links using three-dimensional Delaunay triangulation. (B) Tissue tension 

in simulations initially increases to a plateau value. If this plateau value is per- 

turbed, the prior level of tension is restored toward, but not precisely to, the prior 

steady state value, consistent with the concept of homeostasis now with a mecha- 

nistic understanding. 
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.3. Discrete fiber network model 

The main conclusion drawn from our experimental data and 

ur simple mechanical analog model is: on short time scales, cells 

o not - and in fact cannot - control the tension in the tissue to

 specific value. Cells only regulate the forces they exert on the 

urrounding fibers. This naturally leads to a residual offset in the 

issue tension after perturbations on time scales too short for re- 

odeling or de novo deposition and degradation of fibers. To cor- 

oborate this understanding of cellular mechanoregulation, we per- 

ormed computer simulations with a discrete fiber-network model 

ntroduced in [50] . We studied an RVE with a covalently cross- 

inked fiber matrix ( Fig. 6 ). The size, fiber concentration, and cell 

oncentration of the simulated RVE were chosen to be equivalent 

o the cell and collagen density in our experiments. 

Following [58] , catch-slip bonds were assumed between cells 

nd ECM fibers. These bonds are chemically the most enduring in 

 very specific regime of forces. Our objective was to test whether 

his behavior of the catch-slip bonds together with cellular con- 

ractility alone allows cells within the overall system to effectively 

ontrol the forces they exert on the surrounding fibers [67] (i.e., 

 c in our mechanical analog model), and whether this leads to a 

esidual offset of the tissue tension after mechanical perturbations. 

s Fig. 6 reveals, this is indeed the case, confirming that the catch- 

lip bond is a key factor enabling cells to accurately control the 

ontractile forces they exert on surrounding ECM fibers. 

A notable difference between the simulation results in 

ig. 6 and the experimental results in Fig. 4 is the time scale. In

ur simulations, mechanical homeostasis develops over a few min- 

tes and thus matches well with experimental results of single 

ells on purely elastic substrates [67,68] . Yet, in our experiments 

he homeostatic state is established over many hours. A possible 

xplanation for the difference in the time scale are viscoelastic ef- 

ects that occur in the gel on the time scale of hours and are not

ncluded in the model. Another reason might be that gels increase 

heir stiffness over time when placed in the incubator for multiple 

ours due to progressing polymerization. Possibly, also complex 

iochemical interactions between different cells could delay the 

omeostatic state, which is also not accounted for in the model. 

. Discussion and conclusions 

A major shortcoming of previous studies about how tissue 

quivalents restore a preferred level of tension after an external 

erturbation (e.g., [8,32] ) is the short period of less than an hour 
354 
ver which restoration of tension was monitored. Within such 

hort periods, no new steady state of tension was re-established, 

eaving unanswered the question, within which tolerance the prior 

ension is restored after perturbations. This made it difficult to un- 

erstand which mechanical target quantity is actually preserved 

y mechanical homeostasis. To overcome this problem, we used 

erein the device introduced in [33] to track the restoration of ten- 

ion after perturbations over periods around 30 times longer than 

revious studies. These data formed the basis of a combined theo- 

etical and computational analysis. 

First, to unravel micromechanical principles underlying cellular 

echanoregulation, we developed a mechanical analog model to 

est three competing hypotheses regarding what cells sense and 

egulate on the microscale. Hypothesis I assumed that cells regu- 

ate their own dimension. Hypothesis II, motivated by the exper- 

ments of [67] , assumed that cells regulate the contractile forces 

hey exert on the ECM. Hypothesis III assumed that cells regulate 

he strain in the surrounding tissue. Only hypothesis II was con- 

istent with the observed behavior. We therefore conclude that it 

s likely that cells in gel-like tissue equivalents regulate only the 

orces they exert on the ECM (at least on short time scales), which 

y Newton’s third law implies the forces that the ECM exerts on 

he cells, rather than any tissue-intrinsic quantity. 

Using an advanced computational model resolving discrete 

bers, cells, and their interactions, we confirmed that the catch- 

lip bond by which integrins connect cells and matrix fibers can 

ndow cells with an ability to regulate the contractile forces they 

xert on the ECM. In general, catch-slip bonds differ from most 

hemical bonds in that their lifetime does not monotonically de- 

rease with increasing mechanical load on the bond. There is 

ather a specific optimal loading at which the stability of these 

onds attains a maximum [58] . In agreement with experiments 

67] , our studies reveal that this maximum determines the level at 

hich cells can regulate the contractile forces they exert on ECM. 

t is worth noting that the computational studies with our discrete 

ber model can support the assumption that the catch-slip bond 

s sufficient for cells to regulate the forces they exert on the ECM. 

et, these studies cannot prove that this is the only mechanism by 

hich cells can or do act in this setting. 

An important conclusion from both our mechanical analog 

odel and simulations with our discrete fiber model is that the 

assive elasticity of the ECM acts in parallel with the cells to form 

n essential part of the mechanoregulatory system on the tissue 

evel. Our findings suggest that the residual offset between the ma- 

rix tension before and after strain perturbations can be explained 

nly from the passive elasticity of the ECM acting in parallel. To 

he authors’ knowledge, this insight is new and can be used to de- 

ign future experiments. To study mechanical homeostasis on the 

evel of single cells, cells have been placed between an elastic can- 

ilever and a rigid substrate ( Fig. 7 A, [69] ), and on top of a stretch-

ble micropost array ( Fig. 7 B, [67] ). In both cases, the elastic effect

f fibers acting in parallel with the contractile forces exerted by 

he cells is missing as illustrated in Fig. 7 C. This means, neither 

f these systems mimic well that which defines mechanical home- 

stasis on the tissue scale. Hence, it will be essential to develop 

dditional experimental set-ups that model the critically important 

ell-matrix interactions. 

An important question for future work is, how can the conclu- 

ions drawn here be tested further by additional experiments. As 

iscussed above, a simple test for our conclusion, that the con- 

ractile forces exerted by cells are the quantity controlled by the 

ells on short time scales at a tissue level, could be performed 

y running the experiments shown herein with several different 

ollagen concentrations and observing whether the residual off- 

et between the tissue tension before and after the perturbation 

cales with (approximately) the same factor as the tissue stiffness. 
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Fig. 7. Schematic drawing of experimental set-ups used by (A) [65] and (B) [46] to 

study mechanical homeostasis on the level of single cells. Both set-ups miss the 

elastic fibers acting in parallel to cells in real tissues and thus an important element 

defining how tissues respond to perturbations of their homeostatic state. 
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nother way to test these conclusions would be to perform a se- 

ies of experiments with a varying cell density. While the residual 

ffset between the matrix tension before and after a perturbation 

as shown in Eq. (7) to be independent of the contractile forces 

f the cells in the pre-perturbed state, Eq. (3) reveals that home- 

static tissue tension prior to the perturbation scales linearly with 

he magnitude of these forces. That is, findings herein predict a de- 

reasing relative offset of tension before and after the perturbation 

s the cell density increases. Future experiments with varying cell 

ensity can easily test this. 

In summary, the central result of this paper is that, on short 

ime scales that preclude deposition and degradation of ECM, me- 

hanical homeostasis on the tissue level likely results primarily 

rom the contractile forces exerted by the cells on the surround- 

ng tissue. Cells thereby re-establish a state only similar to the one 

rior to the perturbation. Using the mechanical analog model and 

omputational framework presented in this paper to study the re- 

ponse of cell-seeded collagen gels and soft tissues to perturba- 

ions on longer time scales is a promising avenue of future re- 

earch. 
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